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1. Introduction

Stress experienced by companion animals could impair their physical and psycholog-
ical welfare, impacting their social relationships in domestic environments [1]. For this
reason, the establishment of possible reliable biomarkers—objective, quantifiable character-
istics of biological processes [2]—is traditionally a goal of scientific research in veterinary
behavioral medicine and animal welfare.

The aim of this book was to collect new insight and knowledge on biomarkers as a
“characteristic that is measured as an indicator of normal biological processes, pathogenic
processes, or biological responses to an exposure or intervention, including therapeutic
interventions” [3].

2. Cortisol and Dehydroepiandrosterone Sulfate as Possible Biomarkers of Stress
during Maternity of Dogs

Cortisol, dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEA-
S) are final products of the activation of the hypothalamic-pituitary—adrenal (HPA) axis.
Most previous studies relate to these biomarkers in blood, urine, feces and saliva, but
none of these matrices are suitable when long-lasting physiological processes have to be
investigated [4]. The use of different matrices, such as claws and hair, has been proposed
to overcome these issues, because they provide retrospective information about long-
term hormone accumulation [4]. Despite the fact that the oxytocinergic system seems to
be triggered by mother-infant interactions [5] and, in turn, oxytocin release could exert
inhibitory action on the HPA axis [6], maternity seems to play a crucial role in HPA axis
activation. Indeed, maternity in dogs leads to the long-term accumulation of cortisol, but
not of DHEA-S, in the coats and nails of female dogs during pregnancy and postpartum [4].

3. The Weight of Parturient and Blood Gas Analysis as Possible Biomarkers of
Intrauterine Asphyxia in Newborn Canines

Intrapartum hypoxia/asphyxia negatively impacts newborn puppies” adaptation
to extrauterine life [7]. Blood gas analysis allows us to estimate variations in perinatal
oxygenation levels, metabolic profiles and the acid-base balance [8]. During eutocic birth,
alterations in gases and blood metabolites could indicate respiratory and metabolic acidosis
resulting from intrapartum asphyxia [8]. Furthermore, the weight of dams determines
the weight of the puppies at birth and, consequently, predicts possible difficulties during
expulsion through the birth channel. Indeed, puppies with higher weights have a higher
risk of suffering an acute process of intrauterine asphyxia [8].

4. Blood Oxytocin, Prolactin, and Serotonin as Possible Biomarkers of Different
Lifestyles in Dogs

Oxytocin release in dogs has often been associated with positive experience and, in par-
ticular, to positive human-dog interaction [9]. Furthermore, comparing the oxytocinergic
system of dogs and wolves, life experience seems to be even more influential on oxytocin
levels than domestication [10]. Similarly, the oxytocinergic system of assistance dogs could
be more representative of their stressful lifestyle—shaped by repeated separation from their
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foster family—than their acknowledged prosociality [11]. In fact, even though oxytocin has
been frequently linked with more friendliness or sociability, free and total blood oxytocin
were found to be surprisingly lower in assistance dogs than pet dogs [11].

Increased levels of prolactin have been previously linked to acute and chronic stress
in dogs, but results are conflicting, conceivably because this neurohormone seems to be
strongly related to individual variability [11]. In comparison with prolactin, serotonin
seems to be a more reliable biomarker. Indeed, low levels of serotonin were found to
be associated with stress and behavioral disorders in dogs [12]. Moreover, L-tryptophan
(serotonin precursor) [13] and serotonin reuptake inhibitors [14,15] are drugs widely used
to treat behavioral problems. However, a clear association of this monoamine with lifestyle
in dogs was not found [11], possibly because peripheral serotonin also seems to be affected
by dietary patterns [16].

5. Facial Expressions as Possible Biomarkers of Emotions in Dogs

Facial expressions, a form of nonverbal communication, not only convey positive and
negative emotions, but also have the purpose of contributing to calming/de-escalating
other interacting dogs [17]. Despite the fact that the literature regarding possible tools for
standardizing the Facial Action Coding System (FACS) is quite extensive, the association
with underlying emotions is still difficult to evaluate on an objective basis [18]. The inter-
species and the interbreed variability of facial mimicry, in fact, makes the standardization
very complex [18]. However, through the FACS, some veterinary tools (e.g., the Grimace
Scale) are currently available to help clinicians recognize pain and distress in various do-
mestic animals [18]. These tools are crucial in improving the interpretation of animal body
language and therefore the attitude of veterinarians towards animal welfare [19].

6. Skin Temperature as Possible Biomarker of Stress in Companion Animals

Stressful events are known to trigger sympathetic activation which, in turn, could
cause an increase in body temperature. Infrared thermography (IRT) exploits a specific
camera to detect the radiation spectrum and visualize changes in skin temperature which
can be correlated with possible health/stress conditions in companion animals [20]. IRT
is a safe and non-stressful technique, but currently, it is difficult to say that the evidence
of its reliability is conclusive, mostly because of the possible influence of environmental
factors [20].

7. Conclusions

Oxytocin, cortisol, DHEA-S, prolactin, serotonin, facial expressions, skin temperature,
and birthweight are just some of possible biomarkers of stress in companion animals. In
addition, all of these parameters could also be influenced by many other variables, such as
the traits of the subjects (age, sex, breed, temperament, etc.) and methodological approaches
(matrix, assay, instrumentation, etc.). In light of this complex picture, the present topic
needs and deserves further investigations to optimally manage the stress experienced by
companion animals and improve their welfare.
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Simple Summary: Canine pregnancy and post-partum (total duration around 120 days) is a very
intense period and could be a trigger for the activation of the Hypothalamic-Pituitary—Adrenal (HPA)
axis in female dogs, given the higher allostatic load. To evaluate this activation, the concentrations of
Cortisol (C) and Dehydroepiandrosterone-sulfate (DHEA-S), final products of the HPA axis, were
detected in the coat and claws of 15 Dobermann Pinscher female dogs, with monthly collections
from mating until the end of weaning. The C concentrations, both in the coat and claws, showed a
significant trend of increase from mating until 60 days post-partum. In both matrices, the DHEA-S
changes were not significant. Maternal parity and litter size did not play a significant influence on
the concentrations of C and DHEA-S in both matrices. The results of the present study seem to depict
maternity as a main activator of the HPA axis that, in turn, leads to the secretion of C. This is probably
due to the increased allostatic load for the mothers, although it is not possible to discern the precise
role of the multiple processes characterizing this period (uterine involution, lactation, nursing and
grooming of the puppies).

Abstract: In dogs, the phase from mating to the end of weaning lasts about 120 days and encompasses
many aspects that, interacting, contribute to increase the allostatic load. The coat and claws, useful
for long-term change assessments, have the advantage of being collectable without invasiveness. In
the present study, the Cortisol (C) and Dehydroepiandrosterone-sulfate (DHEA-S) concentration
monthly changes in the coat and claws were studied in female dogs from mating to the end of
weaning to assess Hypothalamic-Pituitary—Adrenal (HPA) axis activation during pregnancy and
the post-partum period. The results from 15 Dobermann Pinscher female dogs showed a trend of
increase of the coat C from mating to 60 days post-partum, with significant changes between mating
and parturition-60 days post-partum (p < 0.01) and between the 30-day pregnancy diagnosis (PD)
and 30-60 days post-partum (p < 0.05). The claws C trend showed significant increases between
mating and 30-60 days post-partum (p < 0.05) and between the PD and 60 days post-partum (p < 0.01).
DHEA-S in both matrices showed non-significant changes. The results suggest that maternity could
play a pivotal role in the HPA axis activation, with a subsequent chronic secretion of C determining
an increase in the allostatic load in the mothers. Neither maternal parity nor litter size played a
significant role in the accumulation of C and DHEA-S in both matrices.

Keywords: dog; maternity; cortisol; dehydroepiandrosterone-sulfate; HPA axis
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1. Introduction

In contrast to horse and cow newborns, newborn dog puppies are considered altricial
and strictly dependent on the mother to survive until the end of weaning [1]. Canine
pregnancies last about 63 £ 1 days after ovulation [2,3], and, at parturition, the phase
of lactation, nursing and puppies grooming begins. In breeding facilities, the weaning
of puppies starts at about 30 days after parturition, ending at 60 days post-partum. In
Italy, puppies are usually sold to the new owners not earlier than 60 days of age and
usually between 60 and 65 days of age. Therefore, the time elapsing between mating of
the female dog and the end of weaning lasts about 120 days: altogether, this phase is
complex and encompasses reproductive, metabolic, emotional and behavioral processes,
often interacting among them, in turn increasing the allostatic load of the animal. This
long-term period deserves scientific interest, as it represents a challenging and possibly
very stressful time for the female dog [1,4]. Although many studies have focused on the
specific phase of pregnancy, parturition and post-partum, to the authors” knowledge, the
whole period from mating until the end of weaning has only rarely been investigated in
dogs [5]. Nonetheless, like what happens in horse husbandry, the selection of breeding
female dogs is not based on the actual reproductive aptitude but, more often, on their
show performances and genetic value. Due to the important role of maternal aptitude in
puppies rearing, a more accurate selection of breeding female dogs could ameliorate the
quality of dog breeding [6], contributing to limit the still too-high percentages of perinatal
mortality [7] and conveying more ethical dog breeding. Still, today, it is not uncommon
to observe disturbed behavior in periparturient female dogs, possible aggressiveness
towards the newborns or even cannibalism, often accompanied by insufficient grooming
or nursing of the puppies, thus impairing the successful outcome of litters. Among the
diverse causes underlying these troubles, environmental factors, genetics, parity and
number of the newborns in a litter were suggested [1,4,6]. Other than that, the role of
the Hypothalamic-Pituitary—Adrenal axis (HPA axis) in shaping maternal behavior was
presumed in sheep [8,9]. A study on adrenalectomized rats reported that, when the
primiparae were injected with high doses of corticosterone, they showed higher levels of
maternal care (notably, licking behavior) than the other primiparous rats who received
lower doses of corticosterone [9,10]. Additionally, in humans, the HPA axis was reported
to exert a role in mother-infant bonding [11]. In gorillas, a correlation between maternal
behavior, stress and urinary Cortisol (C) concentrations was found; higher C concentrations
were found in stressed mothers, whose infants were often less-cared-for [12]. In dogs, a
similar association was presumed; mothers experienced peaks of salivary C after being
temporarily separated from their litters, with higher peaks in mothers who displayed the
most the typical maternal care behaviors [13]. It is thus evident that the role of stress is
of utmost importance when evaluating data about the experience of maternity, both in
humans and animals.

Lactation, especially when associated with nursing and grooming, is a challenging
physiologic phase that requires a great expenditure of energy and could represent a source
of stress in relation to the litter size [14] and to parental efforts. The increased metabolic
load and stress are associated with activation of the HPA axis, leading to an increase of
circulating C [14]. In a recent study on female cats, reference [14] reported that the highest
concentrations of C in the blood were found 4 weeks after parturition, in association with
the peak of lactation, suggesting a major effect of lactation and kitten nursing on HPA
axis activation. Those authors concluded that measuring the circulating C concentrations
could be helpful in deepening the understanding of the reaction of queens through the
physiological stresses occurring during lactation.

Other than C, dehydroepiandrosterone (DHEA) and its sulfated form, dehydroepiand-
rosterone sulfate DHEA-S, are also final products of the activation of the HPA axis.
Among multiple actions, DHEA is notably reported to be a neuroactive steroid with
antidepressant actions, associated with some types of behaviors like sex recognition and
aggressiveness [15-18]. In the literature, some results about the concentrations of circu-
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lating DHEA and DHEA-S during pregnancy exist in women [19], cows [20] and, more
recently, in killer whales [21]. However, the results are conflicting: in women, a decline of
circulating DHEA and DHEA-S during pregnancy was reported; in killer whales, a rise of
DHEA-S from early and during mid and late pregnancy in comparison to pre-fertilization
and post-partum was detected; lastly, a significant increase of circulating DHEA throughout
pregnancy was detected in heifers and cows [19-21].

However, the HPA axis could not be considered as a “closed system”, and its activity
is modulated by factors such as oxytocin, able to exert an inhibitory action on the HPA
axis. A recent study reported that the salivary oxytocin concentrations in female dogs were
negatively correlated with excessive sniffing/poking behavior, considered as a possible
sign of maternal distress associated with lactation [22]. Moreover, an allostatic theory of
oxytocin was reported. According to this theory, the oxytocin system should be able to
support the refinement of a physiologic setting to cope with adaptation and survival [23].

Despite most of the studies referring to concentrations of C and DHEA /DHEA-S
in the blood or less invasive matrices such as urines, feces and saliva, all those matrices
depict only the concentration of a given time point, and their use is therefore not suitable
when long-lasting physiological processes have to be investigated because of the need
to repeat multiple samplings. To overcome these issues, in the last years, new matrices,
like the hair/coat and nails/claws, have been proposed for long-term hormonal studies
in humans and animals [24-28] thanks to their characteristic of providing retrospective
information about long-term hormone accumulation. Thus, the coat and claws could be
suitable matrices for the study of hormonal changes occurring in the long-lasting phase
between mating of the female dog to puppies weaning.

Therefore, the aim of the present study was to investigate the possible activation of the
maternal HPA axis during the dynamic and challenging phase lasting from mating of the
female dog to puppies weaning through the assessment of C and DHEA-S concentrations
in the maternal coat and claws monthly collected.

2. Materials and Methods
2.1. Ethics

Although coat and claws sampling is a noninvasive procedure, this trial was carried
out in accordance with EU Directive 2010/63/EU, and it was approved by the Ethical
Committee of the University of Milan (OPBA_33_2021). Written informed consent was
signed by the owners, giving permission to submit each female dog to elective C-section, to
collect coat and claws samples and to allow the record of clinical data for research purposes.

2.2. Animals

Sixteen purebred Doberman Pinscher, 2nd to 3rd parity female dogs, aged 36 years
old (mean + SD: 4.1 £ 1.06), belonging to a single breeder were enrolled in the study. All
the female dogs were found to be healthy by a clinical examination and by routine health
tests performed by a veterinarian and submitted to the common vaccination and parasite
prophylaxes, fed with commercial food and housed in a single kennel with indoor and
outdoor spaces. The animals were always handled and managed by the same operator.
All the female dogs showed a history of previous normal pregnancies, post-partum and
lactation phases. In all of them, an elective cesarean section (ELCS) was performed at the
previous whelping, because of the large litter sizes and the consequent risk for dystocia. Of
the 16 mated female dogs enrolled in the present study, one was diagnosed as not pregnant
at 30 days after ovulation and therefore removed from the study.

2.3. Estrus and Mating

From the onset of proestrus, all the female dogs were monitored through serial vagi-
nal smears every 48-72 h and through the assay of plasma progesterone concentrations
performed every 48 h from the beginning of the signs of cytological estrus. Based on
these parameters, all the female dogs were submitted to a single mating, performed with



Animals 2021, 11, 1632

a male of proven fertility, 48 h after the estimated ovulation, when progesterone plasma
concentrations ranged between 4 and 10 ng/ml [29]. Each female dog was mated with a
different healthy male of proven fertility. At the time of mating, the BCS of each female
dog was assessed on a scale of 5.

2.4. Pregnancy, Caesarean Section, Newborn Puppies and Post-Partum Management

At 30 days after the estimated ovulation, pregnancy was checked by ultrasonographic
examination, and the pregnant female dogs were submitted to measurement of the in-
ner chorionic cavity (ICC) for the first calculation of the parturition date [30], while the
nonpregnant female dogs were excluded from the study.

At 45 days after ovulation, a second ultrasonographic evaluation was performed
to assess the normal course of pregnancy, the correct development and wellbeing of the
fetuses and to measure the biparietal (BP) diameter for an additional calculation of the
parturition date [30].

Given the reported higher risk for dystocia when the litter size counts more than
9 puppies [31], and because all the enrolled Dobermann Pinscher female dogs carried preg-
nancies with more than 9 fetuses, they were all scheduled for ELCS at term of pregnancy.
The day for performing ELCS was scheduled on the basis of the concordance of several
parameters, as previously reported [32-36]: date of ovulation, based on the measurement
of plasma progesterone concentrations, ICC and BP. Moreover, during the last days of preg-
nancy, before the expected parturition date, the female dogs were checked daily to assess
their clinical conditions and for ultrasonographic evaluations of the fetal wellbeing. Other
than this, plasma progesterone concentrations were assessed to identify the pre-parturient
decrease [37]. The ELCSs were performed only when plasma progesterone concentrations
were <2 ng/ml.

For all the ELCSs, the same anesthetic and surgical protocols, aimed to minimize the
possible negative effects on newborn viability and mothers’ wellbeing, were performed, as
previously reported [32,35,36].

Two expert neonatologists took care of the newborns as soon as they were extracted
from the uterus, providing professional assistance. Within 5 minutes after birth, newborn
viability was assessed by an Apgar score, and the puppies were classified as viable when
the Apgar score was >7 [38]. The newborns were also evaluated for the absence of gross
physical malformations or defects.

According to the viability classification, all the subjects were submitted to routine
neonatal care or different degrees of neonatal assistance, as previously reported [38].
Birthweight, gender and litter size were also recorded.

Mothers and litters were discharged when female dogs were awake and showed
normal behavior toward the puppies and after having verified the presence of normal
mammary secretions.

A daily follow-up to update the general conditions was provided by the breeder from
the day after parturition. Maternal and litter clinical data were daily recorded, together
with the puppies’ bodyweight until 60 days after parturition. In addition, at 1 and 2 weeks,
and at 30 and 60 days after parturition, clinical examinations were scheduled. At 60 days
after parturition, maternal BCS was reassessed.

2.5. Samples Collection

Coat samples were collected by using a razor (TN2300 Nomad, Rowenta® spa, Milan,
Italy), allowing to shave an area of about 5 cm? from the dorsal surface of the right forearm
until the level of the skin (coat samples). The tips of the claws were collected from all
the digits of both forearms with a claw clipper (C135, Candure® Services LTD, Leicester,
UK) and stored (claws samples). Coat and claws samples were placed in separate paper
envelopes, labeled with a univocal code and stored at room temperature until the analysis.
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The first sample collection was performed the day of mating. At the time of the
pregnancy diagnosis, the second coat and claws sampling was performed, collecting only
the regrown area.

At parturition, the third sample collection was performed. This collection did not
always respect the 30 days of interval previously scheduled for the other samplings. Given
that parturition occurs at about 6062 days after ovulation, indeed, the interval of time
between the second sampling and the one at parturition could have been 30 + a few days.

In all the cases, before anesthesia induction, the regrown coat and claws were collected
and stored as reported above.

At 30 and 60 days post-partum, the regrown coat and claws were further collected
and stored as reported above.

At every sampling time, after the collection, the razor and the claw clipper were
disinfected with a 70% alcohol solution [39].

2.6. Hormone Analysis

Coat strands and claws were washed in 3-mL isopropanol to ensure the removal
of any steroids on their surface. Coat and claws steroids were extracted with methanol
and measured by radioimmunoassay (RIA). The concentrations of Cortisol and Dehy-
droepiandrosterone sulphate (DHEA-S) were measured using a solid-phase microtiter RIA.
In brief, a 96-well microtiter plate (OptiPlate; PerkinElmer Life Sciences Inc., Zaventem,
Belgium) was coated with goat anti-rabbit y-globulin serum diluted 1:1.000 in 0.15-mM
sodium acetate buffer (pH 9) and incubated overnight at 4 °C. The plate was then washed
twice with RIA buffer (pH 7.5) and incubated overnight at 4 °C with 200 pL of the anti-
body serum diluted 1:20,000 for Cortisol and1:800 for DHEA-S. The cross-reactivities of
the anti-Cortisol antibody with other steroids were as follows: Cortisol 100%, cortisone
4.3%, corticosterone 2.8%, 11-deoxycorticosterone 0.7%, 17-hydroxyprogesterone 0.6%,
dexamethasone 0.1%, progesterone, 17-hydroxypregnenolone, DHEA-S, androsterone sul-
phate and pregnenolone < 0.01%. The cross-reactivities of the anti-DHEA-S antibody with
other steroids were as follows: DHEA-S, 100%; androstenedione, 0.2%; DHEA, <0.01%;
androsterone, <0.01% and testosterone, <0.01%. After washing the plate with RIA buffer,
the standards (5-200 pg/well), the quality control extract, the test extracts and the tracer
(hydrocortisone {Cortisol [1,2,6,7-3H (N)]-}, DHEA-S [1,2,6,7-3H (N)] were added, and the
plate was incubated overnight at 4 °C. The bound hormone was separated from the free
hormone by decanting and washing the wells in RIA buffer. After the addition of 200 uL of
scintillation cocktail, the plate was counted on a 3-counter (Top-Count; PerkinElmer Life
Sciences Inc.).

The intra- and inter-assay coefficients of variation were 3.7 and 10.1% and 3.2 and 11.8%
for Cortisol and DHEA-S, respectively. The sensitivities of the assays were 1.23 pg/well
and 0.54 pg/well for Cortisol and DHEA-S, respectively.

2.7. Statistical Analysis

A Shapiro-Wilk test was used to verify the normal distribution of data, followed by
an ANOVA and post-hoc test, to assess the possible effects of the sampling time, litter
size, maternal age and parity on the C and DHEA-S concentrations in the coat and claw
samples. Statistical significance was set for p < 0.05 (JASP®, ver. 9 for Windows platform).
The Pearson correlation test was used to assess the possible correlations between the two
matrices for each hormone.

3. Results
3.1. Clinical Findings

The 15 pregnant female dogs (BCS at mating, mean + SD: 3.0 & 0.00) showed nor-
mal courses of pregnancy and, because all of them carried more than nine fetuses, were
submitted to the ELCS at 60-63 (mean + SD: 61.2 £ 1.09) days after ovulation, providing
a total of 15 litters with a total of 163 puppies (three stillborn). The litter sizes ranged
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between 10 and 13, with a mean =+ SD of 10.9 £ 1.13. Seventy-five males and 85 females,
mean + SD birthweight: 427.7 + 87.82 g, mean £ SD Apgar score: 8.9 & 0.66, were enrolled.
Consequently, all the 15 female dogs were followed for the whole period elapsing from
mating until the end of weaning at 60 days post-partum, when the BCS was 2.5 4 0.24
(mean =+ SD).

3.2. Coat and Claws C and DHEA-S Concentrations

The concentrations (mean + SD) of C and DHEA-S in the coat and claws from mat-
ing to 60 days post-partum in the 15 female dogs enrolled in the study are reported in
Figures 1 and 2, respectively.
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Figure 1. Concentrations (mean £ SD) of C in the coats and claws from mating to 60 days post-
partum in the 15 female dogs. B p < 0.05; # p < 0.01 denote within-row significance. * p < 0.05

denotes within-row significance.

The concentrations of C in the coats showed a trend of increase from mating to
60 days post-partum, with significant changes between mating and parturition-60 days
post-partum and between the pregnancy diagnosis and 30-60 days post-partum. In the
claws, the trend of C was very similar to the one observed in the coats, with significant
increases between mating and 30-60 days post-partum and between pregnancy diagnosis
and 60 days post-partum.

The Pearson correlation test showed a significant positive correlation (r = 0.277;
p < 0.05) between the coat and claw C concentrations.
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Figure 2. Concentrations (mean =+ SD) of DHEA-S in the coats and claws from mating to 60 days
post-partum in the 15 female dogs.

The concentrations of DHEA-S in both the coats and claws showed the same trend of in-
crease between mating and all the subsequent sampling times but without significant changes.

The statistical analysis showed the absence of significant effects of the maternal
age and litter size on the C and DHEA-S concentrations in the coats and claws, and no
significant correlations of DHEA-S between the two matrices was found.

4. Discussion

To the authors” knowledge, this was the first study reporting the concentrations
of C and DHEA-S- in the coat and claws of female dogs from mating to 60 days post-

10
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partum, providing new information about long-term hormonal changes during gestation
and the post-partum period in dogs, a topic that needs to be further investigated also in
humans [40].

Some studies previously demonstrated the usefulness of a single coat sample for the
study of C [25] and DHEA-S [41] concentrations in dogs. However, the present study
offered the first evidence that, using the shave-re-shave method [27,42—-44] after the first
sampling, it is possible to collect only the regrown matrices, providing an optimal tool to
investigate the long-term hormonal variations in dogs, as previously reported for other
species [45-47]. However, in valuable dogs, the owners often refuse to shave the hair, even
in a small area, limiting the use of the coat as a matrix of study in many instances. A couple
of recent studies [26,28] showed the usefulness of the claws as an alternative to the coat for
the same long-term studies in newborn puppies. For these reasons, in the present study,
both the coat and the claws were collected with the shave—re-shave and clip—re-clip
method for the longitudinal analysis of C and DHEA-S long-term changes.

The 30-day collection interval was designed to address several targets. Firstly, it
reduced, at the minimum, the number of samplings to restrict the possible disturbances
for the pregnant/lactating female dogs. Secondly, this timing fits with the most important
milestones of the reproductive process management in female dogs. Thirdly, it allowed the
regrowth of a suitable amount of sample for the analysis. Fourthly, it was reasonable for
identifying and studying long-term hormonal changes. About the area of the body chosen
for the coat collection, the right forearm was used because it is shaved for blood collection
and other clinical purposes.

About the enrollment criteria of the female dogs, in the present study, only one breed
was selected to avoid possible genetic differences in HPA axis activation [48]. However,
even within the same breed, some individual peculiarities in HPA axis activation could
be presumed. Moreover, to avoid possible differences in the managerial, nutritional
and environmental factors that could influence HPA axis activation, all the female dogs
belonged to the same breeder and were managed by the same operator. Other than this,
selecting a single breed and the consequent homogeneous litter size, together with similar
parity, allowed an additional reduction of the possible variables in HPA axis activation.
The choice of enrolling only female dogs of second and third parity was based on the
hypothesized possible influence of the maternal experience in HPA axis activation, as
reported for maternal behavior [6]. The exclusive inclusion of female dogs scheduled for
ELCS, in addition, concurred to reduce the other possible variables related to the effects of
different types of delivery on HPA axis activation, as previously observed [49].

About C, the trend of increase from mating to 60 days post-partum observed in both
the coat and claws suggested a gradual activation of the maternal HPA axis during the
delicate phase of pregnancy and post-partum in female dogs. The finding of the highest
concentration of C at 60 days post-partum is intriguing and could be related to the complex
interaction of multiple factors, such as uterine involution, lactation and, also, nursing
and grooming of the puppies, therefore addressing not only metabolic and physiologic
phenomena but, also, emotional and behavioral changes for female dogs. All these factors,
in turn, play a role in the increase of the allostatic load for female dogs. Although it is not
possible to discern the single contribution of each one of these processes on the activation
of the HPA axis, it is possible to suppose that lactation and care of the puppies could
promote a continuous stimulation on the HPA axis, leading to a chronic secretion of C,
as evidenced by its long-term, retrospective accumulation in the coat and claws. In the
present study, all the female dogs displayed normal maternal behavior in the present and
previous pregnancies, so that the observed HPA axis activation could be supposed to reflect
a “normal” process related to maternity in dogs. However, it is not possible to exclude
that the energy expenditure needed for all of the processes above seen could stimulate C
secretion in order to mobilize the depots, as supposed in reference [14], given the higher
concentrations reported at the peak of lactation.

11
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The statistical analysis did not show an effect of maternal parity on C coat and claw
concentrations. This could be due to very limited differences in the parity of the enrolled
female dogs. However, in the bottlenose dolphin, the profiles of C concentrations during
pregnancy were not affected by age or parity [50], and the same results were reported
for killer whales [21]. In a recent study, the authors of reference [14] reported that the
maternal experience did not represent an influencing factor on C concentrations in the
blood of queens at 4 weeks after parturition, while it was influenced by the size of the litter
(higher in queens with up to three kittens than in queens with more than three kittens).
In the present study, the litter size did not influence the C concentrations in the coats and
claws. It should be noted that, in the enrolled female dogs, no extreme litter sizes were
observed, and the litter sizes were rather homogeneous, with the number of puppies per
litter ranging between 10 and 13. Moreover, about the possible effect played by the puppies
on the maternal HPA axis activation, in the present study, excluding the three stillborn,
the puppies were all healthy and viable at birth and for all the subsequent periods of
observation, showing normal growth and development in the first 60 days of age.

Therefore, taking all these considerations together, the results of the present study
should be considered representative of the “normal” conditions of both mothers and litters.
Hence, it could be interesting to verify the possible differences of long-term maternal HPA
axis activation according to breed, first parity, extreme litters, pathological situations of
mothers and/or puppies, etc.

Beside the C concentrations in the coats and claws, it was unforeseen to observe no
significant changes in the concentrations of DHEA-S in both matrices. Even if conflicting
results are reported in women, cows and killer whales, the role of DHEA as a neuroactive
steroid is known to be involved in behavioral changes [15-18], in stress responses [15-17]
and in the stimulation of lobuloalveolar mammary gland development in rats [51]. Like C,
the concentrations of DHEA-S in the coat and claws were not influenced by the maternal
parity or litter size.

In a study by Fusi and colleagues [26], both the C and DHEA(S) concentrations
measured in the claws collected from puppies since birth to 60 days of age were found to
be higher in claws collected at birth than in the subsequent sampling times, with a trend
of decreasing. Therefore, because no differences related to DHEA-S claw concentrations
were found in the present study in female dogs, it could be supposed that DHEA-S is
mainly synthesized by the fetus/newborn. This hypothesis could also be reinforced by
the extremely different concentrations found in the present study in the claws of female
dogs compared to the study in reference [26] in the claws of puppies when the same
time from parturition to 60 days post-partum was concerned. In fact, in the study from
reference [26], the DHEA(S) claw concentrations were about 50-fold higher in puppies
at parturition, about 20-fold higher at 30 days post-partum and about 15-fold higher at
60 days post-partum, as compared to the female dogs investigated in the present study.

Additionally, about C, higher concentrations were found in the puppies of the same
study when compared to the concentrations found in the female dogs of the present one,
especially at parturition (about six-fold).

These comparisons seem to suggest that, in dogs, the fetal HPA axis activation plays
an important role, especially around the time of parturition.

The results of the present study offer new insights in the role of maternity on the
allostatic load of female dogs. This topic is of maximum importance, given the influence of
the allostatic load on the health of an organism, as reported in humans [52], and suggests
that, although it is a physiologic event, the periods of pregnancy and, especially, post-
partum should be considered as possible stressors for female dogs.

5. Conclusions

In conclusion, the higher concentration of C in the coat and claws found at 60 days
post-partum than those found at mating seems to suggest that a complex interplay among
the physiologic, emotional and behavioral events in the post-partum period occurs in
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female dogs. Maternity seems to play a pivotal role in the HPA axis activation in female
dogs, with a subsequent chronic secretion of C and long-term accumulation in the coat and
claws. No significant differences were found in the DHEA-S concentrations in the different
sampling times, and neither maternal parity nor litter size played a significant role in the
accumulation of C and DHEA-S in both matrices.
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Simple Summary: Morphological variability in canines is associated with the mother’s size and
weight, which likely affects the birth weight of the puppies and their metabolic status. Identifying
physio-metabolic alterations in the blood from the umbilical vein to evaluate the concentration of
gases, glucose, lactate, calcium, hematocrit levels, and blood pH of newborn puppies will make it
possible to determine the risk of complications due to intrauterine asphyxia. The objective of this
study is to evaluate the effect of the mother’s weight on the weight of liveborn and stillborn puppies
during spontaneous births and the neonates” blood physiological alterations during the first minute
of life. The above allowed us to identify the physio-metabolic maladjustments that newborn puppies
suffer from and to determine the risk of asphyxia according to the weight category of the mothers.
Results suggest that if the weight of the bitch is >16.1 kg in eutocic births, there is a higher risk of
intrapartum physiological alterations and death. The results of this study allowed us to identify that
the weight of dams before birth determines the weight of the puppies at birth, though there is a wide
range in birth weights due to the ample morphological variability characteristics of this species.

Abstract: This study aims to determine the effect of the weight of bitches on liveborn and stillbirth
puppies from eutocic births, and physiological blood alterations during the first minute postpartum.
A total of 52 female dogs were evaluated and distributed in four categories: C1 (4.0-8.0 kg, n = 19),
C2 (8.1-16.0 kg, n = 16), C3 (16.1-32.0 kg, n = 11), and C4 (32.1-35.8 kg, n = 6). The dams produced
225 liveborn puppies and 47 were classified as stillbirth type II. Blood samples were taken from the
umbilical vein to evaluate the concentration of gases, glucose, lactate, calcium, hematocrit levels,
and blood pH. The liveborn puppies in C2, C3, and C4 had more evident physiological alterations
(hypercapnia, acidosis) than those in C1 (p < 0.05). These signs indicate a process of transitory
asphyxiation. The stillborn pups in all four categories had higher weights than their liveborn
littermates. C3 and C4 had the highest mean weights (419.86 and 433.79 g, respectively) and mortality
rates (C3 = 20.58%, C4 = 24.58%). Results suggest that if the weight of the bitch is >16.1 kg in eutocic
births, there is a higher risk of intrapartum physiological alterations and death. The results of this
study allowed us to identify that the weight of dams before birth determines the weight of the
puppies at birth.
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1. Introduction

Mortality in dogs during the neonatal period has been estimated to reach 40% [1].
Deaths may occur in the uterus, during expulsion, immediately postpartum, or during the
first weeks of life [2—4], but the highest number of stillbirths occurs during birth [5] and the
first 7 days of life [6]. Approximately 60% of these deaths are associated with intrapartum
asphyxiation [7] caused by dystocic deliveries [5,6,8]. Asphyxia during the birthing process
also negatively impacts the newborns’ adaptation to extrauterine life [9] by limiting their
viability and vitality [6,10-13]. A high neurologic morbidity increases the risk of neonatal
mortality [14]. The birthing process is the most critical phase for newborns [15] because
the transition from fetus to neonate involves physiological, biochemical, and anatomical
changes accompanied by flows of hormones that trigger the respiratory function, vascular
changes, and the activation of energy metabolism [16,17]; additionally, the maternal be-
havior is critical for the parturition to take place in favorable conditions for the newborn
puppy [18-21]. Studies of dogs have reported that a certain level of transitory asphyxiation
occurs during delivery. Though this is normal, it produces hypercapnia and transitory aci-
dosis in puppies [22,23]. If these conditions persist, they will alter gas exchange [24], delay
the onset of respiration, and generate metabolic acidosis in newborns [25]. The challenges
of the birthing process, together with these risk factors can determine the proportion of the
liveborn (LP) vs. stillbirth (SB) puppies and the viability of the former [26-28]. Morpholog-
ical variability in canines is associated with the mother’s size and weight [23], for these
likely affect the birth weight of the puppies [26,28-30] and their metabolic status. In both
veterinary and human perinatology, analyzing blood gases and metabolites has emerged as
an important tool for evaluating newborns [13,31], but reports on dogs are scarce. Studying
physiological indicators provides crucial information and allows researchers to estimate
variations in oxygenation levels, metabolic profiles, and the acid-base balance [32] that
help determine the level of fetal hypoxia suffered during birth. Gasometry allows the
monitoring of the respiratory function by measuring the concentration of certain gases
(pOa, O3 saturation (SaO;), pCO;) and blood pH [11,12,33-36] and the evaluation of the
acid-base balance—to estimate the newborns” metabolic status [13,33,37,38]. Variations in
metabolite levels, including lactate, play an important role in metabolic acidosis [39,40]
associated with hypoxic events [1,41], high blood glucose levels [36], and a general compen-
satory metabolism marked by excess base and bicarbonate in the blood [25]. Identifying
physio-metabolic alterations in the blood of newborn puppies will make it possible to
determine the risk of complications due to intrauterine asphyxia. However, evidence on
hypoxia in canines, its effects, and its relations to the mother’s weight as a risk factor is
scant or has not been fully evaluated. Thus, the objective of this study was to evaluate the
effect of the mother’s weight on the weight of the LP and SB puppies during spontaneous
births and the neonates’ blood physio-metabolic alterations during the first minute of life.
The above allowed us to identify the physiological maladjustments that newborn puppies
suffer and determine the risk of asphyxia according to the weight category of the mothers.

2. Materials and Methods
2.1. Infrastructure

A network of 10 veterinary clinics in Mexico City was organized to recruit pregnant
dogs. Prenatal control was performed from day 25 of pregnancy to 24 h postpartum.

2.2. Study Population

A total of 52 young multiparous bitches (2—4 births) were recruited. The inclusion
criteria were: (i) clinically healthy dogs; (ii) valid vaccination/deworming record; (iii)
fed a commercial formula; (iv) no history of reproductive problems; (v) radiographic
and ultrasonographic evaluations to show they were apt for natural births. The exclusion
criteria were: (i) primiparous females; (ii) bitches with a history of dystocia or pyometra; (iii)
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previous type I SB puppies; (iv) malformed fetuses; (v) use of birth inducers or accelerators;
(vi) bitches with body condition 8 or 9 (obese) as per the WSAVA scale [42]; (vii) extremely
aggressive behavior. Brachycephalic and large breeds were excluded due to their reported
high incidence of dystocia [3]. The 52 pregnant females were classified in 4 categories
according to their weight recorded before labor (day 60 + 2), as follows: C1 (4.0-8.0 kg,
n=19); C2 (8.1-16.0 kg, n = 16); C3 (16.1-32.0 kg, n = 11); C4 (32.1-35.8 kg, n = 6). The body
weight ranges respected the general guidelines for breed size established by the Federation
Cynologique Internationale (FCI) [43].

2.3. Clinical History

The clinical history of the dogs was compiled, including age, weight, alimentation,
preventive medicine status, and a description of the environment where they lived. All
information was recorded in the Q.vet® Ed. Professional 2016 database for veterinary
clinics.

2.4. Diagnoses of Pregnancy

Diagnoses were confirmed between days 24 and 28 post-service for each dam. Fetal
structures and cardiac activity were detected in the gestational sacs using a LOGIQ 400 MD
ultrasound machine (General Electric, Yokohama, Japan) equipped with a 3.5 MHz convex
transducer to establish probable due dates. Monitoring of fetal maturation and vitality was
performed on days 40-50 of gestation. The fetal structure was defined completely to permit
the early identification of pyometra cases, type I SB puppies, and malformations. X-rays
of the dams” abdomens were taken on day 45 of pregnancy once bone calcification of the
fetuses was achieved to discard early stages of maternal-fetal dystocia and evidence of
cephalopelvic disproportion, conditions that would make caesarean sections necessary [29];
thus, excluding the dam from the study. On day 60 of pregnancy, the females were checked
by ultrasound to corroborate cardiac rhythms and fetal biparietal diameters. Monitoring
of births was performed with a model S80Vet Sino-Hero® vital sign monitor to evaluate
the mothers’ physiological parameters. Clinical signs observed in the peripartum interval
included anorexia, anxiety, and nesting behaviors.

2.5. Puppies
The number of LP and SB was recorded by category.

(a) Liveborn: A total of 225 LP puppies were recorded for the four categories: C1: 63; C2:
71; C3: 54; C4: 37. The neonates, who had a heartbeat and were breathing during the
first minute of life, were considered liveborn puppies. The puppies that died once the
birth was over, were considered dead during lactation.

(b) Stillbirth: The 47 SB, by the weight categories of their mothers, occurred as follows:
C1: 9; C2: 12; C3: 14; C4: 12. The following cases were classified as dead antepartum
(i.e., stillbirth Type I): fetuses that died after the birth process began but before the
expulsion; those with hemorrhagic and edematous appearance; those with grayish-
brown discoloration due to an initial state of mummification; more advanced cases,
a clear state of dehydration and fur loss. Those fetuses were excluded. The fetuses
classified as dead intrapartum (Type II SB) presented the same appearance as the rest
of the litter, except for the absence of breathing and heartbeat.

2.5.1. Blood Physio-Metabolic Profiles
Blood Sampling

A trained veterinarian took blood samples immediately after birth in less than 10 s. An
assistant held the puppy in a supine position and exposed the abdominal region; the pup’s
umbilical cord was carefully grasped to insert the needle (26G) of a tuberculin syringe
impregnated with lithium heparin to avoid coagulation and alterations of blood values
and immediately obtain 0.3 mL samples of venous blood. All samples were processed by a
GEM Premier® critical blood variable analyzer (Instrumentation Laboratory Diagnostics
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USA /Italy) to obtain values for the metabolite’s glucose (mg/dL) and lactate (mg/dL),
blood gases pCO, (mmHg) and pO, (mmHg), the acid-base balance pH, HCO3;~ (mmol/L),
EB (mEq/L), Ca%* (mmol/L), and hematocrit (Htc %). All profiles were tested for each LP
and Type II SB pup.

2.5.2. Birth Weight

The weight of each LP and Type II SB puppy was recorded using a digital scale (Salter
Weight Tronix Ltd., West Bromwich, UK) after drawing the blood samples.

2.6. Statistical Analyses

Descriptive statistics were obtained for the variables tested following the Origin
Version® 9 statistical package procedure. Normality tests were performed for all dependent
variables to determine differences among the 4 categories (the dam’s weight was the
independent variable) regarding the parameters of the blood physio-metabolic profile:
pH, pO; (mmHg), pCO, (mmHg), glucose (mg/dL), Ca?* (mmol/L), lactate (mg/dL),
hematocrit (Htc %), HCO3~ (mmol/L), and EB (mEq/L), as well as the weight of the
LP pups (dependent variable). An analysis of variance (ANOVA) was performed with a
contrast of means using a Tukey test (p < 0.05).

Values were considered as significant at p < 0.05.

Metabolitesijk =u+ Ti + CI\]Z + Pi (T, Cl\]Z P,) + el']'k

where:

Metabolites = pH, pCO;, pO,, glucose, Ca?*, lactate, hematocrit, HCO;~, EB;
u = general mean;

T; = fixed effect;

CN; =1,2,3/4; for the case of SB Type II;

P; = birth weight;

e = error.

The same statistical model was used to analyze the SB Type II neonates.

2.7. Ethical Note

The studies were performed with privately owned dogs. Each owner gave her/his
informed consent before data were gathered. During the study, all dogs were treated
following the directives and guidelines of Mexico’s Official Norm NOM-062-Z0O0-1999 on
technical specifications for the production, care, and use of laboratory animals and those
related to the field of applied etiological studies [44]. The experimental protocol (code
CAMCA.32.18) was approved by the Committee of the Master’s Program in Agricultural
Sciences of the Universidad Auténoma Metropolitana-Xochimilco, Mexico City.

3. Results
3.1. Weight

Significant statistical differences were observed (see Table 1, mean and standard error
of the birth weights of neonates) between the weight of the LP puppies in categories one
(189.85 £ 16.50 g; p = 0.01), two (266.84 & 16.23 g; p = 0.01), and three (374.57 = 48.18 g;
p = 0.0001), with those in C1 having lower weights than those in C2 and C3 (76.99-184.72 g).
There were no significant differences in the weight of the LP pups in C3 (374.57 £ 48.18 g)
and C4 (381.02 + 20.24) (p = 0.70).

Table 1 presents data on the weight of the Type I SB pups. The pupsin C1 (219.11 £23.05 g;
p = 0.01) weighed less than those in C2 (297.08 & 17.62 g; p = 0.001), C3 (419.86 + 4.57 g;
p =0.001), and C4 (433.75 £ 12.98 g; p = 0.001), but there were no significant differences
between the weight of the SB pups in C3 (419.86 + 4.57 g) and C4 (433.75 + 12.98 g)
(p = 0.40).
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The lowest number of SB occurred in C1 with nine (12.5%), compared to C2, C3, and

C4, which had 14.45-24.48%.

Table 1. Mean and standard error of the birth weights of the liveborn (LP) puppies and the Type II stillbirth (SB) during the
first minute of life, grouped according to the category of the mother.

Category 1“15 Mean Weight (g) &= SEM SB ]ZOP ell Mean Weight (g) = SEM
C1 63 189.85 + 2.07 ¢ 9 219.11 £ 7.687
Cc2 71 266.84 +1.92° 12 297.08 4 5.08 ¢
C3 54 374.57 £ 6.55°¢ 14 419.86 +3.62°¢
C4 37 381.02 +£3.32°¢ 12 433.75 +3.74°¢

@b Jetters indicate differences in the categories of the mother (weight). Variance analysis (p < 0.05); Tukey test for independent samples
(p < 0.05). SEM—standard error of the mean. Weight of the mothers according to category: C1 (4.00-8.00 kg), C2 (8.10-16.00 kg), C3

(16.10-32.00 kg), C4 (32.10-35.8 kg).

3.2. Blood Physiometabolic Profiles

The effect of the mother’s weight on the blood physio-metabolic profiles of LP and SB
are shown in Tables 2 and 3, respectively. In general, the weight category of the dam was

related to metabolic changes in some of their puppies’ critical blood variables.

Table 2. Mean and standard error of the blood physio-metabolic profile of the LP puppies grouped according to the category

of the weight of the mother.

C1 C2 Cc3 C4
Metabolites LP =63 LP=71 LP =54 LP =37
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)
Lactate 480 40232 628 +0.17° 7.05 + 0.27 b< 7.07 +030¢
Energy (mg/dL)
metabolism
Glucose 94.92 £ 1.76 101.29 &£ 2.112 100.27 & 3.052 103.91 & 3.69 2
(mg/dL)
Ca2+
1.43 +£0.01°¢ 1.55 +0.01 P 1.62 +0.012 1.59 + 0.02 2
Calcium and (mmol/L)
hematocrit i
He“(‘j“)o““t 44.84 4 0.55¢ 48.65 + 0.41P 50.43 + 0.39 @ 49.82 + 0.55 9P
pH 7.38 £0.012 7.33 4+ 0.01 2P 7.29 +0.01P 7.31 4 0.02 2P
PO, 17.09 +0.44 2 15.47 +0.36 14.48 +0.40° 15.18 + 0.47 b
(mmHg)
Acid-base bal pCO 47.69 +1.01° 54.42 +1.352 55.98 + 1.63 2 54.78 + 1.87 2
Cld-base balance (mmHg) o . - - . - . -
HCO; - 21.94 4 0.262 20.44 £+ 0.17° 19.96 +0.18 P 19.86 +0.21 P
(mmol/L)
EB —477 40382 —5.96 4+ 0.362 —7.03 & 0.45 ab —8.82+ 043¢
(mEq/L)

ab< Letters indicate differences in the category of the mother (weight). Variance analysis (p < 0.05); Tukey test for independent samples
(p < 0.05). SEM—standard error of the mean. LP—number of LP in the samples. Blood samples taken in a maximum of 10 s post-birth.
Weight of the mothers according to category: C1 (4.0-8.0 kg), C2 (8.10-16.0 kg), C3 (16.10-32.0 kg), C4 (32.10-35.8 kg).
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Table 3. Mean and standard error of the blood physio-metabolic profile of the Type II SB grouped according to the category

of weight of the mother.
c1 2 C3 C4
Metabolites Type II SB =9 Type II SB =12 Type I SB = 14 Type II SB =12
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)
Lactate 11.44 + 0.52P 12.58 + 0.31 &b 125 £ 0.222b 13.08 £ 0.41 2
Energy (mg/dL)
metabolism
Glucose 51.11 + 3.18 2 42,58 +2.19 b 38.78 +£3.97b 41.91 +2.09 *b
(mg/dL)
Ca2+
1.85 +0.022 1.89 +0.012 1.89 +0.022 1.85 +0.022
Calcium and (mmol/L)
hematocrit i
He“(‘ft)omt 59.48 4+ 0.52 2 58.97 +0.77 2 5833 +0.90 2 58.01 4+ 1.15 2
pH 6.79 + 0.06 6.80 & 0.04 2 6.83 = 0.03 P 6.88 £ 0.02 2
PO, 940912 6.66 £ 0.63 &P 6.21 + 0.48 2P 5.75+0.89°
(mmHg)
Acid-base bal pCO 81.66 + 2.08P 93.08 -+ 2.422 91.78 4 2.28 2 94.66 + 1.98 2
cid-base balance (mmHg) . 8 : : : : : :
HCO; 17.63 + 0.252 18.80 + 0.57 18.37 4 0.44 2 18.45 + 0.46 2
(mmol/L)
EB —1442 +0.722 —15.33 + 0482 —14.26 +0.392 —1438 +0.862
(mEq/L)

ab Letters indicate differences in the category of the mother (weight). Variance analysis (p < 0.05); Tukey test for independent samples
(p < 0.05). SEM—standard error of the mean. LP—number of LP in the samples. SB—Stillbirth. Blood samples taken in a maximum of 10 s
post-birth. Weight of the mothers according to category: C1 (4.0-8.0 kg), C2 (8.10-16.0 kg), C3 (16.10-32.0 kg), C4 (32.10-35.8 kg).

3.2.1. Energy Metabolism

In terms of the level of blood lactate (see Table 2), there was a significant increase
of 9.26-14.33% between the LP in C1 (4.80 & 0.23 mg/dL, p = 0.001) and those in C2
(6.28 +£0.17mg/dL, p =0.001), C3 (7.05 £ 0.27 mg/dL, p = 0.01), and C4 (7.27 £ 0.30 mg/dL,
p =0.01). The LP in C4 had the largest increase in blood lactate concentrations compared to
C1 and C2 (p < 0.05), though there was no significant difference in lactate values between
C2and C3 (6.28 & 0.17 mg/dL and 7.05 & 0.27 mg/dL, respectively) (p = 0.07) (Table 2).

The Type II SB pups in C4 (13.08 &= 0.41 mg/dL) showed a larger increase in lactate
than C1 (11.44 + 0.52) (p = 0.02), but there were no significant differences between C2 and
C3(12.58 + 0.31 and 12.5 £ 0.22, respectively) (p = 0.99) (Table 3).

In terms of blood glucose levels for the LP, no significant differences among the categories
were found (p > 0.05) (Table 2). In contrast, the Type I SB pups in C1 (51.11 + 3.18 mg/dL) had
higher glucose levels than those in C3 (38.78 & 3.97) (p = 0.04). There were no significant
differences between C2 and C4 (42.58 = 2.19 mg/dL and 41.91 4 2.09 mg/dL, respectively)
(p = 0.99) (Table 3).

3.2.2. Calcium and Hematocrit

Regarding the metabolite Ca®*, a statistically significant decrease was found in the
values of the LP in C1 (1.43 &+ 0.01 mmol/L) compared to C2 (1.55 £+ 0.01 mmol/L,
p =0.001), C3 (1.62 £ 0.01 mmol/L, p = 0.01), and C4 (1.59 + 0.02 mmol/L, p = 0.01), but
no significant differences in blood Ca* concentrations were seen among C2, C3, and C4
(p > 0.05) (Table 2). For the Type 1 SB, Ca?* levels showed no significant differences among
the categories (p > 0.05) (Table 3).

Hematocrit values showed that the LP from the C2 (48.65 + 0.41, 8.5%; p = 0.001), C3
(50.43 £ 0.39, 12.46%,; p = 0.01), and C4 (49.82 £ 0.55, 11.1%; p = 0.01) dams all had higher
percentages of hematocrit than those in C1 (44.84 £ 0.55) (p < 0.05). However, no significant
differences were seen among the LP in C2, C3, and C4 (p > 0.05) (Table 3). Regarding
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the Type II SB, there were no significant differences among the categories for this value
(p > 0.05) (Table 3).

3.2.3. Acid-Base Balance

Observations showed that blood pH had a lower imbalance in the LP from the C1
dams (7.38 £ 0.01; p < 0.05), compared to C3 (7.29 £ 0.01; p = 0.01) and C4 (7.31 £ 0.02;
p = 0.04). While pH clearly decreased, there were no significant differences in pH values
among categories C2, C3, and C4 (p < 0.05) (Table 2). Similarly, for the Type II SB, there
were no significant differences among the categories in terms of pH (p > 0.05) (Table 3).

Regarding pO,, results showed that the LP from three groups—C2 (15.47 & 0.36 mmHg,
p =0.01), C3 (14.48 & 0.40 mmHg, p = 0.001), and C4 (15.18 £ 0.47 mmHg, p = 0.01)—had
significant decreases compared to C1 (17.09 + 0.44 mmHg) (p < 0.05), but there were no
significant differences in the pO, values among C2, C3, and C4 (p > 0.05) (Table 3). For
blood pO; values, we found that the Type II SB in C4 (5.75 + 0.89 mmHg) had a significant
decrease compared to C1 (9 £ 0.91 mmHg) (p = 0.02), but the pO, values between C2
and C3 did not differ significantly (6.66 £ 0.63 mmHg, p = 0.15, and 6.21 + 0.48 mmHg,
p = 0.053, respectively) (Table 3).

Regarding pCO,, a statistically significant increase was observed in the LP in C2
(54.42 £ 1.35mmHg, p = 0.01), C3 (55.98 £ 1.63 mmHg, p = 0.001), and C4 (54.78 & 1.87 mmHg,
p = 0.01), compared to C1 (47.69 + 1.01 mmHg). In contrast, no significant differences
were found in the pCO; values of C2, C3, and C4 (p > 0.05) (Table 2). Upon observing
the blood pCO2 values in the Type II SB, a significant increase was found in groups C2
(93.08 £2.42 mmHg, p =0.01), C3 (91.78 & 2.28 mmHg, p = 0.01), and C4 (94.66 £+ 1.9 mmHg,
p =0.01) compared to C1 (1.66 £ 2.08 mmHg), but no significant differences were found in
the pCO, values from groups C2, C3, and C4 (p > 0.05) (Table 3).

A significant decrease in HCO3 ™ levels was seen in the LP in C2 (20.44 £ 0.17 mmol /L,
p =0.001), C3 (19.96 £ 0.18 mmol/L, p = 0.01), and C4 (19.86 + 0.21 mmol/L, p = 0.001)
compared to C1 (21.94 & 0.26 mmol/L) (p < 0.05), but upon comparing the metabolite values
for C2, C3, and C4, no significant differences were found (p > 0.05) (Table 2). Regarding the
SB, no differences were observed among the categories (p > 0.05) (Table 3).

Observations showed that EB increased significantly in the LP in C4 (—8.82 &= 0.43 mEq/L)
compared to the values for C1 (—4.77 £ 0.38 mEq/L, p = 0.01), C2 (—5.96 £+ 0.36 mEq/L,
p =0.001), and C3 (-7.03 £ 0.45 mEq/L, p = 0.01). A similar result emerged when we
compared the values for C1 and C3 (p = 0.001), though no significant differences were
found between C2 and C3 (p = 0.11) (Table 2). Regarding the Type II SB, no significant
differences were found among the categories (p > 0.05) (Table 3).

4. Discussion
4.1. Weight

It was proposed that the weight of puppies at birth can be influenced by diverse
factors, as occurs in other mammals. These include the duration of pregnancy [27,45,46],
restrictions on intrauterine growth [45,47,48], the mother’s nutritional status [27], breed [49],
and the weight and size of the placenta [50]. However, the results of our study suggest
that the mother’s weight before giving birth exerts an effect on the weight of the newborn
puppies since this varied significantly among the four categories tested. A broad weight
range was observed that might be attributable to this species’ extensive morphological
variability characteristic [51]. The recorded weights of the 272 puppies born and classified
according to the weight of the dam (based on FCI guidelines, [43]) showed a mean from
204.48 to 407.39 g (157-453 g), with a mean variation of 77.46 to 202.91 g. We believe that the
weight of the neonates reflected the mother’s weight because our study did not consider
breed as a variable. A study by Vassalo et al. [6] observed a similar effect, the mothers’
body weight influenced the weight of puppies born by eutocic births and cesarean section.
While it is true that the dam’s nutritional status can affect the weight of the puppies—as
occurs in humans [52]—this variable was not controlled in this study.

23



Animals 2021, 11, 2307

One important finding involves the weight of the SB, as this was always higher than
that of the LP in all four cases (C1-C4). These differences mean 29.16-52.77 g, but categories
C3 and C4 had both the highest mean weights (419.86 and 433.79 g, respectively) and the
highest mortality rates (C3 = 20.58%, C4 = 24.58%). On one side, and such as other species,
including humans, swine, and bovines, low birth weight is considered an important risk
factor for neonatal mortality [34,53,54]. Reports on dogs affirm that low birth weight is
strongly related to mortality. In this regard, Groppetti et al. [55] and Mila et al. [56] pointed
out that there is a twelve-fold higher mortality risk for the lightest puppies than those with
normal weight. Though low birth weight has been deemed a disadvantageous condition
for neonatal survival [3,55,57,58] and has been associated with a higher risk of fetal death,
our study did not reveal signs of this because the heaviest puppies presented a higher
risk of fetal death than those with the lowest weight (12.5 vs. 24.58% mortality). On the
other side, previous results indicate that higher birth weights reduce postnatal mortality
but increase the rate of intrapartum mortality due to the difficulties of birth caused by
cephalopelvic disproportion and prolonged labor that can cause hypoxia or death [28,59,60].
The mortality rate in this study was 17.27%, counting only the pups that died intrapartum.
While it is true that the cause of perinatal mortality in dogs is multifactorial, the mother’s
weight must be considered a risk factor due to its impact on the weight of type II SB
puppies, physiological alterations, and the acid-base imbalance present in puppies born in
natural births.

4.2. Physiometabolic Profiles

Fetuses commonly suffer intermittent periods of light hypoxia due to uterine con-
tractions and the mechanical pressure inherent to the birth process [61]. Vassalo et al. [6]
affirmed that a state of fetal hypoxia during the perinatal period is common in newborn
puppies. We measured the physiological and metabolic changes that LP experienced dur-
ing eutocic births, including increases in blood levels of pCO, and lactate of 17.38% and
51.45%, respectively, and decreases in blood pH of 1.22%, and levels of pO; (15.27%) and
bicarbonate HCO3;~ (9.48%), with high EB (45.91%), all due to hypercapnia (an indicator
of respiratory acidosis) as the main factor. The most evident alterations occurred in the
LP groups with the heaviest dams (C2, C3, C4). These alterations in gases and blood
metabolites indicated respiratory and metabolic acidosis (mixed acidosis) resulting from
intermittent asphyxia in utero during natural birth. Compensatory alkalosis began as a
response to the respiratory and metabolic acidosis in the LP in all groups (C1-C4) due
to hypoxia. This explains why pH did not decrease drastically [62,63]. Hypoxia-induced
stress increases circulating epinephrine that breaks down muscular glycogen; thus, in-
creasing lactate concentrations [64-66]. The above slows metabolism and triggers delayed
anaerobiosis, a mechanism known as a tolerance to fetal hypoxia [67].

Regarding the metabolite glucose, no significant differences were observed in the LP
during the first minute of life in any of the four categories, since measurements were in a
range of 94.92-103.91 mg/dL. Mila et al. [17] reported a mean plasma glucose concentration
of 97 mg/dL between 10 min and 8 h postpartum. The blood glucose level of puppies in
the first 24 h postpartum was established in a range of 88-133 mg/dL [68,69]. Adequate
energy reserves are extremely important for neonatal survival and resistance to adverse
climatic conditions [70]. However, during the first hours of life, a decrease in glucose
concentrations may be seen in diverse species because the glucose supply is interrupted
abruptly during birth. This decrease is associated with the rapid exhaustion of hepatic
glycogen. Hypoglycemia increases blood glucagon, cortisol, and catecholamine levels,
leading to gluconeogenesis, lipolysis, glycogenolysis, and the consumption of ketone
bodies. Ingesting colostrum post-birth increases and maintains glucose levels. In humans,
for example, values below 50 mg/dL have been observed, though these may increase to
81 mg/dL during daytime [71,72]. A similar situation has been seen in foals [73]. On
another point, an increase in blood glucose in newborn piglets can be considered an
accurate indicator of neonatal distress because it shows their incapacity to regulate, or
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compensate for, the physiological processes during birth [13,37,74]. Mota-Rojas et al. [75]
mention that high glucose concentrations in piglets are a sign of a short episode of asphyxia
compared to those that manage to maintain their energy reserves. Therefore, lower glucose
levels are associated with a more extended period of asphyxia and higher a consumption
of energy reserves. It is important to mention that a prolonged or intermittent asphyxia
in utero during birth does not necessarily lead to intrapartum stillbirth. However, these
conditions can weaken newborns and reduce their capacity to adapt to extrauterine life,
as documented in piglet studies [36]. The events that occur during an acute process of
asphyxiation—such as metabolic acidosis and hypoxia—impact the welfare of newborns
and their postnatal development.

Birth weight was reported as a risk factor for intrapartum hypoxia because newborns
with a low birth weight are more likely to suffer oxygen restriction and the secondary effects
of hypoxemia [76,77]. Present findings, however, indicate otherwise. The blood samples
collected from the umbilical cords for the gas and metabolic analyses of the intrapartum SB
indicated that the fetuses showed signs of severe metabolic acidosis moments before birth
due to the low pH (range: 6.79-6.88), increased pCO; levels up to double those registered
in the LP (94.66 vs. 47.69 mmHg), lactate values as many as four times higher than in the
LP (13.08 vs. 4.80 mg/dL), EB in a range of —14.26 to —15.33, and a decrease in pO, (6.22%)
and bicarbonate HCO;3 ™~ levels (6.97%). We also observed that the Type II SB showed
a significant decrease in plasma glucose concentrations in every group (C1-C4), with a
range of 38.78-51.11 mg/dL. This result coincides with the values < 40 mg/dL reported by
Lawler [78], related to hypoglycemia, which indicate a depletion of the newborns” energy
reserves, as a by-product of a previous hypoxic process [7,78] accompanied by a delay in
eliminating excess liquid from the lungs, a decrease in uterine blood circulation, deficient
gas exchange, and an alteration of energy metabolism [16]. We, therefore, infer that pro-
longed uterine contractions without fetal expulsion, caused by the prolonged birth process
characteristic of this species, trigger hypoxia by increasing anaerobic glycogenolysis and
the development of metabolic acidosis, as has been seen in piglets [75,79,80], humans [81],
foals [82], and domesticated animals, including buffaloes [83,84]. These are conditions that
reduce vitality and increase mortality [85].

Fetal asphyxia, defined as a condition of hypoxemia with hypercapnia and acidosis,
caused the death of the pups at birth in this study. Fetal asphyxia caused the death of
17.27% of the puppies in this study, but the highest percentages of intrapartum deaths were
seen in C3 and C4, which together represented 55.31% of the mortality of the pups from
natural births.

Acid-Base Balance

In LP, a pH below the reference values was observed (7.35-7.45) in C2, C3, and C4, but
this parameter on its own does not permit measuring the accumulated exposure to hypoxia
because it is expressed logarithmically [39]. It does, however, establish the existence of
acidosis in newborns and reflects fetal hypoxic stress that occurred during birth. Hence, the
relation among pH, bicarbonate, and pCO; indicates a process of metabolic acidosis [86]. In
addition, the concentration of excess base (EB) must be determined, as this is an indicator
of a linear tendency that determines the accumulation of acidosis after being adjusted for
variations in pCO; [87].

The intense, constant uterine contractions necessary for fetal expulsion can compress
the umbilical cord, drastically decreasing both placental and umbilical blood circulation [88].
The decrease in pO, and the increase in pCO, combined to lower the pH, but bicarbonate
in the plasma mitigated this imbalance. As a result, the high concentration of bicarbonate
generated a mixed acidosis that exacerbated the increase in ionized calcium and the
decrease in protein-bonded calcium [89], producing hypocalcemia at birth. Andres et al. [25]
indicate that delayed breathing and metabolic acidosis are related to mortality at birth.

During pregnancy, fetuses depend on their mother for gas exchange and correct oxy-
genation through the placenta. This exchange is determined by the size of the fetuses, blood
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gas concentrations in the mother, and the latter’s capacity for transfer and transport. Thus,
modifications to any of these parameters can generate a state of hypoxia and subsequent
disruptions of the acid-base balance, such as metabolic acidosis [61]. It is believed that the
fetus’ capacity to withstand birth stress and welfare depends on both its condition at birth
and the birthing process itself (duration, number of contractions, fetus thermoregulation,
physiological, and metabolic changes. In addition, the newborn has to make several adjust-
ments to adapt to extrauterine life, such as maintaining normoglycemia, thermoregulation,
etc.) [18,90-95].

5. Conclusions

The results of this study allowed us to identify that the weight of dams before birth
determines the weight of the puppies at birth, though there is a wide range in birth weights
due to the ample morphological variability characteristic of this species. We observed that
the puppies born from bitches in categories three and four had the highest birth weights
(397.21 and 407.39 g, respectively), with a difference greater than 100 g from the pups
in C1 and C2. The LP puppies in category 1—the lightest ones (189.85 g)—had fewer
physio-metabolic alterations during the first minute of life; while the litters that weighed
16.1-35.8 kg showed more physio-metabolic alterations, which impacted their adaption to
extrauterine life and caused respiratory and metabolic acidosis and hypocalcemia, all of
which contributed to the total mortality of 17% as a consequence of intrapartum hypoxia.

Furthermore, all the Type II SB were heavier (C1 >29.26 g; C2>30.24 g; C3 > 4529 g;
C4 > 52.73 g) than the LP born in the same group. The above suggests that puppies with
higher weights experience greater difficulty during expulsion through the birth channel,
which increases the risk of suffering an acute process of intrauterine asphyxia that affects
their chances of survival. The highest mortality rates for the heavier categories (C3 and
C4) were 20.58% and 24.48%, respectively. Therefore, this study established the mother’s
weight (16.1-35.8 kg) as a risk factor for fetal asphyxia in eutocic births and, consequently, a
high percentage of intrapartum mortality. New studies will allow the integrated evaluation
of other variables as risk factors related to in utero asphyxia in eutocic births and their
influence on postpartum survival.
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Simple Summary: Dogs are currently involved in various roles in our society beyond companionship.
The tasks humans assign to them impact their daily life and can sometimes create stressful situations,
possibly jeopardizing their welfare. For example, assistance dogs need to manage their emotions in
various challenging situations and environments. Thus, the capacity to cope with emotional stress is
highly desirable in assistance dogs (~40% of assistance dogs fail to complete their education program).
The emotional and stress responses are guided by brain processes involving neuromodulators.
Neurohormonal profiling of these dogs can: (i) give cues about their emotional suitability to fulfill an
assistance role; (ii) enhance their selection; and (iii) help to assess and improve their welfare state
during the training course. We compared basal blood levels of three neuromodulators of interest
between two populations, assistance vs. pet dogs. We found significantly different concentrations
of oxytocin, a neuromodulator involved in social behavior. Levels of prolactin, a putative marker
of chronic stress, were higher (although not statistically significant) and variable in assistance dogs.
Dogs’ age also seemed to influence the various neuromodulators levels. These findings highlight the
impact of different lifestyles undergone by dogs and the possibility to use neurohormonal profiling
to monitor their effect on the dogs” welfare and stress state.

Abstract: Assistance dogs must manage stress efficiently because they are involved in challenging
tasks. Their welfare is currently a fundamental issue. This preliminary study aimed to compare
assistance dogs (AD; n = 22) with pet dogs (PD; n = 24), using blood neuromodulator indicators to help
find biomarkers that can improve the AD breeding, selection, training, and welfare monitoring. Both
populations originated from different breeds, are of different ages, and had different lifestyles. Basal
peripheral concentrations of prolactin (PRL), serotonin (5-HT), free (fOT) and total (tOT) oxytocin
were measured by immunoassays. Multiple linear regressions were performed to assess the effect of
activity, age, sex, and their interactions on these parameters. Correlations between neurohormonal
levels were analyzed. No interactions were significant. fOT and tOT concentrations were significantly
influenced by age (p < 0.0001 and p = 0.0002, respectively) and dogs’ activity (p = 0.0006 and p = 0.0277,
respectively). A tendency was observed for age effect on PRL (p = 0.0625) and 5-HT (p = 0.0548), as
well as for sex effect on tOT (p = 0.0588). PRL concentrations were heterogenous among AD. fOT and
tOT were significantly but weakly correlated (Pearson’s r = 0.34; p = 0.04). Blood prolactin, serotonin,
and oxytocin may represent biomarkers to assess workload and chronic stress-related responses in
ADs and eventually improve their selection and training.

Keywords: Canis lupus familiaris; guide dogs; biomarker; neuromodulator; serotonin; free oxytocin;
total oxytocin; prolactin; stress
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1. Introduction

“Assistance dogs” (AD) include (i) service dogs; i.e., dogs that assist humans with
mobility impairments as well as medical detection dogs and dogs assisting people with
psychiatric impairments; (ii) hearing dogs; i.e., dogs that assist humans that have hearing
impairments and (iii) guide dogs; i.e., dogs that assist humans that have visual impair-
ments [1]. These dogs are often involved in complicated tasks (i.e., emotionally and
cognitively challenging) in their daily life: they need to make the right behavioral choice
while facing ambivalent situations, thereby adequately balancing their cognitive—emotional
responses [2]. The term “ambivalent” refers to the notion of choice that can be equivocal.
The assistance dogs must often choose between two situations, and sometimes go against
their owner’s indications if necessary (e.g., in case of danger). For instance, the dog needs to
show to not be over-reactive during walking, with good capabilities in filtering the external
stimulation (social or environmental), being comfortable with and giving safety to the
handler [3,4]. Good emotional balance and capacity to cope with emotional stress are there-
fore the most desired characteristics in trained guide dogs [5]. This is why dogs are often
selected to be as calm as possible (“stability” /“passivity”), displaying no sign of aggression
to other animals and humans (“docility”) and with a predisposition to demonstrate a
good behavioral adaptation to their environment (“adaptability”). Conversely, distraction,
shyness, and fearfulness are undesirable behavioral traits [6-8]. Breeds are often selected
for assistance work on the basis of the degree of expression of these characteristics [9].
Individual characteristics will also influence the breeding and the educational protocols,
with many dogs that fail, then are rejected or reoriented (to other assistance activities or
offered for adoption) [7,10]: for instance, currently, the French guide dogs network face an
approximate 40 percent loss of dogs due to physical or behavioral problems [11].

Only several research studies have investigated factors associated with long-term
success in AD [2,7,8]. These dogs need to balance their emotional responses and try to
find the best coping strategies to reduce their stress-related responses in a daily working
routine. These emotional and stress responses are guided by brain processes involving
neuromodulators. Investigating these neuromodulators in AD is an interesting approach
to better understand their emotional and stress responses. Additionally, they can serve
as indicators to help to assess the dogs” individual emotional characteristics, hence their
future chances of success in the AD programs. Among the neuromodulators which have an
interest in the context of AD evaluation and follow-up, we focused on prolactin, serotonin,
and oxytocin.

Prolactin (PRL) is a polypeptide neurohormone that plays multiple homeostatic roles
in the organism in conjunction with the dopaminergic system [12]. PRL blood levels in-
crease during acute or chronic stress (due to psychological or physiological stressors) and
increased levels of PRL have been linked to emotional disorders and anxiety-related behav-
iors in several mammalian species [13-15]. PRL may change in response to psychological
stress also in humans, where different studies have shown a positive correlation between
anxiety and negative emotions and serum PRL [16-18]. Previous studies have indicated the
interest in evaluating serum PRL in anxious dogs [19]. On the contrary, recent studies [20]
highlighted that in sheltered castrated male dogs” PRL concentrations correlate neither to
stress scores nor to fear behaviors, and that a weak negative correlation between cortisol
and prolactin levels was possible. In previous research, we found that AD presented higher
levels of blood PRL than a pet dog population in a controlled situation [11,21], emphasizing
the interest of further investigating this neuromodulator.

Serotonin or 5-hydroxytryptamine (5-HT) is a monoamine found in the central ner-
vous system, gastrointestinal tract, and blood. It has broad physiological functions as a
neuromodulator [22]. Serotonergic neurons have numerous projections throughout the
brain, provide 5-HT to the rest of the central nervous system, and can modulate limbic-HPA
activity [23]. 5-HT was demonstrated to be an interesting neuromodulator to study dog
behavioral and emotional responses since low levels of 5-HT were found to be associated
with animal distress and behavioral disorders, such as impulsiveness, loss of motor control,
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and aggression in certain dogs [24,25]. It was shown that aggressive dogs had significantly
lower serum concentrations of 5-HT than non-aggressive dogs [24,26]. For AD, intraspecific
and interspecific aggression are unacceptable behaviors, that are unequivocally associated
with dogs’ rejections, with the animal exiting the educational program and the school [6,11].
Therefore, we found it crucial to assess this neuromodulator in AD as a part of the dog’s
emotional evaluation before and during their educational training.

Oxytocin (OT) is a nonapeptide produced by the hypothalamus and released from
magnocellular neurons that project to the posterior lobe of the pituitary where it is naturally
secreted into the bloodstream and acts as a hormone, mainly involved in parturition and
lactation [27]. OT is also transported to various brain regions via axonal pathways where it
acts as a neuromodulator, with a crucial role in many social behaviors, ranging from social
memory and affiliation (sexual and parental behaviors, attachment, pair-bonding) to ag-
gression (“mate-guarding,” maternal aggression) (for reviews, see [28-31]). In particular, OT has
been described as being involved in positive social intra-species interactions [32-35] and inter-
species interactions, such as human-animal interactions [36-40]. In dog applied ethology,
OT is often related to research on how a social interspecific interaction with humans [41,42]
or social stress [43] will modify OT levels, or on the effect of OT external administration on
dogs’ cognition and communication and other behaviors or aptitudes [21,44-48]. For in-
stance, intranasally applied oxytocin has been shown to increase positive expectations [44],
increase the use of human social cues such as pointing [48], modulate the dogs” aggressive
response to the threatening cues of a human [49], increase affiliation toward owners and
conspecifics [38], increase intraspecific play behaviors [34], and influence the visual contact
with the owners [45,46]. AD need to show a predisposition for positive prosocial interaction
with humans, good mental flexibility, and being smartness, with an important role of OT
in all these aptitudes [41,46,50].

Currently, OT has become a renowned neuromodulator, an indicator commonly
investigated in behavioral and neuroendocrinological research, in particular, human-dog
interactions [42,51]. Several studies have reported a coordinated release of central and
peripheral OT [52,53] and showed that peripheral levels can provide a minimally invasive
indicator of central state [54], from a practical point of view, when central parameters are
not available. In dogs, OT concentrations have been peripherally quantified in plasma,
urine, and saliva [55-57] despite important methodological considerations and caveats.
OT is difficult to assay and methods to measure endogenous OT greatly vary [55,58]. This
results in a lack of correlation between them and in discrepant results among the literature,
hence these methods are still under development [59]. MacLean et al. [59] proposed
that OT molecules may exist under different molecular conformational states, such that
these different states may be differently measured by the various used methods, leading
to the observed discrepancies. Among the putative molecular states of OT, Brandtzaeg
et al. [60] developed a method assaying the protein-bound OT in plasma. OT is circulating
in two forms, the most known free OT (fOT), and the protein-bound form, both fractions
constituting the total amount of OT (tOT) in plasma. Different authors are working to
describe different methods to measure total OT levels and protein-bound levels and to find
what their biological functions may be [50,61,62]. Measuring only the fOT, as currently
recommended [63], may, in many cases, be a confusing factor, since the fOT concentration
can change because of dynamic intrinsic or extrinsic factors or substances that displace OT
from proteins [58,64]. Furthermore, Uvnds Moberg et al. [65] recently hypothesized that
OT may be a principal hormone and exert its effects through its active fragments, adding
more consideration to the possible importance of the different OT molecular forms.

The aims of this study were (i) to describe the neurohormonal profiles of two dif-
ferent populations of dogs (assistance dogs: AD and pet dogs: PD) displaying different
daily routines and lifestyles in relation to their breed selection, by measuring their basal
peripheral neuromodulator levels that may be of importance regarding the monitoring
of their socio-emotional behaviors i.e., PRL, 5-HT, and OT; (i) to further investigate the
biological significance of the different molecular states of oxytocin by exploring both total
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and free oxytocin (tOT and fOT) basal levels in these two different populations of dogs; (iii)
to look at the putative associations between these neuromodulators peripheral measures,
considering their physiological interactions within the central nervous system [66,67].

We expect that the different lifestyles experienced by the AD and PD as well as the
AD individual and breed selection may result in substantial differences in their basal levels
of these circulating neurohormones involved in social behavior regulation. Beyond that,
we thought establishing the neurohormonal profile of AD may help assess their future
chance of success such that AD selection before entering the educational program may be
refined. That is particularly important considering the percent of failures and the cost of
this loss [11,21]. In addition, using neurohormonal profiling to evaluate their emotional
responses to the workload and challenging situations they face during their training may
help assess their welfare. This may conduct to an improvement of the educational programs
and hopefully, in the longer term, to establish guidelines about the training of AD.

2. Materials and Methods
2.1. Subjects

The dog population involved was the same previously presented in Oliva et al. [21]:
fifty-one dogs were involved at the beginning of the trial and checked by a veterinary
behaviorist to look for possible medical or behavioral reasons to exclude them. Five dogs
were excluded because 1 blood drawing did not provide a sufficient sample’s volume,
1 was discovered pregnant, 2 showed a phobic response to humans and possible aggression,
and 1 had moved during the trials. The final sample, therefore, included 46 dogs that were
blood sampled, considering 22 young AD (9 Males and 13 Females) with a mean age of
1.10 £ 0.17 years and 24 PD (16 Males and 8 Females) with a mean age of 4.98 & 3.13 years.
The dogs did not present unhealthy conditions, and they were not under any medication
or showing any behavioral or emotional disorders (as shown by the use of the validated
emotional disorders evaluation scale (EDED), see [21]). When females were entire, they
were tested at least 2 months out of estrus.

All AD came from the Frédéric Gaillanne Foundation (FGF; L'Isle-sur-la-Sorgue,
France), an AD training school where they were in training to be guide dogs or dogs
involved in assistance of children with autism spectrum disorder. All dogs recruited
from the FGF were in training and still living part time with the same human caregiver
who had been assisting the FGF to raise them since they were between 8 and 10 weeks
old (“foster families”). FGF dogs entered the school at about 12 months, and they were
involved in a specific training for at least one and half years, from Monday to Friday at
the school, excluding the weekends and the holidays, when they were with their foster
families. They were following the same diet and performed similar exercise and daily
activities, proportionally to their age. All dogs came from the same breeding selection: they
were Labrador Retriever or Saint-Pierre Dogs (a crossed breed of Bernese Mountain Dogs
and Labrador Retriever) (Table 1).

PD were a heterogeneous clinical population. All animals were older than 10 months,
of different breeds (Table 1), sizes, following different diets, and with different daily
routines. They were recruited from owners that heard about the trial due to publicity on
social media and social networks; other animals were referred by other clinics. Hence,
the two dog populations of this study underwent a different daily routine in terms of
environmental stimulation, richness of intra- and interspecific social interactions, and
mental and physical training.

2.2. Ethical Statement

This study was performed in accordance with French (2013-118) and European law
(2010/63/EU) on the protection of animals used for scientific purposes. The study was
approved by the IRSEA Ethics Committee C2EA125 (approval number AFCE_201605_02).
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Table 1. Breed differences between assistance dogs (AD) and pet dogs (PD).

Origin of Dogs
Pet Dogs (PD) Assistance Dogs (AD)
Breed Breed N

Mixed
Border Collie
Welsh Corgi Cardigan
Australian Shepard
German Shepard
Labrador
Border Collie Cross
Australian Shepard x German Shepard
Bernese Mountain Dog
Labrador x Boxer
Malinois
Samoyed
Poodle
Yorkshire Terrier
Westie
Pinscher x Chihuahua
Adapted from Oliva et al. [21].

Bernese Mountain dog x Labrador (St Pierre) 15
Labrador
Labrador x golden retriever 1
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2.3. Blood Sampling and Processing

All dogs were accommodated in the same consultation room of the CECBA (Clinical
Ethology and Animal Welfare Centre) facilities (Apt, France), with the same environmental
temperature (21-23 °C) at the same time schedule. Moreover, all owners were asked to keep
their dogs indoors the night before the blood drawing to minimize the effect of ambient
temperature on neurohormones’ secretion.

With the help of an operator, blood was taken by a veterinarian from the cephalic vein
or the jugular vein in the least stressful conditions possible and only if the immobilization
was feasible. An amount of 8-10 mL of total blood per dog was collected into pre-chilled
pink EDTA-Aprotinin vacuum tubes (BD® tubes, Elvetec, Pusignan, France) to collect
plasma and approximately 1 mL was collected into red vacuum tubes with gel separator
(Vacuette® Greiner Bio-One, Alcyon, Paris, France) to collect serum. The pink tubes were
immediately transferred to an ice compartment where they remained until centrifugation,
while red tubes remained at room temperature for between 30- and 180-min. Samples
were centrifuged at 1600x ¢ for 15 min at 4 °C. Serum and plasma were transferred to a
plastic tube and stored at —20 °C until analyses. Because of the necessity to differently
concentrate and process the plasma/serum for the various analyses, certain samples
were of insufficient volume to be assayed for each parameter. Then, the number of final
samples immunoassayed and used for the statistical protocols was different regarding the
neuromodulators (PRL: 21 AD and 24 PD; 5-HT: 22 AD and 24 PD; fOT: 20 AD and 21 PD;
tOT: 21 AD and 19 PD).

2.4. Neurohormones Analyses

Neurohormone analyses were performed by the IRSEA labs (Research Institute in
Semiochemistry and Applied Ethology, Apt, France).

PRL concentrations from canine serum were measured using the canine Prolactin
ELISA kit (#DEV9944, Demeditec Diagnostics®, Kiel, Germany), according to the manufac-
turer’s instructions. The lower detection limit for canine prolactin was 0.4 ng/mL (assay
range: 0-80 ng/mL).

Serum 5-HT levels were measured by enzyme immunoassay (Serotonin ELISA kit
#ADI-900-175, EnzoLifeSciences, Villeurbanne, France) according to the manufacturer’s
instructions and the validated method detailed in the referred application note [68]. This
kit had already been used in previous studies assaying 5-HT in a variety of animal species,
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including the dog [69]. The kit’s sensitivity is 0.293 ng/mL with an assay range between
0.49 and 500 ng/mL.

Plasma fOT was assayed using the Oxytocin ELISA kit from Cayman Chemical
(#500440, Ann Arbor, MA, USA) according to the manufacturer recommendations, in-
cluding the plasma solid-phase extraction on C18 columns (Hypersep 1 g, Thermo Fisher
Scientific, Illkirch, France), allowing a two-times concentration factor, as explained in [21].
Plasma tOT was assayed using the same ELISA kit after reduction/alkylation and protein
precipitation (R/A PPT) procedures, which release bound OT from plasma proteins and
allow for the detection of much higher concentrations of OT in dog plasma, according
to the previously published methods [60,61]. Chemicals used in this procedure (ace-
tonitrile, dithiothreitol, iodoacetamide) were provided by Sigma-Aldrich (Saint-Quentin-
Fallavier, France).

2.5. Statistical Analysis

All data were analyzed in SAS 9.4 software (Copyright (©) 2002-2012 by SAS Institute
Inc., Cary, NC, USA). The significance threshold was classically fixed at 5% for all the
following statistical analyses. First, preliminary statistical tests were performed to evaluate
the effect of the dog’s activity (PD vs. AD) on age and sex and determinate if these last
should be included in the statistical analysis. For the age variable, comparison between
the two groups (AD and PD) was performed with the Wilcoxon/Mann-Whitney test with
the NPARTWAY procedure. Conditions of normality and heteroscedasticity were tested
respectively with the UNIVARIATE and TTEST procedures and have not been checked.
For sex and activity effects, their association was studied with the Chi-Square test with the
FREQ procedure.

Then, for PRL, 5-HT, fOT, and tOT, a multiple linear regression was performed using
the GLM procedure. Effects of activity (AD and PD), sex (male and female), age, and the
three corresponding interactions were tested in the complete model. Conditions of normal-
ity of residues and homoscedasticity were tested using respectively the UNIVARIATE and
the GPLOT procedures. For the age effect (quantitative variable), the linearity assumption
was verified with the GPLOT procedure. For fOT and tOT, these conditions were verified.
For PRL and 5-HT, normality of residues was not verified; a Box-Cox transformation was
applied to data using the TRANSREG procedure, which allowed to verify the normality
and then the homoscedasticity. The three interactions were removed of the model because
they were not significant.

The correlation between fOT and tOT in both dog populations was assessed using
Pearson correlation analyses with the CORR procedure since both sets of data were normal.
The correlations between 5-HT, fOT and PRL were evaluated using Spearman correlation
analyses due to the CORR procedure since the normality of data was not verified.

3. Results
Blood concentrations of PRL, 5-HT, fOT, and tOT in dogs are shown in Table 2.

Table 2. Descriptive data for basal peripheral concentrations levels of prolactin (PRL), serotonin (5-HT), free and total
oxytocin (fOT and tOT) for assistance dogs (AD) and pet dogs (PD).

Dogs Neurohormones Mean SD Median Min Max Lower Quartile  Upper Quartile

PRL (ng/mL) 142 186 6.8 0.2 713 25 187
5-HT (ng/mL) 12203 6159 11145 1446 26647 876.6 1339.4

AD fOT (pg/mL) 271 9.7 260 127 472 19.1 351
tOT (pg/mL) 11367 3207 11136 5171 17741 1018.7 1362.1
PRL (ng/mL) 6.3 8.6 32 0.2 388 0.7 10.0

oD 5-HT (ng/mL) 868.5 450.1 702.1 3592 19583 525.8 1064.5
fOT (pg/mL) 308 17.2 2738 54 66.5 158 399
tOT (pg/mL) 10324 4054 12063 3477 15356 635.6 13716

SD: standard deviation.
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3.1. Preliminary Statistical Analyses to Assess the Similarity between AD and PD Groups
Regarding the Age and Sex Factors

A significant difference was observed between the two groups (AD and PD) for age
(Wilcoxon/Mann-Whitney, N =46, Z = —5.0057, p < 0.0001) (AD: mean = SD =1.10 & 0.17 years
versus PD: mean 4= SD = 4.98 4= 3.13 years). No significant difference is observed between
the two groups for sex (Chi-Square, N = 46, DF = 1, x? = 3.0693, p = 0.0798) (female: 13 AD
versus 8 PD and male: 9 AD versus 16 PD).

3.2. Multiple Linear Regressions

Only the age factor appeared to be significantly different between the AD and PD
group. However, we observed a tendency for the sex factor. Then, we decided to perform a
multiple linear regression analysis including the three factors: activity (AD vs. PD), sex
(M vs. F), age (as a quantitative variable) for each of the four parameters (PRL, 5-HT, fOT,
tOT). We also investigated the interactions between these three factors (Table 3). None was
significant in the complete model. Then, we could remove them from the complete model
to focus on each of the three factors independently (simplified model). Figure 1 displays
graphical representations of the linear models obtained for each parameter according to
the three factors tested (Age, Sex, and Activity).

Table 3. Results of the multiple linear regressions for PRL, 5-HT, fOT and tOT variables including
activity, age, and sex effects and their interactions.

Complete Model Simplified Model
Variable

Interaction F Value  p-Value Factor F Value  p-Value

Activity x Sex 0.20 0.6566 Activity 0.02 0.9014

PRL Age x Activity 1.00 0.3245 Age 3.67 0.0625
Sex x Age 0.71 0.4045 Sex 0.53 0.4707

Activity x Sex 0.40 0.5330 Activity 0.10 0.7518

5-HT Age x Activity 0.00 0.9799 Age 3.90 0.0548
Sex x Age 1.95 0.1703 Sex 0.01 0.9058

Activity x Sex 1.33 0.2564 Activity 13.96 0.0006

fOT Age x Activity 217 0.1497 Age 19.27 <0.0001
Sex x Age 0.49 0.4896 Sex 0.05 0.8160

Activity x Sex 0.18 0.6776 Activity 5.27 0.0277

tOT Age x Activity 1.93 0.1737 Age 16.85 0.0002
Sex x Age 2.01 0.1658 Sex 3.81 0.0588

In all panels, we clearly observed the linear relationship between the neurohormonal
parameters and age for each activity and sex group. We could also remark the greater
dispersion of points around the regression line for PD due the inequal repartition of
dogs according to age, with AD being significantly younger (less than 2 years old), as
previously stated.

Detailed results of the significant statistical models are shown in Table 4.

Activity, age, or sex had no significant effect on PRL levels that is shown by the
close regression lines for sex and activity observed in Figure la. Only a tendency was
observed for the factor age (Table 3), with older dogs tending to display lower levels of PRL
(B = —0.2570; SE = 0.1342), as also displayed by the negative weak slopes of the regression
lines in Figure 1a. Nevertheless, looking at the descriptive data (Table 2), AD displayed
mean and median serum PRL levels at least two times higher than PD. We noticed an
important heterogeneity of serum PRL concentrations among the AD compared to PD,
with a standard deviation (SD) of 18.6 vs. 8.6 ng/mL, respectively, and a larger range of

37



Animals 2021, 11, 2594

concentrations in AD than in PD, due to the different maximum values reached in each
population: 71.3 ng/mL in AD vs. 38.8 ng/mL in PD. The Fisher test assessing the equality
of variances gave the following outcomes: F-value = 4.73, p = 0.0005, confirming that
variances are heterogenous within both populations.
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Figure 1. Linear regression models of T (Transformed) prolactin (a), T (transformed) serotonin (b), free oxytocin (fOT) (c),
and total (tOT) (d) according to age, activity, and sex. Individual values are marked with points of different shapes and the
regression lines are shown in solid or broken lines of different colors according to the legend. The parallel regression lines
highlight that there is no interaction between the factors. Merged or closed regression lines indicate that there is no effect of
the factors” activity /sex, or not much difference between them, respectively. Identical slopes of the regression lines denote
similar effects of the age, regardless of the dogs’ activity/sex.

Table 4. Unstandardized regression coefficients for each predictor having significant effects following
the multiple linear regression analyses for fOT and tOT variables.

Variable Predictor B SE p-Value
fOT Activity (Reference PD) —18.5189 4.9556 0.0006
Age —3.5911 0.8180 <0.0001

{OT Activity (Reference PD) —285.8182 124.5404 0.0277
Age —86.5206 21.0776 0.0002

f3: unstandardized regression coefficients or estimates; SE: standard error; PD: pet dogs.

Similarly, there was no significant effect of the activity, age, or sex on 5-HT peripheral
concentrations, as showed by the merged regression lines in Figure 1b. However, a
substantial tendency appeared for the factor age (Table 3): the older the dogs were, the
lower the 5-HT levels tended to be (3 = —0.4573; SE = 0.2315), also revealed by the negative
weak slopes of the regression lines in Figure 1b.

Both factors activity and age had significant effects on the fOT concentrations. Age
appeared to be a confounding factor since the older the dogs, the lower the fOT (p < 0.0001)
(Table 4). Thus, for each additional year of age of the dog, the fOT level decreased by an
average of 3.59 pg/mL, regardless of the activity of the dog. After adjustment for age,
fOT levels were on average 18.52 pg/mL lower in AD than in PD (p = 0.0006). This effect
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of activity was also denoted by the distance between the regression lines of each activity
group in Figure 1c. Conversely, the regression lines of both sexes for the same activity
group were merged, indicating no sex effect, in accordance with the insignificant p values
of the simplified model shown in Table 3.

Similarly, both activity and age had significant effects on tOT concentrations and
the age appeared to be a confounding factor too: the older the dogs, the lower the tOT
(p = 0.0002) (Table 4). Thus, for each additional year of age of the dog, the tOT level
decreased by an average of 86.52 pg/mL, regardless of the activity of the dog. After adjust-
ment for age, tOT levels were on average 285.82 pg/mL lower in AD than in PD (p = 0.0277).
Regarding the sex effect (Table 3), there was also a tendency on tOT concentrations: females
tended to display higher tOT levels than males (3 = 187.1804; SE = 95.9044). These effects
are also suggested by the distance between the four regression lines observed in Figure 1d.

There was a significant correlation between fOT and tOT levels in the entire dog
population, which was positive but weak (N = 37; Pearson’s r = 0.34; p = 0.04). The
correlation between 5-HT and PRL was not significant (N = 45; Spearman’s Rho = 0.157;
p = 0.30). The correlation between 5-HT and fOT showed a tendency and was positive and
weak (N = 41; Spearman’s Rho = 0.290; p = 0.07). Finally, the correlation between fOT and
PRL was not significant (N = 41; Spearman’s Rho = —0.014; p = 0.93).

4. Discussion

In this study, we aimed to describe basal blood levels of certain neuromodulators
involved in socio-emotional behaviors i.e., PRL, 5-HT, and OT (free and total) in AD vs. PD
(with AD having different ages, different daily routines and being of different breeds) and
to explore their putative relationships. We found that fOT and tOT concentrations were
significantly influenced by the dogs” age and activity (as PD or AD): younger dogs had
higher levels of fOT and tOT, whereas ADs had lower levels of fOT and tOT. As the AD
were significantly younger than PD, both age and activity effects were confounded, thus
explaining why the simple observation of descriptive data did not allow to show these
outcomes. We also found tendencies on the effect of sex on tOT concentrations (higher in
female) and the effect of age on PRL and 5-HT concentrations, following the same direction:
the younger the dogs are, the higher their levels of peripheral neurohormones are. We also
observed that peripheral PRL levels are heterogeneous in the population of AD compared to
PD, which is the expression of a greater variability of this parameter within AD population.
Additionally, this study showed that fOT and tOT plasma measures are significantly but
weakly correlated, with an association of only 11.6%. Other neurohormonal parameters
were not significantly correlated between them.

4.1. Prolactin

Median serum PRL levels found in AD and PD can be considered as normal according
to the reference values provided by the ELISA manufacturer user’s guide and matched
those described in the literature for normal dogs [70,71]. In this study, there were no
significant differences in serum PRL between AD and PD, although mean and median PRL
concentrations were at least 2-times higher in AD than in PD. A precedent study [21] with
the same population involved in a different protocol (sub-divided in three groups receiving
different treatments and undergoing several blood samplings) showed the average pro-
lactinemia was significantly higher in AD vs. PD, while here, we only considered the basal
level of serum prolactin to reflect the basal state of these two populations. Importantly, the
age effect was not considered in [21]. We found here that the age tended to influence the
blood PRL levels with younger dogs displaying higher PRL basal concentrations. This new
statistical approach on the same dog population could in fact explain the previous results
as well as the descriptive data we observed here on AD: the higher PRL levels might be due
to the younger age of AD rather than their activity. Further studies comparing AD and PD
of the same age can help to clarify this question. Alternatively, the higher prolactinemia, we
also observed in descriptive data of AD, could be related to breed/genetic characteristics,
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as suggested by previous literature [72,73]. AD are notably selected on desirable behavioral
characteristics (meaning that only animals which do not show aggressiveness, chronic
phobias, or anxiety are kept for reproduction purposes), which can originate from the
presence of genetic elements involved in the neuromodulation of behaviors/emotional
responses. In turn, these genetic characteristics can be associated with the dog’s breeds,
which are more commonly selected for AD recruitment.

This higher prolactinemia observed from descriptive data may also be linked to a
chronic-stress response: serum PRL concentrations have already been associated with
emotional disorders in dog [19]. Because of the inhibitory control of dopamine on PRL
secretion [74], PRL represents an interesting biomarker in behavioral medicine that may
reflect the dopaminergic system activity, previously described as correlated with different
anxious states in dogs [19,75]. Usefully, the levels of blood PRL are more stable than
those of dopamine, strongly influenced by its more variable clearance features [76], thus
making PRL easier to analyze. Thus, investigating the dopaminergic system activity via
the measurement of blood PRL can help assess the chronic-stress responses and anxiety
in dogs and follow-up their welfare states. This is of particular interest in AD who must
face substantial workload and challenging situations in their daily life. However, the exact
influence of age and breed on PRL levels should be determined before using it as a reliable
biomarker of stress and emotional responses.

The important heterogeneity of serum PRL concentrations among the AD compared
to PD is also noteworthy. PD were dogs come from different litters with no possibility
of genetic familiarity, with different ages, sizes, breeds and with a different daily routine,
whereas the AD population represents a population of relatives from a genetics point of
view, with the same diet, size and with a similar daily routine (the same training plan
and daily life at the school). Thus, PRL unexpectedly seemed to represent a more variable
parameter in the AD population than in the PD population of this study. This possible
individual variability within a homogenous dog population should also be considered to
examine PRL as a biomarker.

4.2. Serotonin

In our study, there was no significant effect of dog’s activity on 5-HT levels, whereas
dogs’ age tended to have an influence on it. This may partly explain the apparent difference
between mean peripheral 5-HT concentrations of AD and PD that we can observe in the
descriptive data (Table 2) since AD are significantly younger than PD. This may represent
an interesting feature especially for young AD in training, facing workload and challenging
situations since 5-HT has patience-promoting properties and is related to coping and stress
moderation [77,78], implying that their welfare may be preserved in this training context [79].
However, this age-effect tendency was not found in previous studies [80-82]. Conversely,
breed, diet, environment, exercise, and housing seemed to influence 5-HT concentrations
in dog serum according to the literature [25,69,83]. Authors have shown considerable
interbreed variation in canine serum 5-HT concentrations [25,81,82]. The population of
AD we included in this study all belong to Labrador-related breeds. Therefore, breed and
selection features may also fully or partly explain our descriptive data observations.

The serum 5-HT concentrations found in PD were similar to those reported by previous
studies [25,69,82] but are higher than those described by others [79-81]. These differences
can arise from the variable characteristics (other than the breed and the age) of the dog pop-
ulation used in each study: shelter dogs, obese dogs, dogs with valvular diseases, etc. They
can also arise from different preanalytical factors and analytical procedures used among
these studies [80]. For instance, the antibodies” affinity and specificity are crucial features
in antibody-based assays, and they can differ across the available ELISA commercial kits,
resulting in measurement variability. Here, we used an ELISA kit previously validated for
the use in dogs’” serum, following the application note of the manufacturer [68].

Despite the fact that peripheral findings may not reflect central serotonergic activity,
as highlighted by Alberghina et al. [79], serum 5-HT is still considered an accessible model

40



Animals 2021, 11, 2594

to study the response in the central serotonin system [84], especially in dogs considering
the simplicity of the methodology [24]. Alberghina et al. [79] demonstrated a weak positive
relationship between levels of serum 5-HT and sociability of dogs toward human (in terms
of approaching, handling, playing). The latter is of utmost importance for AD population
and their training. Behavioral characteristics such as handedness, ability to remain focused,
a good emotional balance and positive prosocial behaviors are fundamental in AD and the
subjects not presenting these behaviors are always reoriented or rejected [11], including
eliminated from reproduction for breeding. Because of its link with coping and docility
vs. aggressive behaviors, 5-HT remains an interesting neurohormonal biomarker for AD
follow-up.

4.3. Free and Total Oxytocin

In our study, age significantly influenced plasma fOT and tOT levels. After adjustment
for age, plasma fOT and tOT concentrations were also found to be significantly different
according to dogs’ activity as AD or PD, with lower levels of fOT and tOT in AD than in PD.
This was unexpected since OT has often been associated with sociability, friendliness, and
docility toward humans in many species, particularly in assistance animals [38,56,85]. The
OT system was suggested to be involved in the dog domestication process [86,87], including
if a recent study in dogs and wolves showed that life experience was more influential on
OT levels than domestication, showing a positive correlation between the physical contact
with the owners and the OT concentrations [88]. The AD involved in our study have a
different lifestyles and life experience compared to PD; they undergo repeated separations
from their foster family (that fostered them during their first year of age and then on the
weekend during their training) every Monday as part of their 6-8 months-long training;
from Monday to Friday, they are trained and performed different activities/exercises
during the day, and at night they stay in a kennel at the guide school. This particular life
experience may impact the attachment processes of AD and influence the neuromodulatory
system involved in bonding, i.e., the OT system. This may explain the lower levels of fOT in
AD that we found in this study. In addition, the influence of breeds (especially the particular
AD breeds) on fOT and tOT basal levels is unknown and deserves further investigations.

In another population of AD, McLean et al. [42] described comparable plasma con-
centrations of fOT (around 19 pg/mL) before human-animal interactions. In another
experiment [61], the same authors compared OT concentrations between PD and a pop-
ulation of AD that have been bred for affiliative and non-aggressive temperaments and
found that AD had higher free and total OT, findings that were not replicated in our study.
Conversely, once the age was adjusted, we found here that AD displayed lower levels
of fOT and tOT. Examining the results, it appears that our population of PD displayed
higher fOT concentrations than in MacLean et al.’s study, this may be due to an intrinsic
population variability of PD (see [64] for more information about the effects of individual
factors on the peripheral OT). Their populations of AD and PD also seemed to differ
regarding the age factor (with PD and AD having a mean ages similar than in our study,
approximately 4.9 years and 1.6 years respectively). Thus, it might be possible that this
age difference also influenced the levels of fOT and tOT they found in the AD population
compared to the PD population. We also found higher levels of tOT than in their study;
despite the use of similar plasma preparation methodologies (reduction/alkylation and
protein precipitation), we used different commercial assay kits (Arbor Assay #K048 vs.
Cayman Chemical #500440). The variability between antibodies among OT immunoassays
may explain the difference observed between the tOT levels we found and those found by
MacLean et al. [61], as later hypothesized by other authors [59].

In addition, the factor sex tended to have an effect on plasma tOT concentrations
in our study. This was not the case in the previously cited study of MacLean et al. [61].
However, in a previous study, we found a sex effect on tOT in horses [50], but in the
opposite direction (higher tOT concentrations on males than in females). In the same
study, we also investigated the relationship between fOT and tOT fractions in conjunction
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with the sex and lifestyles/social activities in dogs and horses, and it could differ among
species [50]. In dogs, a weak correlation seems to exist between fOT and tOT, an aspect
that will be interesting to further investigate to facilitate the laboratory analyses and steps
of sample collection and preparation [55,59]. However, further research is needed to clarify
the role of tOT, from a biological point of view, before considering possible research or
clinical applications [50,60]. All these observations reinforce the interest to investigate
possible neuroendocrine predictors of individual differences in social behavior and their
critical roles in shaping dog social behavior, including aspects of both affiliation and
aggression [42,61]. Furthermore, it is important to consider the role of OT in prosocial
positive interactions and bonds with humans, be they owners, foster families, dog trainers
or animal keepers [41,48,51].

4.4. Neuromodulators Correlations

Finally, no correlation between blood 5-HT, fOT (known to be the biological active
form [58]) and PRL was statistically present. As such, it seems prudent to analyze the results
independently. However, these results revolved around peripheral outcomes and then
must be assessed for what they are: they do not dismiss central interactions between these
neuromodulators. For instance, it was shown that PRL presents an important relationship
with central OT that regulates PRL’s secretion in many social behaviors [66]. Similarly,
previous research demonstrated the link between the serotoninergic and oxytocinergic
systems in the brain [67,89-91].

4.5. Implications and Perspectives

Research is ongoing to understand the causes of AD’s reform or reorientation, high-
lighting the importance to focus on long-term factors in dogs’ success [2,7,8] in order to
avoid as much financial and time losses as possible because of reformed/reoriented AD,
considering the high cost of each dog’s education and life-care (e.g., possible total cost of
20,000-25,000 euros per dog in France [11]). It is then important to better profile behavioral
tendencies and AD emotional and stress responses to increase dog welfare and to be able
to detect possible distress during working activities and daily routines [92]. Monitoring
basal blood levels of relevant biomarkers in AD may help to reach these objectives and
eventually improve the selection of AD, as well as their breeding, by ameliorating the
choice of the most “emotionally competent” individuals, as based only on their behavior.
To the best of our knowledge, this study is the first to describe and profile different basal
biomarkers involved in different neuromodulation systems of emotional and stress re-
sponses i.e., blood PRL, 5-HT, fOT and tOT in PD vs. AD that have different daily routines
and social activities. Age was found to be a significant confounding factor for fOT and
tOT. A similar tendency was observed for PRL and 5-HT. OT, which modulates bonding,
social attachment, and social behavior was found to be significantly different between AD
and PD, after age adjustment, with lower levels in AD that in PD. This observation may be
connected to the particular life experience (repeated separations form the main attachment
figure, the foster family) undergone by AD during their training.

This study also underlined the high impact of within-population variability on the
other neuromodulators’ levels, which emphasizes the need of an individual profiling over
time, to be able to detect meaningful variations and undesirable emotional or distress
responses in each AD dog due to its particular training/daily life. The lack of correlation
between the blood levels of these neuromodulators requires independent investigation
of each of them to be able to draw an overall emotional profile. Ideally, an individual
follow-up during all their careers of AD will allow to highlight if their neurohormonal
profiles can be associated with their future success and if this profiling can be helpful
in predicting it. Eventually, neurohormonal profiling may help improve the selection of
smarter ADs as well as the assessment of their educational program and workload to
guarantee the best possible success of the AD training.
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The low correlation between fOT and tOT, as well as the biological meaningfulness
of tOT warrants further investigation. Other neuromodulators may also show differences
between AD and PD, and it would be interesting to explore these deeper in the future. In
particular, vasopressin, the neuropeptide closely related to OT and also involved in a wide
range of social behaviors, including aggression, and stress responses is certainly of high
interest in this context [61]. Finally, it may also be beneficial to apply such approaches to
other working dogs. Further studies improving our knowledge about their physiology,
neuroendocrinology, and behavior, due to meaningful biomarkers to support desirable
temperament/behavior and breed selection, will be surely welcomed to improve the
training procedures and dogs’ welfare.

5. Conclusions

In conclusion, this study established neurohormonal profiles of dogs (AD and PD) in
order to give cues about their emotional and stress responses and coping abilities. This
can be especially beneficial in the context of working dogs, such as assistance dogs in
this study, to (i) improve their selection based on their inherent neurobiological features
and avoid time and money loss by educating and training unsuitable dogs; and (ii) assess
the suitability of their training program and their resulting lifestyle by evaluating their
impact on dogs’ stress, emotions, and welfare via the measurement of neurohormones
linked to these processes. This study showed that AD can display different levels of
various neurohormones than PD, particularly fOT and tOT, which are of high interest for
AD, considering its involvement in bonding processes and social behaviors. To a lesser
extent, PRL levels may also differ, and this should be further investigated, considering its
association with emotional disorders. Finally, this study also emphasized the age influence
on basal neurohormonal levels among dog populations. Thus, individual monitoring of
neuromodulators over time, allowing to control for sex and age variability, seems to be
preferable to properly evaluate each dog’s emotional responses.

We hope this work can pave the way to a new approach based on individual neurohor-
mones profiling/monitoring to assess the welfare states of dogs involved in animal-assisted
activities and, in the end, improve their selection/training for better chances of success.
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Simple Summary: In several species, facial expressions have been associated with positive and
negative emotions to communicate their mental state. In dogs, the interpretation of these muscle
movements is relevant because of their close bond with humans. Currently, there is a discussion
about whether facial expressions in domestic dogs can communicate emotions or are simply the
result of mimicry and emotional contagion. This article will discuss the available literature on dogs’
facial expressions, anatomy and neurophysiology, and their association with emotions and adverse
events such as pain. In this species, it is a challenge to identify and associate both factors due to
domestication. This review aims to provide scientific support and understanding of facial expression
in dogs as a clinical ethological tool.

Abstract: Animals’ facial expressions are involuntary responses that serve to communicate the
emotions that individuals feel. Due to their close co-existence with humans, broad attention has
been given to identifying these expressions in certain species, especially dogs. This review aims to
analyze and discuss the advances in identifying the facial expressions of domestic dogs and their
clinical utility in recognizing pain as a method to improve daily practice and, in an accessible and
effective way, assess the health outcome of dogs. This study focuses on aspects related to the anatomy
and physiology of facial expressions in dogs, their emotions, and evaluations of their eyebrows,
eyes, lips, and ear positions as changes that reflect pain or nociception. In this regard, research
has found that dogs have anatomical configurations that allow them to generate changes in their
expressions that similar canids—wolves, for example—cannot produce. Additionally, dogs can
perceive emotions similar to those of their human tutors due to close human-animal interaction. This
phenomenon—called “emotional contagion”—is triggered precisely by the dog’s capacity to identify
their owners’ gestures and then react by emitting responses with either similar or opposed expressions
that correspond to positive or negative stimuli, respectively. In conclusion, facial expressions are
essential to maintaining social interaction between dogs and other species, as in their bond with
humans. Moreover, this provides valuable information on emotions and the perception of pain, so in
dogs, they can serve as valuable elements for recognizing and evaluating pain in clinical settings.

Keywords: animal welfare; emotions; human-dog interaction; pain; positive and negative stimuli
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1. Introduction

Identifying facial expressions in animals has been relevant [1,2] since Darwin [3]
stated that non-human animals can create innate expressions adaptable to each species.
However, its purpose is still debatable. Whether they function as a non-verbal language
to maintain social structure or to convey emotional states (neurophysiological changes
associated with the recognition of pleasant and unpleasant emotions), in this sense, both
emotional states and facial expressions require the integration of peripheral, autonomic,
endocrine, and muscular responses, which involve the activation of various brain struc-
tures (i.e., the amygdala, hypothalamus, and brainstem) [4-7]. The understanding of the
interaction between these responses and its neural pathways has led to studying facial
expressions as a way to assess animal welfare through the identification of pain or stressful
states in horses [8,9], sheep [10,11], laboratory animals [2], cows [12] and pigs [13-16].

In contrast, evolutionary and anatomical adaptations have been reported in domestic
canines [17]. An example of these changes is raising the eyebrow, conferred by facial
muscles only present in the dog, compared to wolves. These characteristics bestow a
childish look or paedomorphic traits to this species [18].

The close relationship that dogs have with humans and the effects of domestica-
tion [19] has led domestic canines to develop the ability to detect, distinguish and respond
to conspecific gestures [20-22]. Likewise, it has contributed to developing communication
skills and interpreting their emotions, where emotions describe an internal state modu-
lated by the central nervous system, in which physiological, behavioral, and cognitive
mechanisms develop in response to a stimulus or event. Additionally, this phenomenon
is considered as a form of empathy towards other individuals in their social circle [23].
The above supports the theory that facial expression plays an emotional role where identi-
fying these visual signals is a means of emotional communication [24]. The idea can also
be reinforced with the so-called “emotional contagion”, a process in which animals learn to
identify expressions from the same or other species and react with a similar pattern [22].

In this way, research regarding this topic has associated lip or eyebrow movements
with positive and negative emotional states (known as the state caused by emotions such
as fear, pain, or disgust) during heterospecific relationships with humans, and these can
provide information about the emotions perceived by dogs [25]. Given this scenario,
the evaluation of facial expressions has a relevant clinical value for pain diagnosis [26] and
can be used together with current pain assessments and recognition [27]. As mentioned
by Héger et al. [11], conscious perception of pain is represented by a change in facial
expressions, such as ears flattening and tension in the muscles of the nose, mouth, and the
orbital region [28,29]. Identifying these changes has been proposed as an alternative
to assess the degree of pain through grimace scales based on the facial expression of
cats [30,31], pigs [13], mice [32], and rats [33].

Thus, understanding the different processes that involve animals” emotions and how
to assess them through facial expressions will surely be a valuable approach in medical
fields of study, such as neuroscience, psychopharmacology, animal behavior, algology,
and the science of animal welfare [34]. This review aims to discuss and analyze the current
advances in identifying facial expressions of domestic dogs and their clinical utility to
recognize emotions, including pain, as a method to improve daily practice and, in an
accessible and effective way, assess dogs’ health outcomes.

2. Methodology

A comprehensive literature review was conducted using Web of Science, Scopus, Sci-
ence Direct, and PubMed. The keywords applied were related to “dog facial expression”,

"o a7

“animal emotions”, “dog facial action units”, “evaluation of emotions in dogs”, “validation
of emotions”, “facial neuroanatomy”, “dog face anatomy”, and “facial expression and
pain”. The inclusion criteria were articles published from 2000 to 2021, articles related to
evaluating facial expressions in dogs and their emotions, the association between facial

changes and pain perception, and pain conduction pathways and methods of identification
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and clinical recognition of pain. The exclusion criteria were articles related to other species
and papers published before the year 2000 (except those that serve as a basis for under-
standing emotions or basic canine anatomy). Figure 1 describes the overall methodology
for this review.

Search strategy

Delimit the theme and sub-themes

Databases:
Web of Science
Scopus
Science direct
Pubmed

Keywords used:
“dog facial expression”, “facial
neuroanatomy”, “dog face anatomy”,
“animal emotions”, “dog facial action
units”, “validation of emotion”,
“evaluation of emotion in dogs”, “facial
neuroanatomy”, “dog face anatomy”,
“facial expression and pain”

— 5000+ references retrieved

Selection and identification of
articles

v

Inclusion criteria:
« Articles that used dogs’ facial

expressions to assess emotions or pain. Exclusion criteria:

» Articles that studied facial changes « Articles prior to 2000
associated to negative and positive (except those that serve as
stimuli an anatomical or

« Articles regarding facial expression, pain, physiological basis of facial
its perception, recognizing and involved expressions and emotion)
pathways

« Articles from 2000 to 2021

Classification of articles according
to their content

Evaluation criteria
diverging from the
Evaluatlon_ in other Year of the article facial expression:
species « Body language

+ Biomarkers

v

163 references included

Figure 1. Review methodology.

3. Are Facial Expressions Involuntary and Emotional or Do They Have a Real
Communication Purpose?

Darwin [3] argued that nonhuman animals communicate emotions through facial
expressions. From the human perspective, canine facial expressions are considered a
non-verbal communication tool not linked to the emotional concept [1]. This recent in-
terpretation contrasts with the classical one, establishing that facial changes transmit
information on six primary affective states: fear, happiness, anger, sadness, neutrality,
and pain [35], which trigger specific responses, depending on the valence of the perceived
emotion [36]. In animals, it has been suggested that facial expressions serve as a means of
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communication of emotional states [5]. Additionally, they also communicate sensations
and intentions [37] to avoid predation and achieve a superior hierarchy [38].

In dogs, the domestication process has changed some facial features that confer a
paedomorphic or child-like appearance (Figure 2). These characteristics lead to feasible
analogies with humans to study the meaning of facial expressions in dogs [21].

Figure 2. Characteristics of an infant-like, or paedomorphic face. A 3-month-old Golden Retriever
puppy with gastrointestinal disease. The image shows the broad forehead and large eyes suggestive
of sadness, two traits that may also be associated with chronic pain [39].

The study of facial expressions as a system of communication between conspecifics
has been primarily investigated in dogs. Eyebrow and ear movements are used in dogs
regularly to identify and communicate aversive states (referred to as an event caused by a
noxious stimulus such as pain, distress, or any negative emotion), for example, flattening
the ears or modifying the opening of the eyes during challenging stimuli [40]. In the same
way, the movement of the lips, such as drawing forward the short lip and retraction of the
labial commissure (in the long lip), communicate menacing states proportionally to the
degree or intensity of the animal’s reaction [41,42].

However, recent evidence has shown that facial expressions may not have an emo-
tional role. Kaminski et al. [43] evaluated 24 dogs of different breeds to assess whether
canine facial expressions are subject to the effects of the presence of humans or a positive
stimulus such as food. The facial movements were greater in dogs when the person was
attentive than when he or she was not paying attention. Moreover, facial movements
were not affected when a non-social stimulus such as food was presented. The authors
concluded that canine facial expressions are influenced by the presence of humans and
their level of attention. These findings suggest a communicative function, rather than
emotional, that can serve as a nonverbal language to express aversive responses such as
pain [44].

In a study by Bremhorst et al. [45], 21 Labrador X Labrador retrievers were exposed
to two scenarios to assess facial changes while waiting for a reward with the presence or
absence of people (social and non-social context, respectively). In this work, there was a
significant difference in the frequency of movement of the inner brow raiser, which was
more frequent during the non-social stage (p < 0.00001, F = 24.62). This confronts the idea
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that facial expressions are produced by perceiving emotions, like ear and lip movements in
negative conditions [46].

Another study by Bloom and Friedman [25] classified the facial expressions of dogs
through photographs analyzed by humans (including experts in canine behavior, non-
experts, and people who had lived with dogs for years) who identified facial movements
related to happiness, sadness, surprise, disgust, anger, fear, and neutrality. Despite the
results obtained, the study concluded that further research is required because the human
interpretation of animal expression and emotion is highly subjective and can lead to
mistakes. The lack of awareness of the relationship between facial movements, behavior
and a specific emotional state can be a factor that contributes to this effect, leading to
inaccurate interpretation of the animal’s emotions. Therefore, it has been suggested that
previous experience or knowledge about animal ethology influences the ability to recognize
facial expressions. This subject will be addressed in detail later. Thus, the term “emotion”
is a mental process that triggers reactions directed to specific internal and external stimuli
which in animals is still controversial, since it is widely believed that emotions carry a
subjective component that only humans can verbally express [47]. However, other authors
differ and propose that emotions are physiological responses translated into corporal, vocal,
and facial changes [48,49] that must be incorporated in future studies of animal emotion
and behavior [5].

4. The Anatomy of Facial Expressions in Dogs

Currently, it is known that facial expressions are fundamental for the evolution and
adaptation of species to their social environment and represent coordinated physiological
and behavioral responses [36]. The standardized Facial Coding System (FACS) in animals
is a detailed tool that identifies muscle movements using the so-called facial action units.
These units identify and classify emotional states as neutral, fear, anger, and pleasure [25,50]
based on the position and movement of the muscles. Movements such as the flattening of
the ears, caused by the inferior adductor auris, frontoscutilaris, and the retractor anguli occuli
lateralis muscles [46], as well as the nose wrinkles caused by lifting the upper lip due to
the contraction of the levator nasiolabialis, as well as the levator labii maxillaris and caninus,
are muscle movements associated with the perception of negative stimuli such as pain or
fear in other species [51].

The facial nerve innervates and regulates the movement of the face through the
cutaneous muscle of the neck (platysma), the zygomaticus, the buccinator, and the mentalis.
This cranial nerve has both motor and sensory fibers afferents from the parasympathetic
nervous system, regulated by the peripheral nervous system [52,53].

The facial nerve emerges from the cranial bone tissue of the stylomastoid foramen,
located between the mastoid and styloid processes of the temporal bone. It innervates the
occipital, posterior belly of the digastric, and stylohyoid muscles [54]. The facial nerve
also leaves the skull and passes superficially to the parotid gland to originate its terminal
branches in the cervical limits (temporal, zygomatic, buccal, marginal of the mandible,
and cervical). These branches finally disperse and innervate the muscles of facial expression
or facial mimicry [52,55].

The anatomy of the dog’s face has a series of muscles that produce specific movements
recognized in this species. For example, the platysma muscle is composed of longitudinally
arranged fibers that allow the caudal retraction of the labial commissure, described as lip
tightener (AU24) by the Dog Facial Coding System (DogFACS) [56]. This division includes
the upper and lower muscles. Among the superiors, the frontalis, retractor anguli occuli
lateralis, levator anguli occuli medialis, and orbicularis occuli allow movements such as a brow
lift (AU101) and eyelid closure (AU 143) [20]. In the lower muscle group, the digastric
muscle in its posterior belly, the buccinator, the orbicularis oris, zygomaticus, mentalis, caninus,
levator labii maxillaris, and levator nasiolabialis originate movements in the ventral edge of
the jaw to push it down (AU25), open the dog’s mouth (AU17), deepen the nasolabial
fold (AU11), or tighten the corners of the lips (AU27) [57-59]. Burrows et al. [60] mention
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that the marked anatomical differences in the faces of canids hinder reading their facial
expressions because dogs have more than 20 facial movements; this is in comparison with
other species, such as the chimpanzee or the cat, which only present 14 and 15 actions,
respectively [61,62].

All canids have the same facial muscles, but beyond this anatomical similarity, it is
essential to understand that the close co-existence of dogs with humans has developed
some specific changes in dogs and breeds compared to wolves. Facial expressions in
dogs allow them to manifest certain convenient gestures to maintain social structure [63].
One difference in dogs is the musculature responsible for eye movements, with significant
development of the AU101 muscle. This muscle is also called the levator anguli occuli
medialis (LAOM), or the interior elevator of the eyebrow. One of its functions is to give the
impression of large eyes [18]. When it contracts, it enhances visual contact and confers a
child-like appearance or paedomorphic features [18,64].

In the wolf, in contrast, the LAOM is small and surrounded by connective tissue,
so the difference in movement in the AU101 region is greater in dogs [63]. This specific
feature of the eyebrows in dogs is associated with dog-human interactions, which leads the
latter to prefer certain breeds [65] (Figure 3). In comparison, observations of Siberian dogs,
close relatives of the wolf, show little expressiveness in the eyes, because their muscular
fibers are scarce and surrounded by large amounts of connective tissue, which impedes
eyebrow movement. This internal muscular eyebrow movement in dogs is similar to
human expressions of sadness, though it has also been associated with pain or malaise.
It is worth mentioning that dogs developed specific movements due to these anatomical
characteristics [63].

An example of this is the elevator of the eyebrow, which enlarges the eyes. Humans
tend to associate this appearance with tenderness and care-motivation [65,66]. Although it
has not been possible to demonstrate whether this characteristic represents a selection or
preference advantage in humans [56], it is suggested that it may influence the interpretation
of the mental state (a sensory state triggered by the perception of a specific stimulus).
Understanding the emotional and facial repertoire is necessary to avoid misinterpretation
of these movements, which are often mistaken as negative, such as sadness [67].

Another aspect to emphasize is that facial expressions involve more than one muscle.
For example, the frontalis muscle, located in the frontal region between the scutiform
cartilage and the upper eyelid, contracts in expressions of surprise and causes movement
of the frontal region skin and the upper eyelid [68].

5. The Physiology of Facial Expressions

Animals’ facial expressions have been linked to manifestations of emotions. Studies
have determined that triggering a response to an external stimulus requires, first, decodify-
ing that stimulus [69,70]. The response is then performed by the central nervous system
(SNQ), specifically by activation of the limbic system (the ventral and dorsal regions of the
cingulate gyrus, prefrontal cortex, ventral striatum, dorsomedial nucleus of the thalamus
and amygdala). This network is responsible for identifying motivations and processing
emotions, while the amygdala generates emotions and the associated facial expressions [71].
It is also involved in emotional memory and the recognition of non-facial external stimuli,
including stimuli of an auditory, olfactory or gustatory nature [72]. The communication
between the amygdala and other structures of the limbic system is mediated by the se-
cretion of neurotransmitters, neuropeptides, and hormones. These neurochemicals are
involved in the presence of emotions such as fear, anxiety, and happiness, in which particu-
larly high concentrations of catecholamines such as dopamine (DA), noradrenaline (NA),
and adrenaline (A) can be found [73,74].

The release of oxytocin (OXT) facilitates emotional memory, which promotes social
learning [75]. Negative emotions are attributed to these neurotransmitters [76], while
the presence of oxytocin at levels of 15 ng/mL can support the neurological process
by compensating for social information and facilitating the feedback cognition of facial
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expressions, both happy and sad [75,77]. Therefore, neuroendocrine homeostasis between
excitatory (DA, NA, and glutamate) and inhibitory substances (gamma-amino-butyric acid
and serotonin (SE)) reflects a sympathetic or parasympathetic predominance, respectively,
and acts together with the amygdala and the motor cortex (Figure 3).
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occuli medialis
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b%%
}\ N Piatysma
Mentalis
Orbicularis oris

Facial expression

Figure 3. Neurobiology of facial expression in dogs. During a threat exposure, such as another dog, unfamiliar person, or

a dispute over territory, the neural mechanism in the amygdala reacts to catecholamine secretion (A and NA). The cate-
cholamines stimulate the motor cortex and its efferent fibers to modify a facial expression. Movements such as flattening
the ears to the side (EAD105) and lifting the upper eyelids to have a wider field of vision (AU101) are characteristic of an
expression of fear. OXT: oxytocin; NA: noradrenaline; A: adrenaline; DA: dopamine; SE: serotonin.

In the first place, DA is associated with positive or reward-related emotions processed
by cortical structures (medial prefrontal cortex, anterior cingulate, and olfactory cortex)
and subcortical structures (striatum, amygdala, and hippocampus). These signals are
integrated into the ventral tegmental area (VTA) and the nucleus accumbens [78].

In this sense, reduced concentrations of DA have been associated with pathologies
such as chronic anxiety, while increases are related to events that trigger positive emotions,
such as sports and training, together with other catecholamines (NA) and SE (Figure 4) [79].
Likewise, during techniques to reduce stress in dogs (e.g., petting), plasma levels of NA
and SE (397.76 pg/mL and 542.75 ng/mL, respectively) have been associated with a
relaxed state, a reaction that is also correlated to some lateralization of facial and body
language [80]. SE also plays a role in the presentation of aggressiveness and the adjustment
of facial expression, where low levels of SE in the prefrontal cortex are present in animals
prone to aggressive behaviors [81].
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Figure 4. Endocrine and motor control of facial expression during pleasant emotions in canines. When the amygdala

associates the presence of humans or conspecifics to a positive emotion, the levels of OXT, DA, and SE increase in response to

the stimulus; this activates the facial units that enlarge the eyes and retract the muscles of the mouth to produce a simulated

“smile”. OX: oxytocin; NA: noradrenaline; A: adrenaline; DA: dopamine; SE: serotonin.

On the other hand, OXT reduces amygdala activation in response to facial expressions
and negative emotions like fear or rage by intensifying the connection between it and
other regulators, namely the orbitofrontal cortex, cingulate gyrus, and temporal sulcus [82].
Studies in humans show that OXT fosters the capacity to infer the affective mental states
of others based on subtle facial signals [83]. Low basal OXT levels have been associated
with positive emotions in various species [84]. In dogs, Mitsui et al. [85] determined
increased levels of urinary OXT in six Labrador Retriever dogs exposed to positive events
such as eating, exercising and stroking (p < 0.05, p < 0.05, p < 0.01, respectively), which
reflects relaxation, calm and security. Moreover, research has further ascertained that
animals show facial expressions associated with emotions and that low basal oxytocin
levels mediate these. In this context, Lansade et al. [86] evaluated the facial expressions
of Welsh mares under two treatments of tactile stimulation (grooming): one traditional
treatment did not consider the animals’ reactions but provoked avoidance, while the other
treatment was directed towards regions that the mares considered positive or pleasant.
Their work evaluated the horses’ facial expressions by observing the positions of the ears,
eyelids, lips, and neck, among other gestural indicators. They determined that the cordial,
pleasant grooming of the mares significantly increased expressions seen in the position
of the neck, which rose to a medium height (p = 0.01), accompanied by semi-closed eyes
(p = 0.01), lips contracted and extended laterally (p = 0.003), and the upper lip extended and
immobile (p < 0.0001). These findings led them to conclude that the facial expressions were
modified markedly in the presence of a low concentration of oxytocin compared to basal
ones, suggesting that they could be considered positive emotions in horses. Their findings
also reveal that oxytocin is an endocrinological marker of emotional well-being responses.

Increases in peripheral OXT after positive human-dog interaction have been shown [87,88],
and, concurrently, the administration of exogenous OXT has also been shown to influence
how dogs respond to human emotions and during positive interactions. Somppi et al. [89]
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evaluated 43 dogs of 16 different breeds. Gazing behavior and the diameter of the pupil
were assessed to determine the emotion of the animals. Dogs receiving nasal OXT fix-
ated more often at happy human faces than angry faces and had a larger pupil diameter.
The authors attribute this response to the influence of OXT on attention and emotional
arousal, which decreases vigilance reactions, diverts attention to positive events, and facili-
tates human-animal and animal-animal communication, as well as the mediation of social
perception and emotional states in canines.

These studies confirm that the generation of facial expressions is due primarily to
the decodification of external stimuli by the SNC through connections between the limbic
system. Thus, this system is also responsible for responding to facial or non-facial stimuli
and even positive or negative emotions, the former mediated by the release of hormones like
oxytocin that mediate motor changes in facial muscles. In animals, whose limitation is being
unable to self-report their mental state, it is essential to understand the neurobiological
mechanisms involved in the perception and development of emotions [78]. However,
despite these endocrinological alterations, in dogs, the question remains whether facial
expression reflects emotions and serves as a communication tool or is the result of the
manipulation and mimic of human gestures [90].

6. Emotions in the Dog

Anderson and Adolphs [91] define emotions as internal states of the CNS that generate
physiological, behavioral, cognitive, and subjective responses to manifest distinct categories
of states. In humans, emotions constitute a complex behavioral phenomenon involving
multiple levels of neuronal and chemical integration [92]. These internal states result from
the evolution of primary emotions (anger, fear, disgust, happiness, sadness, and surprise)
and are associated with well-defined neuronal and neurophysiological chemicals that act
as supporting factors to ensure the performance of specialized survival functions [35,93].

In general, gestures communicate emotional states and allow individuals to appraise
social interactions [94]. Therefore, facial expression is an effective non-verbal informa-
tion tool [95] to promote, create and facilitate social interactions between animals [96].
Consequently, facial expressions are one of the principal elements that allow individuals
to identify the emotions expressed by others in a social group [19,97] and are the main
pathway for transmitting the affective information that leads them to act in any given
situation involving an emitter and a receiver of facial signals [98]. Even though it is still
controversial to state that dogs use facial gestures to communicate their mental state, in a
study conducted by Karl et al. [99], the response of 12 domestic dogs to positive social
and non-social neutral stimuli was assessed using functional magnetic resonance imaging.
The results showed that limbic areas such as the left amygdala, hypothalamus, and insula
were activated during positive social interactions. The above shows the correlation be-
tween the neural response for the processing of emotions and the possible facial response,
which would support the theory that dogs can transmit their emotional state using facial
expressions. Besides, the personality and empathy of people have been correlated with
their ability to interpret the emotions of animals. In this sense, it has been reported that
empathic people can discriminate between positive and negative affective states [100].
However, independent of human perception, the possibility that dogs can transmit their
emotional state with facial expressions cannot be denied.

Siniscalchi et al. [40] mention that domestic dogs use a broad range of facial regions
to communicate their emotional condition; however, the orbital region plays a crucial
role in interacting with conspecifics. For example, in stressful situations, the dog opens
its eyes, exposes the white sclera, and flattens the ears (EAD105), gestures that indicate
warning of an imminent threat [41,101]. In this context, Caeiro et al. [102] evaluated the
response of the face of dogs and humans during the perception of different visual and
auditory stimuli using the FACS system in both species. The authors observed that dogs
emit facial movements depending on the perceived stimulus. In addition, they observed
that the facial movements are different from those observed in humans during similar
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emotional states. Similar facial movements have been identified in dogs and humans, such
as the eyebrow-raise or the upper lip raise (AU110). However, it may be inappropriate to
consider that they have the same emotional valence. For example, a raised upper lip is
often mistakenly interpreted as a smiling expression by children [103].

Similarly, Konok et al. [5] reported that humans attempting to describe dogs’ emotions
have an anthropomorphic influence. Although relevant for animal welfare, humans tend to
interpret the emotional states of animals in the same terms they use to perceive their own.
However, as stated before, it is not appropriate to assume animal emotions based solely
on human perception and anthropomorphization of human feelings or facial expressions.
On the other hand, Bloom et al. [104] reported that 105 liberal arts students were able
to successfully determine the emotional states of canines (joy, sadness, surprise, disgust,
anger, fear, and neutral) using the DogFACS, which has proven to be an adequate tool to
assess emotions and facial expressions [25] (Figure 5).

Figure 5. Facial expressions in dogs and their links to humans. Image of a one-year-old female
Chihuahua showing marked changes in facial expressions upon recognizing similar emotions in
her owner’s gestures. (A) Neutral. Relaxed expression; (B) Sadness. Broad forehead, large eyes,
ears erect with caudal inclination, closed snout; (C) Pleasure. Tension in the labial commissure, eyes
semi-closed with facial mimicking that simulates the form of a human smile; (D) Surprise. Eyebrows
raised to show apparently larger, more expressive eyes, with ears raised and labial tension.

Facial movements are also considered an adaptive response to threatening stimuli.
However, their interpretation depends not only on conspecifics but also on the humans with
whom dogs establish bonds [105]. Flint et al. [106] have evaluated the association between
facial and body movements, a negative emotional response such as fear, and the reliability
of the owner to identify these changes. Through videos, the accuracy of the owners of
735 dogs was evaluated to detect fear-related behaviors, focusing on the head, changes in
posture, and facial and body language. The authors found that owners accurately identified
the position of the ears (flattened ears (EADO015)) as a facial modification associated with
fear with a sensitivity and specificity of 0.76 and 0.88, respectively. Other changes reported
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with a sensitivity and specificity above 0.75 were a low posture, lowered tail, hiding,
escape attempts, panting, yawning, lip licking, and no eye contact. Additionally, based
on the behaviors and postures identified by the owners, a training tool was developed
to improve the recognition of fear behaviors. Although the differences after the training
did not significantly influence the reliability of assessing fear in dogs, owners were more
likely to recognize “mild to moderate fear” (OR: 1.01, 95% CI: 0.86, p = 0.881) based on the
mentioned facial expressions such as the position of the ears and the other related behaviors.
In contrast, as stated by Bremhorst et al. [47], when exposed to positive events (food and
toys), 29 dogs of one breed showed erect ears (AED101) and blinking (AU143 + AU145).
Under negative conditions (ignored by the owner), nose licking, drooping jaw (AU26),
drooping lip (AU25), and flattened ears (EAD105) were predominant (Figure 6). Therefore,
both studies show that recognizing these facial movements, particularly the position of
the ears, could contribute significantly to the identification and interpretation of dogs’
emotional state, representing a wide field to study in the future.

Figure 6. Changes in facial expression during exposure to various stimuli. (A). Neutral. No relation
or expression; (B). Anger. Observations include a fixed gaze with ears at medium height or pulled
back with flared nostrils and tensed cheeks; (C). Fear. The gaze has deviated with the ears pulled back,
exposing the frontal region as a signal of submission; (D). Surprise. The eyebrows are inexpressive,
perhaps with a slight raising of the medial section to give the appearance of large eyes, with the ears
at medium height; (E). Pleasure. Eyebrows and ears are clearly raised with the mouth open and
tension in the labial commissure.

Since dogs are highly sociable animals with complex groups, understanding het-
erospecific emotions is of particular importance [107]. Racca et al. [108] demonstrated
this in their study that assessed dogs’ capacity to discern facial changes based on vi-
sual stimuli and if such behavioral responses are influenced by the species observed (i.e.,
human vs. conspecific faces). Their study protocol involved seven dogs of different breeds
in two phases. The first type of discrimination was determined using images of (i) a familiar
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visual stimulus and (ii) a novel one. They found that the dogs showed greater interest
in the novel stimulus and could discriminate objects presented simultaneously. In the
second stage, a simultaneous face discrimination test using images of humans vs. different
breeds of dogs, the authors found that the time the dogs invested in observing the images
averaged 4.2 s more for the new rostrums of both humans and conspecifics. Those authors
concluded that canines could perform face discrimination regardless of species and modify
their facial expression responses depending on the type of face shown. In a posterior
study by the same authors, the ability of dogs to process facial expressions was compared
to those of 4-year-old children, showing them a series of photos with emotional facial
valence (positive, negative, or neutral). In this case, they videotaped the subjects’ facial
expressions and eye movements. The authors found that the dogs spent less time observ-
ing the images (3.87 s vs. 4.51 s in children) and reported greater eye movement latency
(1.21 s vs. 0.66 s in children). The comparison of the responses of the two groups detected
a significant difference in the processing of the positive images, as opposite responses
occurred concerning these emotions; one example of this was deviating the gaze, which
was identified as the behavior that canines exhibit when distinguishing between happy
and sad faces [109]. Both results confirm sensitivity to facial expressions such that dogs
can interpret and react despite being individuals of different species, as in, for example, the
gaze response to a threatening expression (Figure 7) [110]. A particular communication
mechanism between dogs and humans has been observed, as stated by Ogura et al. [111].
The gazing behavior was evaluated in seven dogs of different breeds exposed to different
situations: humans using hand signals, other dogs, and the presence of a cat. The dog
paid more attention to the hand signals of humans but focused more on the face and body
when looking at conspecifics and cats. This research raises a probable species-dependent
communication difference.

For these reasons, facial expressions that reflect different emotional states may well
prove to be an effective tool for (i) achieving non-verbal communication [95]; (ii) creat-
ing, fomenting, and facilitating social interaction among animals; (iii) constructing or
improving successful social groups, as mentioned by Brudzynski [96], and the affiliative
function of expressions that promotes contact and closeness of members to each other [84];
and (iv) providing relevant information that, together with other gestural signs, may mod-
ify the interpretation and evaluation of such communications [19,97]. In this regard, fear
and anxiety refer to what we consider emotional responses to aversive stimuli. These
emotions are adaptive for survival because they are triggered to avoid a perceived or antic-
ipated threatening stimulus [105]. It has been established that those behavioral problems
in dogs are probably associated with a close relationship to humans. Hence it is vital to
avoid these states [112], as Mariti et al. demonstrated [107]. Those researchers further con-
cluded that the dog owners did not require experience to identify these negative emotions
accurately. Owners were able to identify the behaviors and expressions associated with
aversive states without needing any training to identify them. This will be discussed in
detail later.

In addition, the ability of dogs to read the gestures emitted by humans may be related
to another phenomenon that occurs when individuals from social groups recognize certain
expressions from the same species or others and respond with a similar or antagonistic
pattern [104]. This process is called “emotional contagion.” The above has been reported
in rats, animals that, after encountering conspecifics with pain, manifested pain gestures
and behaviors without having any injury [113,114]. This suggests that animals can display
a similar state after reading the facial language, although facial mimicry does not reflect
the meaning of the inherent emotion on every occasion [115]. Using emotional contagion,
researchers have sought to ascertain whether dogs can show interest in the emotions
expressed by other individuals in their social circle. In this field, Katayama et al. [22]
observed that the emotional contagion of humans towards dogs occurs more pronouncedly
with women and is affected by the surroundings in which it occurs. They evaluated the
response of 34 dogs towards their owners while they carried out a reading test with an
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audience, considered a stressful event for humans. They reported a correlation between
the R intervals of the heartbeats present in dogs and humans (r2 =0.74, p <0.01), and that
in addition, the emotional contagion of humans towards the dog was influenced by the sex
characteristics of the pet and the time of coexistence, since in females and in individuals
who had a long time of coexistence with the owner, the emotional contagion was higher.
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Figure 7. Facial expressions represent aggression. The perception of an adverse external stimulus (e.g., a person or another
animal) triggers a neuroendocrine response with an elevation in catecholamine levels, together with a decrease in circulating
levels of OXT, DA, and SE. When this negative emotion is recognized in the amygdala, its connections to the motor cortex
and facial muscles (trough the facial nerve) cause the flattening of the ears (EAD105), lifting of the upper lip to bare their
teeth (AU116), nostril opening (AD38), more visible white sclera (AU101), and vocalizations (AU34) as a sign of threat. OXT:
oxytocin; NA: noradrenaline; A: adrenaline; DA: dopamine; SE: serotonin.

Although this phenomenon is a primitive form of empathy between individuals who
share the same social environment, it does not necessarily involve a higher psychological
function [23]. However, it is a process that improves the human-animal interaction, par-
ticularly in domestic canines who have adapted and refined mechanisms to live inside
mixed-species groups [98].

As can be seen, comprehending the emotions and affects of heterospecifics is of great
significance for domestic species, such as dogs [110]. Recognition of emotions, mimicry,
and gestures is considered of greater importance than other forms of expression [115],
though facial mimicry does not necessarily accurately reflect the meaning of the underlying
emotion [112]. This phenomenon has also been identified in dogs because their ability to
recognize certain expressions shown by individuals in their social circle—whether of the
same or a different species, including humans—allows them to generate similar or opposing
responses to those manifestations. Those responses take the form of facial expressions that
reflect perceived states [102] (Figure 6).

Various emotional and behavioral problems described in dogs are attributed to their
close interaction with humans and modern lifestyles [116]. These led Kurachi et al. [117] to
state that behavioral problems in animals must consider their physical and emotional ori-
gins and the human-animal bond that can influence their welfare. To achieve an acceptable
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level of welfare, animals require positive events (e.g., pleasure) instead of only preventing
negative ones (e.g., fear or anxiety) [4,118].

In this context, further research is required in dogs to evaluate positive emotional states
and associate them with facial and body movements, as well as in other species, like in
pigs [119], in sheep [120], and in horses [121], among others. The emotional state influences
the behavior, communication, social bond, and cognitive functions of the group’s individu-
als [122]. Then, the emotions are expressions of the internal states of the CNS reflected in
animals’ physiological and behavioral responses, which foster better interaction among
the individuals that make up a social circle. Identifying these expressions is an additional,
important indicator for recognizing the degree of welfare that animals experience.

7. Interpretation of Perception and Expression Interspecies

Currently, there is a growing interest in interpreting dogs’ emotions to enhance the
welfare of both species: dogs and humans [39,123]. Flint et al. [106] asked a group of dog
owners to distinguish expressions of fear in their pets to identify animal facial expressions
linked to aversive stimuli. Using videos, they demonstrated the importance of several
regions, especially the head, body posture, and facial expressions. The owners adequately
recognized low posture, ears pulled back and tail between the legs or curled downwards
as behavioral gestures that indicated concealment, attempts to flee, panting, yawning, lip-
licking, and null visual contact. In this context, Bloom and Friedman [25] designed a study
to ascertain people’s ability to identify facial expressions emitted by dogs in the presence of
diverse stimuli and, on that basis, attempted to define such emotions as happiness, sadness,
surprise, disgust, anger, and fear. They utilized positive and negative stimuli to provoke
dogs, and they found that when their owners emitted positive stimuli, the dogs’ reactions
included wide-open eyes, erect ears, and a fixed, forward gaze (Figure 6E). When the
element of surprise was added, the dogs showed furrowing in the central region between
their ears, a slightly inclined head, raised eyebrows, and the mouth closed or only slightly
open. In contrast, when negative stimuli were shown, the dogs tended to bow the head
and deviate their gaze laterally, accompanied by a differential raising of the two eyebrows,
caudally inclined, erect ears, and the mouth closed or slightly open (Figure 6C). When
given medication, the dogs inclined their ears towards the caudal region (EAD105), bared
their teeth slightly (AU118), and showed a slight lowering of the nose (AD40) and eyebrows
(Figure 6C).

When dogs are induced to feel fear through verbal communication, their ears are
markedly erect; their eyes show a small display of the sclera, their gaze shifts from side to
side, and the mouth is either slightly open or tightly shut (Figure 8A). Finally, upon hearing
the negative stimulus, bad boy, “the dogs exponentially bared their teeth and fixed their
gaze on the objective with eyebrows pointing towards the center, ears folded rearwards,
and the mouth semi-open or open (Figure 8B).

In the same study, the expressions of the animals in the absence of a stimulus (neutral)
were also evaluated. The resulting photos were like those taken after a positive stimulus—
“good boy—, with a slight lateral inclination of the ears. In contrast, Racca et al. [109]
determined that, in dogs, a neutral human facial expression is categorized as a negative
emotion. They concluded that the human recognition and interpretation of dogs’ facial
expressions could trigger a certain degree of expected behavior by the owner or handler
and improve their interspecies interaction.

It is important to emphasize that no previous experience or training is necessary
for people to identify emotions in dogs based on their facial expressions. Comparative
studies have shown that the ability to interpret animal behaviors is influenced by the
level of experience of the evaluator [124]. Lakestani et al. [125] compared the ability of
children and adults to understand the friendly and aggressive behavior of dogs. In this
study, young individuals could not discern friendly from aggressive behaviors (p < 0.001).
This was attributed to children focusing more often on the face of the animal, leading to
misinterpretation (x*> = 80.2, df = 1, p < 0.001). These results reinforce the idea that the

62



Animals 2021, 11, 3334

experience and ability of the evaluator influence their ability to decipher facial expressions
and body language of companion animals. However, a study by Tami and Gallagher [123],
which compared observations of the body language and facial expressions of untrained
people to those of individuals who had some knowledge of canine behavior (e.g., dog
trainers or owners), demonstrated that both groups of evaluators found it challenging
to distinguish between aggression and playfighting. For this reason, integrating facial
expressions with other gestural signs could be a key to elaborating a comprehensive
assessment of dogs in this regard.

Figure 8. Facial expressions related to fear can provoke aggression. (A) Nose, sclera, and snout.
Increased exposure of the sclera is caused by raised eyebrows and tension in the nasal region with
flared nostrils, accompanied by an open mouth, raised upper lip, and exposed fangs. Additionally,
dogs may emit vocalizations. (B) Ears and gaze. The positioning of the ears is commonly seen to be
at a medium height concerning the frontal region; the animal’s gaze is fixed in the direction of the
threatening stimulus.

Humans perceive raised eyebrows, characterized by an increase in the overall size
of the orbital region, as a sign of sadness [21]. According to the description by Merola
et al. [126], a backwards gaze seems to indicate a request for some object and to verify
humans’ reaction to an ambiguous object. In this sense, people also confer an anthropo-
morphic sense to the gaze of animals, particularly the so-called “guilty look,” which is
associated with this feeling of guilt by around 74% of people when observing said facial
expression. This gesture is characterized by ethologists by an aversive gaze, lowered ears,
constant licking, and a lowered head position. However, there is a difference between
what humans interpret and the actual reason for the facial motor response. For example,
in a study with 14 mongrels and purebred dogs, there was no difference in the prevalence
of guilty gaze when the animals performed an acceptable behavior or not. The authors
concluded that dogs respond with a guilty look when scolded, regardless of having in-
fringed an instruction or not, which means that the animal does not understand that it has
disobeyed and lacks a cognitive association [127].

In recent years, eye-tracking systems have become relevant to distinguish facial
language associated with positive or negative stimuli [128]. In these studies, canines confer
more attention to body language, unlike humans, who prioritize the grimaces of fellow
humans and other animals. Correia-Caeiro et al. [129] evaluated the reaction of 129 humans
and 92 dogs to videos with gestures of positive (happiness, pleasure) and negative (anger)
emotions from both species. The included animals responded with several gestures to
expressions of conspecifics and humans, with no evidence of facial mimicry towards the
recordings. Interestingly, the action of the EAD102 (ear adductor) unit was more frequent
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when observing other dogs’ faces, which can be interpreted as a positive response to the
same species [130,131].

Another element of facial expressions that needs evaluation in dogs involves the lips,
since these function as messengers to other individuals that express aggressive intentions;
that is, displays with lips retracted, the snout thrust forward (simulating smaller lips), with
the mouth open. These expressions reflect a threat of a particular type or degree [132]
(Figure 6B). Comparatively, between humans and dogs, Action Unit 27 (AU27), repre-
senting the wide opening of the mouth, and AU6, where the muscle around the eyes
contract and the cheeks are raised as a “happy face,” are similar facial expressions in
both species [129]. Similarly, lip-licking in dogs is understood as a behavior involved in
identifying expressions of anger in humans [98].

Firnkes et al. [133], in addition, reported that a deviated gaze and lip-licking are
associated with appeasement. Appeasement includes all those behaviors aimed to avoid
confrontations with conspecifics and other species. The objective of their research was to
examine manifestations of these signals towards unfamiliar people using a standardized
behavioral test. Their findings suggest that a deviated gaze and lip-licking occur during
appeasement and, more often, when dogs face situations involving threat or conflict.
However, these signals decrease when the threat is greater and are replaced by behaviors
indicative of submission (Figure 6C) or attempts to flee, defining submission as those
behaviors used to avoid the threat represented by a dominant member of the same species.
Those authors concluded that dogs seem to have the ability to employ distinct strategies
according to the type of situation. Additionally, they were able to identify that lip-licking
forms part of dogs” greeting behavior towards humans, since socio-positive focuses were
observed with greater frequency. For this reason, this gesticulation can play a crucial role
in intra-specific communication by serving as a signal that expresses peaceful intentions.

Regarding evidence for the lateralization of facial movements in domestic canines,
Nagasawa et al. [134] analyzed whether dogs could do this when encountering their owners.
Lateralization of emotion is related to activating the right or left hemisphere following
positive or negative emotion recognition in the brain. The goal was to determine whether
lateralization was correlated to positive and non-positive social events (presence of the
owner, or toys, respectively). The authors found that when the stimuli were of a social
type, dogs showed greater laterality towards emotive stimuli by responding with a facial
expression involving the eyebrows or ears of the left side, compared to the case of inanimate
objects that they had to avoid, where they showed greater facial expression on the right
side. Similarly, lateralization of the gaze has been reported and related to the ability of
dogs to recognize emotions and activate the right or left cerebral hemisphere, a relevant
characteristic in animals with frontal eyes, whose visual connection usually responds
to activation of the contralateral hemisphere. For example, a gaze to the left indicates
activity in the right hemisphere, associated with neutral human faces. Racca et al. [109]
evaluated the reaction of 21 canines of various breeds to negative, neutral, and positive
expressions of conspecifics. The results showed that the maintenance of a gaze to the left,
in response to a negative expression, was greater (1.60 £ 0.20 s) compared to the gaze
to the right (0.57 & 0.09 s) and neutral and positive stimuli (1.26 4= 0.16 and 0.65 £ 0.11 s,
respectively). This can be translated as a predominance of right hemisphere activity, as the
right hemisphere is a structure involved in interpreting negative emotions. Moreover,
a prevalence of head-turning to the left in animals exposed to anger or fear human gestures
has been reported [132].

It is worth mentioning that there are current reports that define limitations in the
assessment of the emotions through the eyebrows and lips in the dog. Some examples are
a paedomorphic face, the type, length, and color of the hair, and the anatomical differences
between breeds (e.g., the structure of the skull) [104]. Additionally, dark-colored spots on
the face of canines, particularly in the eyebrows, tend to give an aggressive appearance
and are considered another factor that can alter the perception of humans regarding the
emotion of companion animals [132,135].
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Facial expressions related to emotions

As can be seen, two critical regions to be considered when evaluating facial expressions
in dogs are the position of the lips and eyebrows, since they allow us to distinguish between
stimuli perceived as positive vs. negative. Dogs capture these stimuli to identify intentions
such as threat or play, though they present a certain degree of difficulty for assessment
because some may be similar and impede the ability to arrive at accurate interpretations of
the emotion shown.

8. Changes in Facial Expressions Related to Pain

The identification of facial expressions in animals offers an opportunity to assess, in a
non-invasive way, the welfare of domestic species [16]. As stated by the International
Association for the Study of Pain, pain is “an unpleasant sensory and emotional experience
associated with, or resembling that associated with, actual or potential tissue damage”
and has a connection with gestures and the degree of pain [136]. The current approach to
pain assessment is based on the affective magnitude (e.g., “how does it make you feel?”).
Therefore, facial expressions are an alternative to evaluate pain and differentiate this state
from other emotional states such as fear, stress or anxiety (Figure 9) [26,137,138].

With the implementation of FACS, it has been possible to identify subjective states
such as pain. The tension of the muscles of the face, lips, orbital region, and flattening of
the ears are commonly recognized in animals [2,139-150]. This system has been adapted
as a veterinary clinical tool (called Grimace Scales) to identify pain in species such as
equines [142], chimpanzees [60], macaques [143], sheep [8], rabbits [144], ferrets [145] and
rats [33].
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Figure 9. Facial expressions related to emotions [21,25,28,102,106,123,133].
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Behavioral evaluations of pain must consider several indicators. In dogs, Camps et al. [146]
described the principal characteristics of aggression related to pain. They affirm that behav-
ioral changes are the most common indicator of pain manifested by this species through
such behaviors as aggression, fear, vocalizations, reduced interaction with conspecifics or
family members, and altered postures or facial expressions, restlessness, and concealment
(Figure 10).

Figure 10. Expressions related to pain. (A). Mild pain. Expressions are characterized by a sustained
raising of the eyebrows with displays of the frontal region of the head and lateral abduction of the
ears, generally associated with a sad face, as represented in this image of a one-year-old female
Pitbull, which shows a slight anaphylactic reaction. (B). Severe pain. Expressions are characterized by
semi-closed eyelids, cheek tension, and vocalizations, as can be seen in the image of this two-year-old
female Dalmatian with acute polyradiculoneuritis.

In equines, facial characteristics such as asymmetric ears, the tension of orbital mus-
cles, and the lips decrease their frequency of appearance during the administration of
analgesics [147]; these characteristics are known as the “face of pain” [140]. On the other
hand, in felines, observed facial movements positively correlated with the Feline Grimace
Scale (r? = 0.86), a proposed validated tool to evaluate nociception in cats [29].

In felines, the Feline Grimace Scale (FGS) has been implemented to identify acute pain
using facial expressions, with an efficacy of up to 94% to differentiate between pain and
pain-free cats. These scales have made it possible to identify that 85% of the facial changes
observed during a painful event are concentrated in the ears, eyes, whiskers, and nose [30].
As previously mentioned, the movements of these regions serve as clinical assistance for
the identification of pain. The evaluation of these changes with the FGS has reported
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overall inter-rater reliability of (ICC) of 0.89 (95% CI) and intra-rater reliability of 0.91 [31],
which denotes the clinical utility of facial expressions. In that regard, facial expressions
must be considered when evaluating acute pain in dogs. Pain scales, such as DIVAS
(Dynamic Interactive Visual Analogue Scale) and the pain evaluation scales developed by
the University of Melbourne (UMPS), the University of Colorado (CSU-CAPS), and the
Composed Measure by Glasgow (CMPS), include changes in facial expressions as a part
of their assessment. A fixed gaze (Figure 6A), squinting (Figure 6B), or a grimace with a
fearful look are examples of this. They also incorporate a glassy appearance of the eyes,
mydriasis, furrowed brows, lips drawn back, and flattening of the ears [39,141].

DIVAS includes evaluating changes in facial expression and behaviors and vocaliza-
tions derived from pain, such as changes in posture, inactivity, or aggressiveness. A scale
from 0 to 100 mm has been used to assess the effects of preemptive analgesia in routine
surgeries such as ovariohysterectomy; a patient with a score of 40 mm requires analgesic
intervention [148]. Likewise, it has been used to estimate pain intensity in canines under-
going various surgical procedures, such as exploratory laparotomy, hemilaminectomies,
osteotomies, and atlantoaxial subluxation [149]. On the other hand, the UMPS considers
six categories in which the animal’s appearance includes observations such as the ears’
position and the form of the eyes to classify the changes derived from moderate to severe
pain [150].

Finally, the CSU-CAPS considers facial changes such as droopy ears, arched eyebrows,
and darting eyes (known as a “worried facial expression”) to assess the level of pain
from 0 to 4 (minimal to severe pain), considering a value greater than 2 as a rescue
point [151]. Likewise, these parameters have also been proposed as an evaluation method
in cats. An example of this is the validated Multidimensional Composite Pain Scale of the
University of Botucatu (UNESP-MCPS). In this scale, psychomotor and facial aspects are
considered a means of manifestation of pain through changes in facial expression. These
include assessing the distance between the ears and the facial muscles’ tension as distinctive
features of pain recognition with a sensitivity of 74.6% and specificity of 84.6% [152,153].
This has been used to evaluate postoperative analgesia in procedures such as tibial plateau
leveling osteotomies [151] or to determine the perioperative efficacy of opioid drugs such
as tramadol during canine sterilization [154].

Nevertheless, all these approaches do not consider specific regions or the distance
required to assess the facial expressions and correlate them to the degree of perceived pain.
In contrast, in cats, the CMPS-Feline is a scale in which facial evaluation has been included
together with behavioral modifications to evaluate postsurgical pain. On a scale from 0 to
20, where 5 or more is considered the analgesic intervention point, facial movements such
as the muzzle shape and the ears’ position have been shown to correctly identify 78.6% of
animals that required analgesia [155].

For dogs, to date, there are no reports that can associate the intensity of pain to
specific facial traits. Therefore, changes in the lips, eyes, and facial muscles are valuable
characteristics that can be integrated into the existing pain scales to help identify the
intensity and degree of pain in dogs, as done in other species.

Animals cannot communicate pain in a verbal way. Therefore, the study of facial
expressions in animals can aid in identifying and differentiating between emotional states
such as fear of pain. However, some limitations are present in the implementation of
facial changes in pain scales. For example, scales do not consider the residual effects
of anesthetics or the sedation level caused by some local analgesics, opioids, sedatives,
and cyclohexamines [156]. Additionally, it is important to mention that the accuracy of
these scales also depends on the type of pain (i.e., most of the scales have been designed to
assess postsurgical pain) [157]. The age, experience, training of the evaluator, and visual
acuity when attempting to accurately quantify the degree of pain experienced by a dog
based on observations of facial, posture, or behavioral changes can also influence their in-
terpretation [149]. In comparing veterinary students and anesthesiologists, the former gave
high scores to those animals that the anesthesiologists rated as low; the study concluded
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that there was 95% of no agreement between both evaluators [149]. Likewise, the scales
are a subjective method that can be vulnerable to evaluator errors or biases. Hence, they
are considered an additional tool for the study of pain, since there is no single biomarker,
physiological parameters, posture, or facial expression that, by itself, can be considered as
the “gold standard” of pain assessment [155].

Further studies in dogs also require the development and implementation of tech-
niques and tools currently applied in other species, such as artificial intelligence and
computer vision systems for the recognition of pain gestures in humans and equines [158],
or the automatic detection of Facial Units in sheep, a technique with up to 67% accuracy [52].
Likewise, cameras or visual sensors, global positioning systems (GPS), electrocardiography,
electroencephalography [159], and infrared thermography [160,161] are alternatives to eval-
uate emotions and motor responses in dogs comprehensively. It is essential to consider that
human perception of emotions can be subjective and that the anatomical characteristics of
the dog [162] (e.g., the coat color, the shape of the ears, or the breed itself) can influence and
affect the objectivity of facial expression recognition and must be discussed and analyzed
before associating facial gestures with a particular emotion.

Today, small species play a particularly important role in the lives of many people by
generating a human-animal bond characterized by an acceptance and treatment similar to
that of family members [163]. Regarding this, the anatomical differences between breeds
represent a challenge for facial expression recognition in dogs. For example, the cranial
structural features of prognathic dogs with short muzzles and deep facial folds do not allow
adequate recognition of muscle movements and could interfere with the assessment of
facial expression in these animals [104]. In contrast, in the case of primitive dogs such as the
Siberian or Alaskan Husky breeds, the lack of some facial muscles to perform specific facial
movements has been reported [62]. These characteristics can lead to a misinterpretation of
negative emotional states such as fear and pain.

Likewise, Bloom et al. [104] have observed that another breed characteristic that
intervenes in evaluating the facial expression is the color of the coat. In dogs with black fur,
identifying the tension or elevation of certain muscle groups (e.g., supra- or infraorbital)
could be a limiting factor. Similarly, small dark spots of hair on the face or in the supraorbital
regions lead to a misinterpretation of the meaning of a facial expression [40].

9. Conclusions

Facial expressions in animals, including dogs, are a communication form of positive
and negative emotions, in which motor responses are developed in specific facial action
units. These units include the eyebrows, eyes, position of the ears, opening of the mouth,
and others. These movements are the result of neural circuits whose primary structures are
found in the limbic system, the amygdala, the motor cortex, and its derivations towards
the facial nerve, the main nerve responsible for innervating the muscles of the face and
generating the different expressions based on the valence of the stimulus. These expressions
are fundamental to maintaining social interaction between dogs and other species, as in
relationships with humans.

Although there is evidence of certain patterns of facial changes associated with specific
stimuli in domestic dogs, it is challenging to objectively evaluate facial expressions due to
domestication, the close human-animal relationship, and the extensive inter-species variability.

Further research in the development of canine facial action scales and the imple-
mentation of tools such as computer vision systems, pain scales, infrared thermography,
and others are alternatives to evaluate and recognize the association between facial expres-
sions, emotion, and well-being in pets, as well as to use facial expressions as a clinical tool
to evaluate pain and diverse emotions in dogs.
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Simple Summary: Infrared thermography is a tool that measures changes in the surface temperature
of the skin and has been used in companion animals to determine their health state and to diagnose
inflammatory processes, neoplasia, pain, or neuropathies. Body regions such as the face, body,
or hind/forelimbs are commonly used for thermography in dogs and cats. However, since there is
disagreement about the differences in temperature recorded using this tool, this article analyzes the
usefulness of IRT in companion animals (pets) as a complementary diagnostic method for evaluating
thermal and circulatory changes. It analyzes the recent scientific evidence on the use of facial, body,
and appendicular thermal windows in dogs and cats under different clinical conditions.

Abstract: Infrared thermography (IRT) has been proposed as a method for clinical research to detect
local inflammatory processes, wounds, neoplasms, pain, and neuropathies. However, evidence of the
effectiveness of the thermal windows used in dogs and cats is discrepant. This review aims to analyze
and discuss the usefulness of IRT in diverse body regions in household animals (pets) related to recent
scientific evidence on the use of the facial, body, and appendicular thermal windows. IRT is a diagnos-
tic method that evaluates thermal and circulatory changes under different clinical conditions. For the
face, structures such as the lacrimal caruncle, ocular area, and pinna are sensitive to assessments of
stress degrees, but only the ocular window has been validated in felines. The usefulness of body and
appendicular thermal windows has not been conclusively demonstrated because evidence indicates
that biological and environmental factors may strongly influence thermal responses in those body
regions. The above has led to proposals to evaluate specific muscles that receive high circulation, such
as the biceps femoris and gracilis. The neck area, perivulvar, and perianal regions may also prove to be
useful thermal windows, but their degree of statistical reliability must be established. In conclusion,
IRT is a non-invasive technique that can be used to diagnose inflammatory and neoplastic conditions
early. However, additional research is required to establish the sensitivity and specificity of these
thermal windows and validate their clinical use in dogs and cats.

Keywords: dogs; cats; thermal window; infrared thermography

1. Introduction

With the advent of new technologies to complement existing diagnostic methods,
infrared thermography (IRT) has acquired greater importance in medicine and industry
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as a non-invasive method that does not use radiation [1,2]. IRT permits evaluating sur-
face microcirculation based on consequent variations in tissue temperatures that medical
research has associated with changes in the autonomic nervous system (ANS) of inflam-
matory, infectious, neoplastic, pain-induced, or stress-related origin [2—-4]. Discussion of
the medical use of IRT has centered on various anatomical regions that could be used as
thermal windows to determine changes in surface blood flow that reflect an organism’s
autonomic activity. The term thermal window refers to regions with surface blood vessels
where changes can be detected that represent surface circulation [2]. Regions identified to
date include the lacrimal caruncle, eye, ear, thorax flanks, femoral area, and face [5-7].

Studies of structures such as the lacrimal caruncle and eye have established that IRT
strongly correlates with the activity of the ANS [8-10]. When the sympathetic element of
the ANS is stimulated, an initial vasoconstriction response is produced due to the neu-
rosecretion of adrenaline and noradrenaline, causing an alteration in the surface thermal
response [2,7]. These findings demonstrate IRT’s usefulness for the early detection of inflam-
matory conditions [11], though its sensitivity is still in doubt because of potential biological
and environmental influences [12]. This has been evidenced in appendicular regions, where
sensitivity and effectiveness can be affected, for example, by the length or type of an animal’s
hair or fur [13].

In the face of discrepant evidence on the effectiveness of the thermal windows currently
used with dogs and cats, the aim of this review is to discuss the usefulness of IRT in
household animals (pets) as a diagnostic method for evaluating thermal and circulatory
changes under different clinical conditions, and then to analyze recent scientific evidence
on the use of the facial, body, and appendicular thermal windows in dogs and cats.

2. Clinical Usefulness of IRT with Dogs and Cats

The IRT technique detects the radiation spectrum from an object between 7.5 and 13 pm
using a specialized camera that produces a thermal image visualized and interpreted
using special software [14]. IRT makes it possible to visualize surface changes in skin
temperature that can be correlated with the body region evaluated [1], for example, in cases
of osteoarthritis [15], spinal injury [16], conduct pass evaluations [11,17], infectious dis-
eases [18,19], and malignant neoplasias [20,21].

Contrasting from existing clinical methodologies, IRT has the advantage of its non-
invasiveness to assess the thermal state of animals without the need for physical or chemical
restraint [2]. It is considered a non-contact complementary technique that does not require
setting devices on the animals’ bodies [22] and may represent a useful method to avoid
stress-induced hyperthermia due to handling [23,24]. Additionally, it is safe for animals [25],
and the surface temperature changes can be evaluated in real-time with automated or
handheld devices [26,27].

Hildebrandt et al. [28] observed that some types of lesions in local tissues are related
to variations in blood flow that affect surface temperature, just as inflammation fosters
hyperthermic states. IRT’s capacity to detect temperature variations is useful for evaluating
skin wounds or lesions and detecting changes associated with hypothermia—degeneration,
reduced muscular activity, decreased blood perfusion—among other areas of study where
findings suggest that it can be used as a diagnostic instrument. This is the case, as well,
of some neurological disorders [29,30], surgeries [2], degrees of pain [31], urological prob-
lems [32], cancer [20], and infectious diseases [19].

IRT is not limited to identifying areas where local temperature increases, as in most
inflammatory processes such as dermal lesions and wounds. It can also recognize changes
associated with decreased temperature due to tissue degeneration or reduced muscle
activity. In patients with neurological disorders, the decline in surface temperature in
the site of injury [29,30], as well as the detection of hypothermia associated with a blood
perfusion failure in individuals with thromboembolic cases, can be determined by IRT [33].
Similarly, the drop in temperature during tissue surgery can aid in identifying the viable
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conditions of a graft, hypoperfusion states [2], or estimate the presence and degree of
pain [31,34].

Thermal windows are used to evaluate these states, where changes in blood perfusion
allow the thermal exchange with the environment [3,35-37]. However, in companion
animals, the most appropriate body regions to quantify the superficial thermal response
have not yet been established [38] because the sensitivity and specificity of these regions
can be affected by internal and external factors that alter the vascular modulation of
the ANS towards different stimuli [14]. Due to discrepancies in the available literature
regarding thermographic research on different anatomical areas, it is necessary to establish
the sensitivity and specificity of these regions to determine whether they represent a tool to
recognize surface microcirculation mediated by the ANS activity [14]. Therefore, the current
literature regarding the use and possible validation of each region applied in companion
animals will be discussed below.

3. Facial Thermal Windows

Studies of the facial region have described several thermal windows: the lacrimal
caruncle [9,12,39,40], the eyeball [41], and the ear [22,42]. Some authors even suggest
evaluating the entire area of the face [43]. In the cranial region (regio cranii), the auricula
(regio auricularis) has been described as an area whose vascular response is associated with
inflammatory, painful, and stressful events [22,42]. This region and the ocular window
(oculi) in veterinary medicine are currently used as thermal windows to evaluate the
infrared response [31,35,38].

The thermal window most widely analyzed in dogs is the caruncle (Figure 1) [44].
This region receives blood circulation from two main arteries, the supraorbital artery
(supraorbitalis) and the infraorbital artery (infraorbitalis), from which emerges a capillary
called the lacrimal (lacrimalis) that provides circulation to the lacrimal gland [45]. Its in-
nervation is provided by the infraorbital nerve (infraorbitalis), derived as a branch of the
facial nerve (facialis), considered a sensitive area that responds to the activity of the Sym-
pathetic Nervous System (SNS) [41,46]. For this reason, the lacrimal caruncle has been
extensively studied in animals to assess the ANS activity related to painful and stressful
events [8,10,40,47,48].

A. supraorbitalis

V. supraorbitalis V- OPhthaimica 5 oonihaimica

° externa
36.1°C oC A infraorbitalis
.70 V. infraorbitalis Plexus
I pe ophthalmicus
. A. angularis ocul

351 DC V. angularis oculi ¥ A.y v. temporalis
superficialis

A. dorsalis nasi
V. dorsalis nasi

Plexus
pterygoideus

A. maxillaris
V. maxillaris

A. lateralis nasi
V. lateralis nasi

A. carotis
communis

V. linguofacialis

A labialis superior

V. labialis superior palatinus V. facialis
A. facialis . 3
A.y v. lemporalis \ V. jugularis

profunda externa

Figure 1. The thermal window of the lacrimal caruncle (El1). This window considers the region of the
medial canthus of the upper and lower eyelids (A), which receive circulation from the supraorbital
and infraorbital arteries (B). The latter holds sympathetic innervation from the infraorbital branch of
the facial nerve, responsible for the autonomic hemodynamic activity of this region. Thermal images
obtained using a FLIR thermal camera (Wilsonville, Oregon, U.S.).
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On the other hand, the pinna or ear region presents a vasculature coming from the cau-
dal auricular artery (auricularis caudalis), dividing into three branches: the lateral (lateralis),
intermediate (intermedius), and medial (medialis). The branch of the facial nerve (facialis),
known as auriculopalpebral (auriculopalpebralis), innervates this region [45], as shown in
Figure 2 [49].

Ramus Ramus
auricularis auricularis

| medialis intermedius

Ramus
auricularis
lateralis

V. auricularis
lateralis

A auricularis profunda

A. auricularis
caudalis

V. maxilaris

V. jugularis

V. angularis oculi
externa

V. linguofacialis
A. facial

Figure 2. The thermal window of the ear. This window considers the auricular region marking a

A. carotis
externa

circle of approximately 2 cm (El1) to obtain the irradiated temperature of the tympanic membrane or
the inner ear (A). This region presents irrigation from the deep auricular artery and three branches
that allow thermal exchange with the environment (B) through vasomotor changes. Thermal images
obtained using a FLIR thermal camera.

Travain et al. [8], for example, evaluated the usefulness of IRT for measuring degrees of
stress in 14 dogs, reporting that the surface temperature of the lacrimal caruncle increased
during the examination period, in contrast to the measurements obtained before and
after the clinical check-up. They determined that a reduction in the level of activity had
occurred, so this response was more sensitive for determining stress of psychogenic type.
The biological explanation is that, during stress events, sympathetic activation causes
an increase in temperature, known as stress hyperthermia [24], a phenomenon that is
present in other species such as laboratory rats [50,51] and sheep [46]. In canines with
separation anxiety, IRT applied in the same thermal window has detected an increase in
ocular temperature when the owner is absent; however, an increase was also registered
when the animal was in contact with the owner. These results show that, although ocular
temperature responds to autonomic activity, it can have positive and negative valence [52].

This situation was discussed in a complementary study by Travain et al. [6], which
analyzed the emotional responses of 19 dogs to potentially pleasant events (the presence of
food in the form of candies or kibble) by evaluating their physiological (cardiac frequency)
and cardiac responses (heart rate variability), and behavior, in addition to using IRT. Those
authors observed that the temperature of the lacrimal caruncle and the cardiac frequency
increased during positive stimulation but with no modification of heart rate variability.
They also reported behaviors associated with excitation that occurred in the presence of the
candies, manifested by greater tail movement.

The scientific evidence shows that the lacrimal caruncle’s temperature has significantly
increased due to the activity of the ANS associated with potentially stressful events, being
a non-invasive indicator of this state or negative emotions such as anxiety or fear in
companion animals [41,53]. Likewise, Travain et al. [54] mention that IRT on the ocular
surface could also help study the temperament of animals due to the lateralization of
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blood circulation that results in different thermal patterns, depending on the reaction of the
individual, the nature of the stressor, and the previous animal experiences.

There are no studies of canines similar to Stewart et al.’s work [47] with 30, 4-month-
old bovines after castration, which established the presence of a cardiovascular response
associated with pain due to activation of the SNS and found that the increase in the surface
temperature of the lacrimal caruncle was related to higher blood pressure and cardiac
frequency. Those authors also observed that this occurred synchronically with an increase
in blood catecholamine levels, indicating that the thermal response of the lacrimal caruncle
recorded by IRT is closely related to the activity of the ANS. The above mentioned is similar
to observations of the authors in dogs (Figure 3). These results suggest that this technique
and region could indirectly register autonomic activity in animals, unlike observations in
humans [9].

36.1 Sp1 32.5°C oC

Ell 33.1°C
.l 29.1.°C

36.2°C oC
314 °C
34.9 °C
35426

ElL

35.7 +Sol.

El1 Max
I Min

Average

38.1°C40C
38.2°C
33.9 °Ci
36.6 °C

/.\591

23.1 $FLIR

Figure 3. Facial thermal windows in the dog and cat: (A) Lacrimal caruncle. The lacrimal caruncle
(EI1) is shown in the eye region of a 4-year-old dog prior to surgery. This area runs from the medial
commissure of the eyelid to the mid-region of the eye. Additionally shown is the temperature of a dog
at rest. The maximum temperature was 36.9 °C (red triangle), the minimum was 32.3 °C (blue triangle).
(B) Lacrimal caruncle (El1). This image shows modifications in the same dog after 2 h of concluding
the surgical procedure with a decrease of 3.8 °C from the maximum (33.1 °C, red triangle) and 3.2 °C
from the minimum (29.1 °C, blue triangle) generated by the perception of pain during the surgical
procedure that activated the ANS, causing a reaction that consisted of peripheral vasoconstriction
with a decrease in surface circulation that reduced the irradiated temperature. This would explain
the thermal reaction observed. (C) Ocular region. Image showing the ocular thermal window (EI1) of
a 4-year-old feline wounded by the attack of a conspecific. This thermal window covers the entire
interior zone of the eyeball. The maximum ocular temperature recorded was 37.3 °C (red triangle),
the minimum was 33.9 °C (blue triangle) while the animal was comfortable or at rest. (D) There is an
increase of 0.9 °C in the maximum temperature (38.2 °C, red triangle) due to peripheral vasodilation.
This vasomotor response is a consequence of proinflammatory mediators (e.g., histamine) released
after the injury. Sp1: default focal point of the software. Thermal images obtained using a FLIR
thermal camera.
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Zanghi [22] reported that the temperature of both the eye and auricular region showed
a direct relation (2 = 0.67 eye, r = 0.61 ear) to rectal temperature in 32 dogs during exercise.
They observed that rectal, eye, and auricular region temperatures decreased significantly
as the exercise duration increased. These events differ to what Elias et al. [12] recently
found when evaluating thermal stress and vascular responses before and after exercise in
465 greyhound dogs by recording average eye temperatures. They discovered that the eye
temperature increased after exercise and, also, that the temperature of the right eye was
more sensitive to changes but suggested the need to consider environmental and biological
factors when detecting stress during exercise.

These findings prove that circulation in specific structures—especially the eye—responds
more to ANS activity than the auricular region. Thus, it presents an effective technique for
demonstrating degrees of stress in animals.

Regarding the relation of IRT to pain evaluation scales, the results are discrepant.
For example, Lush and Ijichi [5] evaluated the behavioral and physiological responses of
20 dogs after orchiectomy. They affirmed that the temperature of the lacrimal caruncle
could not be associated with pain scores (r = —0.107), though they did observe a tem-
perature increase in that region. A separate study conducted on 30 bitches subjected to
ovariohysterectomy under three epidural analgesia protocols reported that the temperature
of the lacrimal caruncle did not show significant differences between groups. This effect
was attributed to the analgesia provided, an element that was corroborated with the score
obtained in two postoperative pain scales (the Dynamic Interactive Visual Analogue Scale
and the University of Melbourne pain scale) [55]. While this led to the observation that the
lacrimal caruncle presents vascular and thermal responses that accord with ANS activity,
it raises questions about IRT’s sensitivity and specificity when used in this region. It is im-
portant to note that some authors sustain that optimizing evaluations of thermal responses
during painful events requires performing IRT in association with facial expressions. This
approach helps determine the degree of pain during surgical processes or periods of inten-
sive care. As expression intensity is accentuated, it can be correlated with thermal responses
at a sensitivity of 75% [56,57].

Evidence for eye temperature relevance in cats is clear, at least according to Foster and
Ijichi’s [41] report on an evaluation of 34 cats in stress situations under distinct breeding
conditions in which IRT was applied to the central region of the eye. Those authors
observed that temperature correlated significantly with acceptable scores for the profile
of feline temperament (12 = —0.37, p = 0.028) and established that eye temperatures were
higher in older cats and those housed individually than those kept in groups.

Another field of evaluation of thermographic responses in cats involves stress induced
by separation from the owner. Observations showed that the auricular region temperature
decreased during separation but registered an increase as soon as the owner returned
to contact with the patient [42]. The thermal window of the auricular pavilion (pinna)
has also been used in companion animals to evaluate responses to stress in these species.
Reimer et al. [42] examined the ear temperature (in both ears) in six dogs subjected to a
2-minute-social isolation test from the owner. The temperature in both ears decreased by
0.2 to 0.6 °C during separation and increased in the owner’s presence (between 0.4 and
0.7 °C). In contrast, the opposite effect has been observed in cats. In a study conducted on
41 domestic felines from one to eight years old, the animals were divided into two groups
according to serum cortisol levels (high: 7 mcg/dL, and low: 3 mcg/dL) and were exposed
to transport and an unknown environment to quantify the ear temperature. After the
stimulus, the temperature (0.19 °C, p < 0.04), glucose, and cortisol increased significantly;
however, a correlation between both factors could not be established. The authors also
reported that the right ear but not the left ear temperature is related to stress-induced
cortisolemia [58].

These results lead to questioning the usefulness of the thermal windows and IRT
in general. As Polgér et al. [59] mentioned, thermography can be influenced by a wide
variety of factors that could alter the accuracy to assess the valence of the emotional state
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of animals. IRT indicates a level of arousal and autonomic activity but does not assure
that increases or decreases in temperature are attributed to a negative or positive stimulus.
In contrast, in dogs, tympanic membrane temperature has been suggested as a suitable
method to monitor temperature, as it is closely related to the standard method of rectal
measurement, with a mean difference of 0.39 °C between both [60].

Sousa et al. [61] measured the ear temperature to estimate the standard rectal method
in cats. In this study, 29 healthy cats were evaluated for two weeks, observing that ear
temperature maintained a direct correlation with rectal temperature (2 =0.96). Likewise, in
32 dogs, it has been observed that the ocular and auricular temperature maintained a direct
correlation with the rectal temperature (r* = 0.67 eye, 1> = 0.61 ear), considering the auricular
region as an area that reflects accurately thermal rectal values [22]. In contrast, in a study
conducted on 19 domestic cats, the ear and rectal temperatures had a weak correlation
(r? = 0.62) with mean differences of 0.07 °C and limits of 1.43 °C [62]. These results are
similar to those obtained by Nutt et al. [63], who evaluated the temperature in three
anatomical regions (pinna, perineum, and gingiva) of 188 domestic shelter cats. A poor
agreement was observed between ear IRT and rectal temperature using Bland—-Altman
analysis; furthermore, the mean values ranged from 0.7 to 1.3 °C. The researchers suggest
that this tool does not offer reliable values to support its clinical use in the aforementioned
regions. The main limitation reported in the ear is the presence of hair or secretions in the
external auditory canal that can alter the values readings and interpretations [42,62,64].

The nasal plane has been used to determine the degree of comfort of canines under-
going radiotherapy for intranasal tumors. In a clinical case report of a shikoku inu dog
(a breed native to Japan), nasal IRT showed an increase of up to 4.1 °C after radiotherapy,
reaching a maximum temperature of 42.3 °C. In humans, the increase in skin temperature
after such treatments is associated with stress and pain. However, in the shikoku inu dog
used in the study by Saeki et al. [65], the lack of behaviors associated with pain or stress in
the patient, and the late response of the increase in temperature (120-140 min after radio-
therapy) did not establish a relationship between hyperthermia and pain. Despite these
findings, other authors recommend evaluating the entire facial region, or the face itself,
since observations in human medicine—according to recent reports based on assessments
spanning the ears, nose, lips, and cheeks—could be associated with the degree of comfort
that an individual feels at a precision as high as 85% [43,66]. Considering the entire facial
region or specific thermal windows could represent a complimentary assessment through
IRT. However, some environmental and technical factors must be considered before and
during the application of IRT in animals.

Although the evidence and the use of IRT make it a useful complementary tool for
clinical practice in veterinary medicine, in both humans and animals, environmental, indi-
vidual, and technical aspects are reported as factors that can influence the values obtained
by the IRT [67]. Solar radiation, humidity, and wind speed in animals can affect their
reading. For example, direct solar radiation can increase the temperature of the different
thermal windows by up to 0.5 °C, similar to what was reported by Loughmiller et al. [68],
who observed in pigs that environmental temperature had a significant linear relationship
with body surface temperature (slope value = 0.40 °C).

This environmental temperature influence has shown in equines a relationship with
the IRT measured in the carpus region (r2 = 0.88) [69], so that the climate conditions are
a factor that, preferably, must be controlled to avoid variations. This has been applied in
dogs by controlling the room temperature at 21 °C to unify the characteristics and obtain a
reliable IRT reading [11].

The presence of wind is another factor that, contrary to solar radiation, can cause the
ocular surface temperature to drop by 0.7 °C [70]. Therefore, these environmental factors
can influence the IRT reading and must be considered or controlled by the evaluators for a
correct results interpretation. In addition, biological elements such as the different species,
the presence of hair, fur color, and the presence of fluids may also need to be evaluated,
together with laterality.
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The technical aspects are another variable that must be considered when using ther-
mographic cameras. In humans, it is reported that technical factors such as the type of
camera and the degree of resolution can affect the temperature measurement. According
to some authors, the resolution of 320 x 240 pixels is recommended since it allows the
detection of minimal changes in surface temperature, a process that is difficult with low
image resolutions [2,15,71]. This factor is also closely related to the camera lens type since
some lenses are coated with diamond or germanium films that allow infrared radiation
to be captured, while other types of cameras with a compound lens system process the
infrared radiation in an electronic circuit [2,72].

Therefore, it is important not only to establish the thermal window, recognizing
that the eye region—the lacrimal caruncle or ocular area—is especially efficacious for
determining the degree of thermal equilibrium under stress when compared to the ear,
but also considering the type of camera and external factors that can alter IRT readings in
companion animals.

4. Appendicular Windows

In addition to the facial thermal windows just discussed, the thoracic (membri thoracici)
and pelvic limbs (membri pelvini) have been proposed for evaluating specific pathologies,
such as inflammatory problems (Figure 4). The hip (regio articulationis coxae), shoulder (regio
articulationis humeri), knees (regio genus cranialis), and elbows (regio olecrani) are regions
susceptible to changes in the emitted radiation. In the case of the thoracic limb, this region
is supplied by the axillary artery (arteria axillaris) emerging from the first rib and continuing
as the deep brachial artery (profunda brachii); in the forearm as the deep ante-brachial artery
(profunda antebrachii), and is divided into various branches at the distal level: in the palmar
carpus (ramus carpeus palmaris) and the palmar (ramus palmaris) [45].
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Figure 4. Modified thermal windows in forelimbs and hindlimbs for complementary diagnoses of
inflammatory pathologies: (A) Complementary diagnosis of a metacarpal fracture. The rectangular
figure (Bx1) shows a significant temperature increase in the metacarpal region of the right pelvic
limb with a maximum of 37.2 °C (red triangle) and a minimum of 24.2 °C (blue triangle). This was
associated with a fracture of the metacarpal bones in a 4-year-old male boxer dog. It is important
to note the minimum temperature reduction, which could be related to a lack of local circulation
produced by the destruction of surface blood vessels. In contrast, the maximum temperature is
associated with the inflammation of peripheral tissues. (B) Complementary diagnosis of articular
pathologies. The circular figure (El1) shows the significant increase in temperature with a maximum
of 36.4 °C (red triangle) and a minimum of 34.6 °C (blue triangle) in the tibia-femoral-patellar joint of
a male Pitbull dog with a cranial cruciate ligament rupture, manifesting a <3 C° limp or surrender,
in the left pelvic limb. Both cases show that IRT can provide a complementary, non-invasive method
that aids in initial approaches to patients that have suffered trauma. Sp1: default focal point of the
software. Thermal images obtained using a FLIR thermal camera.

82



Animals 2022, 12, 789

El  Max.38.9°C

Average 38.3 °C

Figure 5 shows the vascularization of the pelvic limb. This is derived from the external
iliac artery, derived from the femoral artery (femoralis) that, at the medial level of the femoral
region (regio femoralis), continues as the saphenous artery (saphena) and divides into the
caudal femoral artery distal (caudalis femoris distalis) and in the caudal tibial (tibialis cranialis)
and cranial (fibialis caudalis) artery [45].
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Figure 5. Appendicular window: (A) Femoral thermal window (EI1). The tracing of this window is
through an ellipse of approximately 3 cm located in the cranial region where the quadriceps femoris
muscles (quadriceps femoris) lie and considering the cranial region of the tensor fasciae latae (tensor
fasciae latae). (B) Circulation at the femoral level. The femoral thermal window obtains its circulation
from the femoral artery (arteria femoralis) and its branch with the lateral circumflex artery (circumflexa
femoris lateralis) that nourishes the previously described muscles that confer the importance of this
window for the evaluation of the temperature. Thermal images obtained using a FLIR thermal camera.

The high density of blood vessels in the fore and hindlimbs permits visualization of
the heat exchange through IRT, particularly during exercise. Rizzo et al. [73] evaluated
the surface and body temperature of ten Jack Russel Terriers during 15 min walks, 10 min
jogs, and 10 min gallops. After each event, the superficial temperature of the neck, flanks,
ribs, back, inner thigh, and eye was collected. The results showed that the superficial
temperature in the inner face of the thigh and the eye had a significant increase (p < 0.0001),
together with increases in rectal temperature, hemoglobin levels, hematocrit, and red blood
cells counts during the jogging phase (p < 0.05), due to the increase in blood flow in response
to muscle activity. A similar event has been reported in the gastrocnemius, biceps femoris,
and gracilis muscles in healthy dogs walking for 11 min. When applying a separate analysis
of each muscle region, the biceps femoris and gracilis showed an increase in temperature
after walking, unlike the gastrocnemius muscle; furthermore, a significant difference was
detected between the temperatures of the right and left extremity [74].

Sturion [75] also applied the study of muscle groups and joints, together with cortisol
levels, to determine the levels of stress and pain present in animals after performing the
exercise. The author found a positive correlation between elevations in IRT, serum cortisol
levels, and tympanic temperature. Therefore, detecting alterations in the muscular blood
flow of broader regions such as the thoracic and pelvic limbs offers information about the
muscular activity.

One study that postulates the use of appendicular thermal windows was conducted
by Sung et al. [20], who evaluated 40 dogs using thermal windows in areas of the shoulder,
elbow, paw, hip, knee, and hock. They were able to identify surface temperature differences
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between the extremities affected by bone neoplasms and reported a statistically significant
difference in the average temperature between the regions of interest in their study groups
(0.53 4 0.14 °C) with a success rate of 75%-100% for identifying bone injuries.

In contrast, specific thermal windows such as those of the joints have not produced
conclusive findings [15]. This was reported by Alves et al. [11], who collected 900 images
of 50 work dogs, which considered the region from the last lumbar vertebra to the first
coccygeal vertebra in dorsal position, while in the lateral direction, they focused on the
greater trochanter region in the center. Those researchers determined that the temperature
of the trochanter region was significantly higher (28.5 & 2.8 °C) than the dorsal region
(25.3 £ 9.1 °C) and mentioned a low correlation between these two regions (r* = 0.10,
p =0.03). These findings demonstrate that a joint such as the hip offers a thermal window
that is more sensitive for diagnosing joint diseases in dogs.

Findings for cats are similar since correlation analyses of thermographic results of the
region of affected tissue with the histological subtype and tumor degree in 11 cases of feline sar-
coma and 31 patients with tumors in the skin or soft tissues showed that mean temperature was
significantly higher in malignant tumors than benign ones (35.4 + 01.8 °C vs. 34.4 & 1.7 °C),
and those temperatures above 34.7 °C could be associated with malignancy. That study
reported a sensitivity of 76% and a specificity of 80% (p = 0.01) [76]. Studies performed to
date in this species and dogs agree that IRT can be a sensitive, efficacious tool for clinically
differentiating malignant from benign tumors and could aid in arriving at timely prognoses
in oncological patients.

A similar response has been reported in evaluations of more specific appendicular
regions, such as the gastrocnemius, biceps femoris, and gracilis muscles. For example, in healthy
dogs during an 11 min walk, the analysis of individual muscles showed that the femoral
biceps and gracilis presented temperature increases after the walk that were not evident
in the gastrocnemius muscle. In addition, those authors observed a significant difference
between the right and left limbs [74]. Thus, isolated muscle structures could provide an
additional, more exact, window for evaluating thermal and vascular responses to exercise
(Figure 6).

However, controversy has emerged because some studies report the presence of
a significant influence related to the type of fur (short vs. long) that could alter IRT
evaluations [77,78]. According to Nomura et al. [79], IRT was used as a complementary
method in evaluating the condition of the knees of 30 dogs using the lateral, cranial, and
medial faces of the joint. Those authors found no differences in the dogs’ facial expressions
during their assessment of this anatomical region but did observe that the temperature was
3 °C higher in the dogs with short hair than those with long hair.

This observation was reaffirmed by Kwon et al. [13] in their evaluation of the influence
of the characteristics of animals’ hair on the body surface, using 50 dogs acclimated to
solar light for 15 min. They later obtained images of the lateral face of the femoral region
and determined that the animals with a long, double coat of hair had lower tempera-
tures (28.14 + 0.31 °C and 28.25 + 0.23 °C) than those that had short hair (31.77 + 0.19 °C).
Those authors concluded that this feature must be considered when evaluating appen-
dicular extremities in this species using IRT. Something similar has been reported in
horses, in which a greater density of fur was associated with a lower shoulder temperature
(p < 0.001) [80].

Despite these discordant results, it has been suggested that IRT could aid in detecting
temperature decreases instead of increases. This proposal is related to hemodynamic
or ischemic alterations, where the literature includes reports of a negative correlation
between blood pressure and average and surface temperatures based on readings from
the elbow and carpal region in a porcine model [81]. Those findings indicated the need to
evaluate the diagnostic precision of IRT in cats with acute paralysis to differentiate between
aortic thromboembolism and non-ischemic conditions. That study reported that the mean,
maximum, and minimum temperatures were lower in the right pelvic limb than on the
left side. Moreover, the authors successfully identified that a temperature reduction of
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Bx1

less than 2.4 °C in the pelvic limbs was the point for differentiating ischemia compared to
controls. That work registered a sensitivity of 90% and a specificity of 100%, with positive
and negative predictive values of 100% and 86%, respectively [33].
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Figure 6. Thermal response of the femoral biceps muscle during moderate exercise. The thermal
window of the femoral biceps muscle has been proposed to determine dogs’ thermal state during
exercise. This muscle spans the lateral face of the cranial zone of the femoral region, from the middle
third of the femur to the proximal level of the distal epiphysis, 3 mm from the tibia-femoral-patellar
joint. This zone extends to the head surface of the femoral biceps that, finally, has a tendinous insertion
into the tibial tuberosity, represented by the rectangle (Bx1). (A) Thermal response of the femoral
biceps muscle prior to exercise. This image shows the thermal response of the femoral biceps muscle
(Bx1) with maximum and minimum temperatures of 34.7 °C (red triangle) and 31.6 °C (blue triangle)
in a 3-year-old, non-breed female at rest. (B) Thermal response of the femoral biceps muscle after
moderate exercise. The image shows the thermographic response after 15 min of moderate exercise
during a clinical assessment of the dog’s march. The significant increases of 2.3 °C (red triangle) and
3.5 °C (blue triangle) in the maximum and minimum temperatures stand out. It is suggested that this
response is due to the increase in dogs’ central temperature during physical activity, and hence the
femoral biceps muscle receives significant vascularization from the femoral artery. Sp1: default focal
point of the software. Thermal images obtained using a FLIR thermal camera.

In cats, the findings with IRT are similar to those in dogs. Quantifying the surface tempera-
ture at the limbs’ levels can help detect lesions, as seen in the study by Vainionpaa et al. [82],
who evaluated 103 cats diagnosed with joint-level injuries. These animals underwent a
physical examination, IRT valorization, and an owner questionnaire. The frequency of
injuries, examined through the IRT, presented a moderate agreement of 0.48 according to a
weighted kappa analysis with a confidence interval of 95%, while a low agreement was ob-
served between owner detection of pain and thermographic images. Particularly in felines,
implementing these non-invasive technologies is postulated as a valuable alternative for
stress-free management during daily clinical practice [54].

Finally, the literature has suggested that these windows can help determine the degree
of thermal comfort in neonatal animals. According to Reyes-Sotelo et al. [7], the low or
null capacity to thermoregulate, the evaporation of the amniotic fluid, and the contact with
cold surfaces are causal factors of hypothermia during this stage. In neonates, the femoral
and the shoulder region are postulated as potential thermal windows [83], as indicated in
humans [84].

Because of the nature of this corpus of evidence, the clinical use of appendicular
thermal windows is not yet widely disseminated, so its effectiveness compared to the facial
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region is not clear because of characteristics such as hair type and environmental factors
that reduce the reliability of these windows. Likewise, laterality probably plays a more
significant role in this region since evidence indicates that the right region is more sensitive
than the left. This topic must be considered in future studies.

5. Body Windows

Unlike the facial or appendicular thermal windows, thermal body windows have
not been described with great exactitude, as in the case of ruminants [35,38] or pigs [85],
species in which the thorax (regio pectoralis lateralis) or the abdomen (regio abdominis later-
alis) are proposed as possible thermal windows to estimate the degree of comfort when
exposed to extreme environmental conditions [86]. However, certain modified regions
have been explored to evaluate surface lesions, as in the case of descriptions of tumors [20].
In this regard, Pavelski et al. [21] reported that the surface temperature of the mammary
gland—inguinal or abdominal—was higher when affected by tumors than healthy glands.
This finding suggests that IRT could function as a method for the early detection and
localization of malignancy in mammary gland tumors. However, these observations await
corroboration in veterinary practice, especially in clinical medicine with dogs and cats.
When a malignant tumor develops, the presence of prostaglandins, serotonin, histamine,
and tumor necrosis factor causes peripheral vasodilation, an event that is not observable in
benign tumors [87,88]. Even though IRT is an innovative method that makes it possible
to detect early changes, the lack of sensitivity and specificity studies when applied to
specific body regions has reduced trust in the instrument. For this reason, one option
proposed consists of complementing IRT with other clinical tools. IRT is especially sensitive
to changes in the surface dermal microcirculation that occurs during skin and inflammatory
diseases, and neoplasms, among other conditions [89].

The clinical application of IRT to detect malignant tumors was studied in 11 cats with
feline sarcoma and 31 patients with skin or soft tissue tumors. Mean temperature was signifi-
cantly higher in malignant tumors compared to benign ones (35.4 £ 01.8 °C vs. 34.4 & 1.7 °C),
and when the temperature was higher than 34.7 °C, this finding was associated with the
malignancy of the tumors, with a sensitivity of 76% and a specificity of 80% (p = 0.01) [76].
In this way, both in dogs and cats, the studies agree that IRT represents a sensitive and effec-
tive tool for the clinical differentiation between malignant and benign tumors, contributing
to estimating a timely prognosis in oncological patients (Figure 7).

Other studies have established the use of specific thermal windows, such as the ventral
aspect of the neck. For example, Waddel et al. [90] evaluated 17 cats” hypothyroidism and
12 healthy cats by recording thermographic changes before and after cutting the animals’
hair. In addition, those patients were administered radioiodine to evaluate responses at
1- and 3-month post-treatment. Authors reported an IRT precision ranging from 80.5% to
87.5% for detecting the animals with hypothyroidism before and after the hair over the
ventral aspect of the neck was clipped. It might have been possible to corroborate their
findings by measuring serum thyroxine levels.

These results are similar to those observed in 15 Anatolia Shepherd bitches in which
thermal images were taken of the perianal and perivulvar regions to determine whether
IRT could detect estrus in this species. That study determined that the surface temperature
of these regions presented a non-significant increase related to serum progesterone levels
and percentages of keratinized surface cells. Despite these results, the authors state that IRT
could be a complementary tool for determining estrus in female dogs [91]. In addition, the
authors suggest that further studies are required to determine whether IRT, as in the case
of cattle [92] and pigs [93], can serve as a complementary tool to assess the reproductive
status of small animals.
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Figure 7. The thermal window of the mammary gland: (A) Healthy gland. The window of the
mammary gland (El1) is shown in a 4-year-old Doberman Pinscher female dog. A maximum
temperature of 38.8 °C (red triangle) and a minimum of 32.2 °C (blue triangle) can be seen. (B) Gland
with the presence of tumors. An 8-year-old female dog of the Maltese breed with 0.5 to 1 cm diameter
tumors in the left abdominal gland (El1). In this region, the temperature is 1.1 °C higher in the
maximum values (red triangle), while the minimum is 2.8 °C higher (blue triangle), compared to the
temperature shown in a healthy gland. The increase in temperature at the local level is due to cancer
cells releasing pro-inflammatory substances such as serotonin, histamine, prostaglandin F2 «, and
tumor necrosis factor & promoting vasodilation of superficial blood capillaries, causing an increase in
the radiation emitted. Thermal images obtained using a FLIR thermal camera.

The inguinal region and the gum are other body regions studied with IRT. These have
been shown to correlate moderately with the rectal temperature of 204 canines (p < 0.001
and p < 0.001, respectively), and, in particular, the gum temperature showed differences
of 1 °C when compared to the rectal temperature, obtaining a sensitivity of 90% and a
specificity of 78.6% to detect hyperthermia [94]. In contrast, another potential use of IRT in
companion animals could be for early detection of hypothermia in areas where postural
ulcers are usually present due to paralysis of the pelvic limb or severe spinal cord damage,
as in human medicine [95].

This broad panorama leads to the inference that the results of these isolated studies
of thermal body windows are inconclusive. Then, tasks for future research must include
establishing the degree of reliability of IRT testing and determining the exact windows
where specific conditions can be detected. Recent reviews suggest that windows such
as the thoracic region, complemented by thoracic and pelvic limbs analyses, could be an
effective method for evaluating thermal states in neonate canines, similar to findings in
human medicine [7,84].

Therefore, body regions may have additional considerations for utilizing the IRT
technique (e.g., type of pathology) over and above the factors mentioned about the other
windows since the evidence currently available is not conclusive, even though various
applications have been reported. The studies analyzed herein on body regions suggest that
areas such as the neck, perivulvar, and perianal zones could be helpful to thermal windows,
but it is necessary to establish their respective degrees of reliability.
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6. Conclusions

The current importance of IRT demonstrates its usefulness for the early, non-invasive
diagnosis of diverse inflammatory conditions, while results from some studies indicate that
it could be an important method for detecting and differentiating malignant vs. benign
neoplasms. Nonetheless, studies of regions such as the lacrimal caruncle, eye, or auricular
region in dogs and cats have shown that these zones are especially sensitive to the activity
of the ANS associated with stress factors. However, today’s evidence demonstrates that the
ocular region is a validated thermal window for cats with high sensitivity and specificity.
For this reason, it is necessary to establish whether this is true for dogs and other potentially
useful thermal windows. In addition, it is urgent to analyze biological and environmental
factors concerning thermographic evaluations of different anatomical regions.

Regarding the appendicular and body thermal windows, the factors mentioned more
strongly influence temperature dispersion, though one advantage is that they supply more
information on the conditions of the thermal state of animals during illness. It is important
to mention that using isolated regions such as the femoral biceps and gracilis muscles can
provide more precise information on thermal states after exercise or on local inflammatory
conditions in dogs. This technique has shown high sensitivity even in low circulation
conditions in felines.

Finally, the body and appendicular regions discussed show the greatest contrast
and discrepancies in their potential clinical use compared to facial windows. Therefore,
additional research is required to establish the sensitivity and specificity of these areas for a
possible future validation of the use of IRT in dogs and cats.
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