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Simple Summary: The following review is based on the use of infrared thermography as a method
to assess stress-related autonomic activity and its association with cardiovascular and heart rate
variability in domestic animals. Stress-induced hyperthermia is one of the main physiological re-
sponses of animals to a stressor. The increase in body temperature activates compensatory peripheral
mechanisms to increase heat dissipation and prevent further temperature increases. Changes in
skin blood flow cause alterations in cutaneous temperature, alterations that can be assessed through
infrared thermography and that will be discussed in the present review.

Abstract: Most of the responses present in animals when exposed to stressors are mediated by the
autonomic nervous system. The sympathetic nervous system, known as the one responsible for the
“fight or flight” reaction, triggers cardiovascular changes such as tachycardia or vasomotor alterations
to restore homeostasis. Increase in body temperature in stressed animals also activates peripheral
compensatory mechanisms such as cutaneous vasodilation to increase heat exchange. Since changes
in skin blood flow influence the amount of heat dissipation, infrared thermography is suggested as
a tool that can detect said changes. The present review aims to analyze the application of infrared
thermography as a method to assess stress-related autonomic activity, and their association with the
cardiovascular and heart rate variability in domestic animals.

Keywords: autonomic nervous system; infrared thermography; skin blood flow; surface temperature;
stress-induced hyperthermia

1. Introduction

The autonomic stress response to events that challenge the homeostasis of animals—
including distress, diseases, or pain—is modulated by both branches of the autonomic
nervous system (ANS): the sympathetic (SNS) and parasympathetic nervous system
(PNS) [1,2]. The coordination of the central and peripheral responses to a stressor in-
volves the hypothalamic–pituitary–adrenal (HPA) and the sympathetic–adrenomedular
(SAM) axes [3]. These systems activate physiological, endocrine, and metabolic adaptive
mechanisms to ensure the animal’s survival [4]. Among these changes, modifications in the
skin’s sympathetic blood flow can occur due to physical, mental, and thermal stress [5–7],
which can be non-invasively evaluated through infrared thermography (IRT) [8,9].
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The activation of the SNS during the perception of a stressor leads to cardiovascular
changes such as increasing heart rate (HR), vascular resistance, and body temperature
mainly by the action of catecholamines (e.g., norepinephrine (NE)) released from the
adrenal medulla as part of the “fight or flight” reaction [2,10]. Stress-induced hyperthermia
(SIH) is a phenomenon where body temperature increases due to cardiovascular changes
(tachycardia) inducing thermogenesis [11]. Increases in core temperature also activate
vasodilator mechanisms to increase heat exchange in skin blood vessels [12]. Since IRT
is a tool that can detect changes in the surface temperature of animals, it can indirectly
assess sympathetic-mediated vasomotor changes [13–16]. This article aims to analyze
the application of IRT as a method to assess stress-related autonomic activity, and their
association with cardiovascular and heart rate variability in domestic animals.

2. Importance of Evaluating the Activity of the Sympathetic/Parasympathetic Pathways

The stress response is mediated by the ANS and the balance between the SNS and
PNS [1]. Immediately after the perception of a stressor or a stimulus that threatens the
animal’s homeostasis [4,17,18], several physiological, endocrine, and metabolic changes
are triggered to restore homeostasis. The SNS modulates the activity of the cardiovascular,
gastrointestinal, respiratory, renal, and endocrine systems, among others [19]. Its activation
increases the HR, cardiac output, and blood flow to key organs (Figure 1) [1,20]. Increased
body temperature (BT) can also be observed as well as changes in the pupillary diameter as
the integrated fight–flight response [21–23].
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Figure 1. Schematic representation of the autonomic control of the cardiovascular function. Parasym-
pathetic (blue lines) and sympathetic nerves (red lines) control the responses of animals to stress.
Sympathetic-mediated responses involving the cardiorespiratory system (e.g., tachycardia, tachypnea,
or hyperthermia) are triggered by the action of pre- and post-ganglionic nerves (black lines) and
the projection of the stimulus through the sympathetic chain. In contrast, parasympathetic-related
responses, mediated by cardiac ganglia neurons, include decreases in heart rate, body temperature,
and respiratory rate, and increases in heart rate variability (HRV) depend on the regulation of the
vagal nerve on the sinoatrial (SA) node and the atrioventricular node (AV node). Green lines represent
the participation of sensory neurons.
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The sympathetic response is mediated by the locus coeruleus (LC) and the noradren-
ergic system. LC increases the release of NE to increase arousal and alertness [19,24].
Additionally, SAM releases the catecholamines epinephrine (E) and NE [1,20]. For example,
when rats are exposed to immobilization as the stressor, Pacak et al. [25] reported an in-
crease in the synthesis, release, and metabolism of NE in the paraventricular nucleus, the
central nucleus of the amygdala, the bed nucleus of the stria terminalis (BNST), and the
hypothalamus. Similarly, mice experiencing five days of restraint stress increased their NE
release in the BNST by 3.3 to 5-fold [26]. In the case of pigs, Bozzo et al. [27] studied the
activation patterns of the SAM and HPA axes during transport stress to determine the effect
that the journey duration and loading position have on the endocrine profile of animals
(plasma E, NE, and cortisol (CORT)). The authors found that pigs undergoing long journeys
(11 h long) had significantly higher concentrations of stress hormones (E: 19,414 ng/L;
NE: 17,469 ng/L; CORT: 139 nmol/L) than those transported for three hours (E: 9232 ng/L;
NE: 6227 ng/L; CORT: 94 nmol/L), which is associated with a higher level of stress. In
cattle, Rodríguez et al. [28] reported that Holstein–Friesian cows with lameness (mobility
score of 3) had higher NE concentrations (901.28 ± 33.66 pg/mL) than those with mobility
scores of 0 (655.83 ± 24.09 pg/mL) as a result of pain (an event that is also considered
a stressor).

One of the main noradrenergic responses to psychogenic stressors is tachycardia due
to increased plasma NE concentrations. Both E and NE can bind to adrenoreceptors (α1,
α2, β1, β2, and β3) present in the endothelial and cardiac tissue, modifying the cardiovas-
cular function [1,29,30]. In particular, β1 is mainly found in the heart and it regulates HR,
contractility, and plasma renin release, being directly involved in HR increases; however,
during stress reactions, β2 also contributes to tachycardia [31,32]. This has been observed
in dogs during veterinary examination, an event that is frequently associated with other
negative responses such as tachypnea, hypertension, mydriasis, hyperthermia, and in-
creased muscular tension [33]. This was studied in 30 dogs of different breeds and ages
during physical examination. When comparing average basal values in the waiting room
of 97.7 ± 19.6 beats per minute (bpm) against 123.21 ± 21.2 bpm in the consulting room, a
significant increase in the heart rate (HR) was observed, particularly when patted by the
examiner (138.0 ± 25.2 bpm) and during a simulated vaccination (133.8 ± 28.7 bpm) [34].

Another event that can increase HR in animals is thermal stress since increases in
HR and respiratory rate (RR) occur to promote heat dissipation, as reported in Boer goats
exposed to high environmental temperatures (26, 29, and 33 ◦C) [35]. In this study, when
animals were under air temperatures of 33 ◦C, HR and RR increased by 50% and pupillary
diameter significantly increased by 37%. Moreover, a strong positive correlation between
the increase in physiological parameters and pupillary diameter was found (r = 0.80) [35].
In cattle, Holstein bull calves maintained in non-shaded areas with an average temperature
of 44.3 ◦C had higher HR, particularly in the afternoon (22.3 ± 1.4 bpm). Furthermore, RR
also increased in non-shaded bulls [36].

Tachypnea increases the oxygen supply required by the high oxygen demand of
muscle tissue during stressful events [1]. In the case of sporting animals such as dogs
and horses, a higher RR increases the availability of arterial O2, which is facilitated by
the increase of cardiac activity and, consequently, the volume of blood ejected [37,38].
Martins-Pinge [39] mentions that the sympathetic branch of the ANS plays a key role in
modulating the cardiorespiratory system during aerobic exercise, adjusting its function
to the animal’s requirements. Therefore, the ANS is vital to achieving stability in adverse
conditions but also under physiological conditions of high demand such as exercise.

Another autonomous response that can be assessed in animals under stress is the
changes in the pupil diameter of the species. Pupils can contract or dilate according to the
level of activity of the ANS [40]. Noradrenergic and cholinergic circuits control the pupil
diameter and size by direct innervation to the sphincter and the dilator muscle [41–43].
In this sense, pupillary constriction is modulated by postganglionary parasympathetic
fibers through short ciliary nerves that innervate the pupillary sphincter diameter [44]. In



Animals 2024, 14, 1366 4 of 14

contrast, pupil dilation is associated with sympathetic predominance and innervation to
the iris dilator muscle and the release of NE after the activation of the ANS [45–47]. Due
to the connection between the NE and pupil control, pupil diameter could serve as an
indirect method to evaluate the activation of the ANS during stressful or painful events in
animals [46,47].

Machado et al. [48] evaluated the pupil area, BT, and CORT concentrations in 360 piglets
subjected to long-distance transport (75 km). The pupil area increased by 19.3%, along
with a significant increase in CORT by 2.37 ng/mL and BT by 1.24 ◦C. Additionally, high
positive correlations between pupil area, CORT, and BT were reported (r = 0.92, 0.90,
and 0.82, respectively). In cats, the reaction of the animals to restraint during a physical
examination was analyzed using the pupil dilation ratio, RR, and behavioral responses. In
comparison with animals receiving passive restraint, cats subjected to full body restraint
resulted in a larger pupil dilation ratio (approximately 0.7 vs. 0.45) and presented higher RR
(29 vs. 18 bpm) and lip licking (2.3 vs. 1.5 licks/min). This possibly reaffirms the idea that
activation of the ANS helps animals to compensate for changes during stressors and in this
way could recover their stability [49].

As shown above, CORT release is also associated with the activation of the ANS
because the response to stressors is mediated by the simultaneous activation of the SNS,
SAM, and HPA axes [19,50,51]. Several studies have reported increases in CORT levels
when animals are exposed to stressors such as heat stress. In this sense, Kim et al. [52]
found that Korean native beef calves exposed to high THI levels (87.72) had serum CORT
increases (17.1 ng/mL) as well as higher HR (73 bpm) and RT (39.9 ◦C) than calves under a
THI of 70.01 (4.8 ng/mL, 60.3 bpm, and 38.9 ◦C, respectively). Another example is during
equestrian events where horses can be exposed to potential stressors. Olvera-Maneau
et al. [53] studied this response in pure-breed Menorca stallions and the effect that these
festivals have on the salivary CORT concentration of animals. The authors found that
CORT significantly increased to up to 3.8 nmol/L during the event, suggesting that it
represents an acute stressor for the animals. Therefore, assessment of autonomic activity
can be an additional parameter to monitor health and the current state of the animals.

3. Heart Rate Variability and Its Association with Autonomic Activity

During the perception of a stressor, the activation of the ANS modifies the cardio-
vascular activity to mobilize energy resources [54]. As described by von Borell et al. [55],
the cardiovascular system is modulated by the ANS and its two branches: sympathetic
and parasympathetic, where both the SNS and PNS can increase or decrease HR, respec-
tively [1,56]. A predominant vagal (or parasympathetic) tone regulates cardiac activity
and maintains the beat-to-beat interval. A healthy heartbeat is characterized by irregular
time intervals between consecutive beats. This variability is consequent to the rhythmic
oscillation of the regulatory components of cardiac activity to maintain cardiovascular
homeostasis. When fluctuations in vagal tone are present, these can be related to variations
in the vagal nuclei activity, which are mediated by the baroreceptors. Thus, HR variability
(HRV) is affected by the responsiveness to O2 and CO2 levels in baroreceptors during the
respiratory cycle [57,58].

This could be related to Ille et al.’s [59] findings in 16 sport horses divided into two
groups according to their level of exercise experience. Salivary CORT, HR, HRV, and
standard deviation of the successive R-R interval were assessed. The authors observed that
the HR in both groups increased by 50 bpm after the exercise; however, HRV and standard
deviation of the R-R interval decreased by 20 ms. The decrease in both parameters is
indicative of increased sympathetic tone that shortens the interval between R-R complexes
and results in a greater number of heartbeats.

The presence of these oscillations can reflect the level of ANS activity—whether SNS
or PNS—by assessing the oscillation changes of HRV [60]. During potentially stressful
events such as pain or nociception, the shortening between R-R complexes occurs due
to tachycardia. Additionally, changes in the respiratory pattern stimulate baroreceptors
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and shift to a predominant sympathetic tone [61–64]. Currently, a numerical index to
assess the level of parasympathetic tone through HRV has been developed, known as the
Parasympathetic Tone Activity (PTA) index [64–66]. The PTA index is calculated using the
following formula: PTA = (100 + [α + aucMIN + β]/12.8) + 100/161, where the value for α is
5.1 and β is 1.2, predetermined values to maintain the coherence of the respiratory influence
on the series of RR intervals and the quantitative value of PTA. Thus, 100/161, 100/171, and
100/163 are predetermined coefficients for dogs, cats, and horses, respectively [67,68]. The
PTA index uses a 0–100 scale, where values close to 100 indicate a relative parasympathetic
tone, while those close to 0 represent diminished parasympathetic activity or a sympathetic
predominance [69]. Figure 2 shows a PTA index greater than 60% in a feline patient due to
the effect of the administration of anxiolytics.
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time values; yellow lines and numbers represent 2-min average values. Picture taken by the authors.

Some studies in both dogs and horses have suggested that PTA can help to recognize
the level of pain or nociception in animals during surgical procedures and assess the
analgesic efficacy of drugs [67,70]. For example, Leitäo et al. [71] applied this index in
healthy and anesthetized Large White pigs receiving a noxious stimulus and two types of
analgesics (ketorolac and ketorolac/tramadol). Pigs receiving both analgesic treatments had
a PTA mean value that was 30 units lower than pigs to whom drugs were not administered.
Moreover, the HR of animals without analgesia was 45 bpm higher than medicated subjects,
which reflects the ANS activation due to the painful stimulus. Similarly, Hernández-Ávalos
et al. [72] used the PTA index as a method to assess the level of postoperative analgesia in
30 healthy bitches undergoing ovariohysterectomy. Although no variation was observed in
the initial and postoperative value of the PTA index, a clinical relationship was observed
between an index value of 40–49 with a score below 10 on the University of Melbourne
Pain Scale, showing a sensitivity and specificity of 40% and 98.46%, respectively. Thus,
through the evaluation of HRV due to its regulation by the ANS, it is possible to determine
the predominant tone during adverse states such as pain or stress. It is therefore possible
that the evaluation of the same is likely to determine the degree of analgesia during
surgical procedures.
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In other studies, the PTA index has been used as a method to predict changes in arterial
pressure following the idea that changes in the sympathetic/parasympathetic balance alter
cardiovascular function. In anesthetized horses, Mansour et al. [68] determined that
values in the PTA decreased five minutes before hypotension, recognizing this event with
a sensitivity and specificity of 62.5% and 94.6%, respectively. Similarly, intraoperative
nociception and cardiovascular changes have been evaluated in Beagle dogs [73]. In
these animals, it was reported that the PTA index was able to detect nociception even
in the absence of cardiovascular changes, reaching PTA values as low as 25 ± 15. In
the same species, Mansour et al. [74] compared the effect of three anesthetic protocols
(morphine, morphine + medetomidine, and morphine + acepromazine) through the PTA
index to identify intraoperative hemodynamic reactions of animals. During cutaneous
incision, PTA values significantly decreased (range −21 to −23%) while increases in median
arterial pressure (MAP) (between +27–28%) and HR (between +3.5–10.8%) were registered,
except on animals receiving morphine + medetomidine. In contrast, Ruíz-López et al. [75]
reported that PTA values below 51 were associated with hemodynamic response in bitches
undergoing ovariectomy (increases in MAP but not in HR) but the sensitivity and specificity
of PTA were considered poor (69 and 52%) to predict these changes. Therefore, further
studies are required to establish the usefulness of PTA in assessing the cardiovascular
activity of the ANS when no significant changes are observed in the HR, as described by
Lima et al. [76] in cats undergoing ovariectomy. In this study, PTA was effective in detecting
nociception when increases in HR above 20% reflect the activation of the SNS.

4. Stress-Mediated Thermal Response and Its Assessment through Infrared Thermography

A phenomenon known as stress-induced hyperthermia occurs when the BT of animals
increases after the perception of a stressor [56,77]. When psychological stress is perceived
by the amygdala, projections to the dorsomedial hypothalamus and the preoptic area of
the hypothalamus (POA) modulate the mechanisms to increase core temperature [78].
Through the activation of the hypothalamic–medullary–sympathetic axis, catecholamines
are released, increasing cardiovascular activity [79,80]. Neurons located in the rostral
raphe pallidus nucleus and the intermediolateral cell column promote thermogenesis in
brown adipose tissue and cutaneous vasoconstriction [78,81,82]. Increases in NE can be
accompanied by increases in adrenocorticotropic hormone, CORT, and glucose, which
are known as stress hormones that increase the activity of the cardiovascular system and
promote heat production [83–85].

Increases in BT also involve peripheral thermoregulation mechanisms mediated by
the POA because mammals regulate their BT by balancing the amount of metabolically
produced heat and the one that is exchanged with the environment [86]. During the
perception of a stressor—and as a response to SIH—the diameter of cutaneous blood
vessels changes, promoting vasodilation to increase blood flow and heat dissipation [12].
Estimation of these vasomotor changes can be assessed through IRT in different body
regions called thermal windows [13,14]. Thermal windows are characterized by regions
with poor insulation or glabrous skin, rich vascular beds, and arteriovenous anastomoses
that facilitate heat transfer [86] and might be a tool that indirectly assesses the activity of
the SNS [15,16].

Ocular surface temperature has been correlated with autonomic modulation and
glucocorticoid concentrations, suggesting it as a biomarker for indirect assessment of ANS
activity [56]. In particular, the lacrimal caruncle is considered a region that reflects the
autonomic activity [87–89]. In this sense, Shu et al. [90] determined the correlation of
the ocular temperature of dairy cows under heat stress assessed in five points: medial
canthus, lateral canthus, eyeball, whole eye, and lacrimal sac. The highest correlation
between RT and RR was found in the lacrimal sac (up to 0.60), concluding that this region
should be considered as an adequate predictor of heat stress in animals. According to Mota
Rojas et al. [8], the blood flow of the lacrimal caruncle is provided by the orbital artery
and its branches (supraorbital and infraorbital artery) [91]. The suborbital artery receives
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sympathetic innervation from the facial nerve [92]. Therefore, changes in the surface
temperature of this region can reflect sympathetic-mediated responses on skin blood flow,
as shown in Figure 3. A pilot study made by the present authors evaluated the response of
six dogs during an exercise test, where the average temperature of the lacrimal caruncle
and the ocular surface was compared before and after exercise (jogging and 1000 m hiking).
In this study, increases in the temperature of both thermal windows were recorded (of up
to 1 ◦C) after 1000 m jogging. Additionally, the HR and RR of dogs also increased from
control measurements to the end of the exercise, reaching an increase of up to 111.4 bpm
and 50.6 rpm, respectively. This response is associated with a predominant sympathetic
tone that increases BT and triggers cutaneous vasodilation, as well as tachycardia and
tachypnea to compensate for the increased cardiac and muscular activity.
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Figure 3. Surface thermal response of dogs during exercise. (A) Control measurements of a Schnau-
zer dog. The maximum, minimum, and average temperature of the lacrimal caruncle (El1) and the 
ocular surface (El2) can be observed, being 36.4, 30.7, and 34.6 °C. (B) Surface temperature after 
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Figure 3. Surface thermal response of dogs during exercise. (A) Control measurements of a Schnauzer
dog. The maximum, minimum, and average temperature of the lacrimal caruncle (El1) and the ocular
surface (El2) can be observed, being 36.4, 30.7, and 34.6 ◦C. (B) Surface temperature after jogging.
When comparing the average values of the lacrimal caruncle and ocular temperature, a difference
of 1 ◦C and 0.4 ◦C, respectively, was reported, showing the increase in these thermal windows due
to peripheral vasodilation. Graphs (C,D) show the increase in the heart rate and respiratory rate of
the dogs included in the pilot study. Red triangle: maximum temperatures; blue triangle: minimum
temperatures. Images taken with a FLIR E60 thermal camera, lens FOL 18 mm, IR resolution of
240 × 180, emissivity of 0.95, distance from object 30 cm.

Arfuso et al. [93] used IRT to evaluate the response of sheep to acute stress during
a shearing procedure. By collecting blood samples, RT, and ocular surface temperature,
the authors found that RT and the temperature of the medial canthus after shearing sig-
nificantly increased by 0.5 ◦C. Simultaneously, increases in blood concentration of CORT
were registered, values that were positively correlated with surface and rectal temperature
(r = 0.70). Similarly, ocular surface temperature was assessed in thirty bull calves undergo-
ing surgical castration with local anesthesia and sham handling control surgical castration.



Animals 2024, 14, 1366 8 of 14

In the control animals, increases in HR (by 15 bpm) and eye temperature (by 0.47 ◦C
followed by a decrease of 1 ◦C) were found after the castration procedure. This coincided
with the significant increase of 7.3 ng/mL of CORT after castration, changes that are after
autonomic activity and the surface thermal response [2]. Figure 4 shows the preliminary
results obtained by the present authors when evaluating ocular thermal response of cats
exposed to a stressor (dog) and to the effect of a cat appeasing pheromone, stimulus known
to activate the sympathetic and parasympathetic system, respectively.

Animals 2024, 14, x FOR PEER REVIEW 8 of 14 
 

 

minimum temperatures. Images taken with a FLIR E60 thermal camera, lens FOL 18 mm, IR reso-
lution of 240 × 180, emissivity of 0.95, distance from object 30 cm. 

 
Figure 4. Thermal imaging to assess the autonomic response of cats exposed to different stressors. 
(A) Basal measurements in a male domestic shorthair cat. When the cat was not exposed to any 
stressor, a maximum temperature of the lacrimal caruncle (El1) of 38.6 °C, a minimum of 34.0 °C, 
and an average value of 36.1 °C was recorded. (B) After the exposure to an unfamiliar dog, an in-
crease in the three temperatures was observed, registering increases of 1.1 °C, 1.3 °C, and 0.8 °C, 
respectively. (C) After the use of a cat appeasing pheromone, it can be observed that the surface 
temperature decreased when compared to B values (average of 3 °C). Furthermore, the cat phero-
mones caused lower temperatures than basal values (as low as −2.5 °C) and this might be related to 
the calming effect of the pheromones due to a predominant parasympathetic tone. Images taken 
with a FLIR E60 thermal camera, lens FOL 18 mm, IR resolution of 240 × 180, emissivity of 0.95, 
distance from object 30 cm. Red triangles: maximum temperatures; blue triangles: minimum tem-
peratures. 

In calves subjected to disbudding, the maximum eye temperature measurements (lo-
cated at the lacrimal caruncle) detected changes between animals receiving local anesthet-
ics and those that did not receive analgesics. A sudden drop in temperature (−0.27 °C) 
followed by an increase in eye temperature of up to 0.60 °C was recorded in calves without 
local anesthetics, an alteration related to an acute sympathetic response to pain [94]. Dur-
ing heat stress Chikkagoudara et al. [95] reported that the eye temperature of young buf-
falo bulls increased significantly when the temperature humidity index increased (up to 
37.41 °C when the index was 48.34), showing that surface temperature can be used as an 
indicator of stress.  

Although these studies show that IRT can indirectly assess ANS activity, Sutherland 
et al. [96] mentions that HRV is a more sensitive method than IRT, as observed in their 
study evaluating the effect of E infusion on the temperature of the lacrimal gland and HRV 
in 20 Romney ewes. The authors found that the infusion of epinephrine increased the oc-
ular temperature (by 0.3 °C). However, increases in HR and changes in HRV were consid-
ered more sensitive to measure ANS activity. Thus, the cardiovascular changes that occur 
during stressful events can be detected through IRT. Using thermal imaging as a comple-
mentary tool to evaluate the response of animals to stress might help to recognize the 
predominant tone of the ANS. 

5. Perspectives about Thermal Imagining 
Due to the low sensitivity of IRT in comparison to other techniques, it has been sug-

gested that further studies should focus on the difference and comparison of the different 
thermal windows or anatomical regions [7,89]. Likewise, since pain perception is highly 
modulated by the SNS, IRT could be a useful tool to assess the analgesic effect of certain 
drugs, as observed in dogs under controlled procedures [97]. Moreover, Bergamasco et al. 
[98] reported that eye surface temperature is mediated by the ANS but the response can 
differ according to the age of the animal in calves undergoing unmitigated castration. 
Therefore, considering the age of the animals might be needed in future studies.  

Figure 4. Thermal imaging to assess the autonomic response of cats exposed to different stressors.
(A) Basal measurements in a male domestic shorthair cat. When the cat was not exposed to any
stressor, a maximum temperature of the lacrimal caruncle (El1) of 38.6 ◦C, a minimum of 34.0 ◦C, and
an average value of 36.1 ◦C was recorded. (B) After the exposure to an unfamiliar dog, an increase in
the three temperatures was observed, registering increases of 1.1 ◦C, 1.3 ◦C, and 0.8 ◦C, respectively.
(C) After the use of a cat appeasing pheromone, it can be observed that the surface temperature
decreased when compared to B values (average of 3 ◦C). Furthermore, the cat pheromones caused
lower temperatures than basal values (as low as −2.5 ◦C) and this might be related to the calming
effect of the pheromones due to a predominant parasympathetic tone. Images taken with a FLIR E60
thermal camera, lens FOL 18 mm, IR resolution of 240 × 180, emissivity of 0.95, distance from object
30 cm. Red triangles: maximum temperatures; blue triangles: minimum temperatures.

In calves subjected to disbudding, the maximum eye temperature measurements (located
at the lacrimal caruncle) detected changes between animals receiving local anesthetics and
those that did not receive analgesics. A sudden drop in temperature (−0.27 ◦C) followed
by an increase in eye temperature of up to 0.60 ◦C was recorded in calves without local
anesthetics, an alteration related to an acute sympathetic response to pain [94]. During heat
stress Chikkagoudara et al. [95] reported that the eye temperature of young buffalo bulls
increased significantly when the temperature humidity index increased (up to 37.41 ◦C when
the index was 48.34), showing that surface temperature can be used as an indicator of stress.

Although these studies show that IRT can indirectly assess ANS activity, Sutherland
et al. [96] mentions that HRV is a more sensitive method than IRT, as observed in their
study evaluating the effect of E infusion on the temperature of the lacrimal gland and
HRV in 20 Romney ewes. The authors found that the infusion of epinephrine increased
the ocular temperature (by 0.3 ◦C). However, increases in HR and changes in HRV were
considered more sensitive to measure ANS activity. Thus, the cardiovascular changes that
occur during stressful events can be detected through IRT. Using thermal imaging as a
complementary tool to evaluate the response of animals to stress might help to recognize
the predominant tone of the ANS.

5. Perspectives about Thermal Imagining

Due to the low sensitivity of IRT in comparison to other techniques, it has been sug-
gested that further studies should focus on the difference and comparison of the different
thermal windows or anatomical regions [7,89]. Likewise, since pain perception is highly
modulated by the SNS, IRT could be a useful tool to assess the analgesic effect of cer-
tain drugs, as observed in dogs under controlled procedures [97]. Moreover, Bergamasco
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et al. [98] reported that eye surface temperature is mediated by the ANS but the response
can differ according to the age of the animal in calves undergoing unmitigated castration.
Therefore, considering the age of the animals might be needed in future studies.

Currently, laser Dopler flowmetry is one of the main methods to non-invasively mea-
sure skin blood flow and recognize changes in microvascular perfusion [99]. In humans,
several studies have applied the combined use of IRT with Doppler flowmetry to assess the
angiospatic dysfunction of peripheral blood flow [100]. Authors such as Merla et al. [101]
established that combining laser Doppler, thermal imagining, and bio-heat transfer mod-
eling helps to discriminate healthy patients from those with impaired blood flow, but
that thermal imaging is considered a faster technique for real-time detection of cutaneous
perfusion alterations.

Other studies propose a thermal-associated pain index using skin conductance, HRV,
and peripheral perfusion to optimize pain assessment in patients. Although this index
has only been studied in humans, it has shown a sensitivity above 70% to detect pain,
suggesting that it could be adapted to veterinary medicine. Furthermore, estimation
of the HRV using facial thermal imaging is proposed as a contactless method to iden-
tify cardiovascular changes affecting HRV and HR, showing strong positive correlations
(r = 0.7 and 0.67, respectively). Using IRT in combination with other techniques is suggested
as a reliable protocol to recognize the activation of the ANS.

We used parallel or series measurement to increase the sensitivity and specificity of
IRT measurements, and even compared the predictive value of thermal imaging to assess
activation of the ANS [102]. For example, in humans, IRT as a diagnostic tool has a positive
predictive value of 72.2, a negative predictive value of 93.3, and an overall sensitivity,
specificity, and accuracy of 87.1, 87.2, and 89.7, respectively [103]. However, most studies
have been performed in humans and a large variation in sensitivity and specificity due
to operating characteristics has been reported. Therefore, its application in veterinary
medicine, together with other tools, needs to be evaluated. Moreover, automatic systems
adopting infrared thermography could be another strategy that could help recognize shifts
in the activity of the ANS that might be related to stress or pain [104,105]. This could be
useful in clinical or farm settings where a prompt recognition of autonomic alterations
might prevent further alterations in animals.

6. Conclusions

Changes in the skin blood flow—vasoconstriction or vasodilation– due to stress are
mediated by the ANS. Oscillations in skin blood flow modify the skin temperature, a
parameter that can be assessed through IRT. During the perception of a stressor, the
sympathetic predominance causes an increase in RT as well as in the surface temperature
of animals. In particular, thermal imaging focused on the lacrimal caruncle is considered an
adequate predictor to evaluate the activity of the ANS due to the predominant sympathetic
innervation in this region. However, since IRT interpretation depends on the thermal
window of animals, thermal imagining is recommended as a complementary method that
should be used together with other sensitive and specific techniques (e.g., laser Doppler) to
determine the autonomic control of skin blood flow.
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4. Karaer, M.C.; Čebulj-Kadunc, N.; Snoj, T. Stress in Wildlife: Comparison of the Stress Response among Domestic, Captive, and
Free-Ranging Animals. Front. Vet. Sci. 2023, 10, 1167016. [CrossRef] [PubMed]

5. Muller, M.D.; Sauder, C.L.; Ray, C.A. Mental Stress Elicits Sustained and Reproducible Increases in Skin Sympathetic Nerve
Activity. Physiol. Rep. 2013, 1, e00002. [CrossRef] [PubMed]

6. Metzler-Wilson, K.; Toma, K.; Sammons, D.L.; Mann, S.; Jurovcik, A.J.; Demidova, O.; Wilson, T.E. Augmented Supraorbital Skin
Sympathetic Nerve Activity Responses to Symptom Trigger Events in Rosacea Patients. J. Neurophysiol. 2015, 114, 1530–1537.
[CrossRef] [PubMed]

7. Luzi, F.; Mitchell, M.; Nanni Costa, L.; Radaelli, V. Thermography: Current Status and Advances in Livestock Animals and in Veterinary
Medicine; Fondazione Iniziative Zooprofilattiche e Zootecniche: Brescia, Italy, 2013.

8. Mota-Rojas, D.; Martínez-Burnes, J.; Casas-Alvarado, A.; Gómez-Prado, J.; Hernández-Ávalos, I.; Domínguez-Oliva, A.; Lezama-
García, K.; Jacome-Romero, J.; Rodríguez-González, D.; Pereira, A.M.F. Clinical Usefulness of Infrared Thermography to Detect
Sick Animals: Frequent and Current Cases. CABI Rev. 2022, 2022, 1–27. [CrossRef]

9. Mota-Rojas, D.; Ogi, A.; Villanueva-García, D.; Hernández-Ávalos, I.; Casas-Alvarado, A.; Domínguez-Oliva, A.; Lendez, P.;
Ghezzi, M. Thermal Imaging as a Method to Indirectly Assess Peripheral Vascular Integrity and Tissue Viability in Veterinary
Medicine: Animal Models and Clinical Applications. Animals 2023, 14, 142. [CrossRef] [PubMed]

10. Ziemssen, T.; Siepmann, T. The Investigation of the Cardiovascular and Sudomotor Autonomic Nervous System—A Review.
Front. Neurol. 2019, 10, 53. [CrossRef]

11. Mota-Rojas, D.; Miranda-Córtes, A.; Casas-Alvarado, A.; Mora-Medina, P.; Boscato, L.; Hernández-Ávalos, I. Neurobiology and
Modulation of Stress-Induced Hyperthermia and Fever in Animals. Abanico Vet. 2021, 11, 1–17.

12. Mota-Rojas, D.; Wang, D.; Titto, C.G.; Gómez-Prado, J.; Carvajal-de la Fuente, V.; Ghezzi, M.; Boscato-Funes, L.; Barrios-García,
H.; Torres-Bernal, F.; Casas-Alvarado, A.; et al. Pathophysiology of Fever and Application of Infrared Thermography (IRT) in the
Detection of Sick Domestic Animals: Recent Advances. Animals 2021, 11, 2316. [CrossRef]

13. Childs, C. Body Temperature and Clinical Thermometry. Handb. Clin. Neurol. 2018, 157, 467–482. [CrossRef]
14. Romanovsky, A.A. Skin Temperature: Its Role in Thermoregulation. Acta Physiol. 2014, 210, 498–507. [CrossRef]
15. Casas-Alvarado, A.; Mota-Rojas, D.; Hernández-Ávalos, I.; Mora-Medina, P.; Olmos-Hernández, A.; Verduzco-Mendoza, A.;

Reyes-Sotelo, B.; Martínez-Burnes, J. Advances in Infrared Thermography: Surgical Aspects, Vascular Changes, and Pain
Monitoring in Veterinary Medicine. J. Therm. Biol. 2020, 92, 102664. [CrossRef] [PubMed]

16. Casas-Alvarado, A.; Martínez-Burnes, J.; Mora-Medina, P.; Hernández-Avalos, I.; Domínguez-Oliva, A.; Lezama-García, K.;
Gómez-Prado, J.; Mota-Rojas, D. Thermal and Circulatory Changes in Diverse Body Regions in Dogs and Cats Evaluated by
Infrared Thermography. Animals 2022, 12, 789. [CrossRef] [PubMed]

17. Koolhaas, J.M.; Bartolomucci, A.; Buwalda, B.; de Boer, S.F.; Flügge, G.; Korte, S.M.; Meerlo, P.; Murison, R.; Olivier, B.; Palanza,
P.; et al. Stress Revisited: A Critical Evaluation of the Stress Concept. Neurosci. Biobehav. Rev. 2011, 35, 1291–1301. [CrossRef]
[PubMed]

18. Shimizu, H.; Okabe, M. Evolutionary Origin of Autonomic Regulation of Physiological Activities in Vertebrate Phyla. J. Comp.
Physiol. A 2007, 193, 1013–1019. [CrossRef]

19. Murison, R. The Neurobiology of Stress. In Neuroscience of Pain, Stress, and Emotion; Al’Absi, M., Flaten, M.A., Eds.; Academic
Press: London, UK, 2016; pp. 29–49.

20. Oyama, M.A. Mechanisms of Heart Failure. In Small Animal Critical Care Medicine; Silverstein, D.C., Hopper, K., Eds.; Elsevier:
Maryland Heights, MO, USA, 2023; pp. 238–242.

21. Hernández-Avalos, I.; Mota-Rojas, D.; Mendoza-Flores, J.E.; Casas-Alvarado, A.; Flores-Padilla, K.; Miranda-Cortes, A.E.;
Torres-Bernal, F.; Gómez-Prado, J.; Mora-Medina, P. Nociceptive Pain and Anxiety in Equines: Physiological and Behavioral
Alterations. Vet. World 2021, 14, 2984–2995. [CrossRef] [PubMed]

https://doi.org/10.1093/icb/icaa009
https://doi.org/10.3168/jds.2010-3114
https://www.ncbi.nlm.nih.gov/pubmed/20655429
https://doi.org/10.1007/s10072-021-05810-1
https://www.ncbi.nlm.nih.gov/pubmed/35034231
https://doi.org/10.3389/fvets.2023.1167016
https://www.ncbi.nlm.nih.gov/pubmed/37138925
https://doi.org/10.1002/phy2.2
https://www.ncbi.nlm.nih.gov/pubmed/23750321
https://doi.org/10.1152/jn.00458.2015
https://www.ncbi.nlm.nih.gov/pubmed/26133800
https://doi.org/10.1079/cabireviews202217040
https://doi.org/10.3390/ani14010142
https://www.ncbi.nlm.nih.gov/pubmed/38200873
https://doi.org/10.3389/fneur.2019.00053
https://doi.org/10.3390/ani11082316
https://doi.org/10.1016/B978-0-444-64074-1.00029-X
https://doi.org/10.1111/apha.12231
https://doi.org/10.1016/j.jtherbio.2020.102664
https://www.ncbi.nlm.nih.gov/pubmed/32888567
https://doi.org/10.3390/ani12060789
https://www.ncbi.nlm.nih.gov/pubmed/35327185
https://doi.org/10.1016/j.neubiorev.2011.02.003
https://www.ncbi.nlm.nih.gov/pubmed/21316391
https://doi.org/10.1007/s00359-007-0256-4
https://doi.org/10.14202/vetworld.2021.2984-2995
https://www.ncbi.nlm.nih.gov/pubmed/35017848


Animals 2024, 14, 1366 11 of 14

22. José-Pérez, N.; Mota-Rojas, D.; Ghezzi, M.D.; Rosmini, M.R.; Mora-Medina, P.; Bertoni, A.; Rodríguez-González, D.; Domínguez-Oliva,
A.; Guerrero-Legarreta, I. Effects of Transport on Water Buffaloes (Bubalus bubalis): Factors Associated with the Frequency of Skin
Injuries and Meat Quality. J. Anim. Behav. Biometeorol. 2022, 10, e2216. [CrossRef]

23. Mota-Rojas, D.; Lezama-García, K.; Domínguez-Oliva, A.; Olmos-Hernández, A.; Verduzco-Mendoza, A.; Casas-Alvarado, A.;
Torres-Bernal, F.; Martínez-Burnes, J. Neurobiology of Emotions in Animal Relationships: Facial Expressions and Their Biological
Functions in Mammals. J. Anim. Behav. Biometeorol. 2023, 11, e2023ss01. [CrossRef]

24. Kenney, M.J. Animal Aging and Regulation of Sympathetic Nerve Discharge. J. Appl. Physiol. 2010, 109, 951–958. [CrossRef]
[PubMed]

25. Pacak, K.; Palkovits, M.; Kopin, I.J.; Goldstein, D.S. Stress-Induced Norepinephrine Release in the Hypothalamic Paraventricular
Nucleus and Pituitary-Adrenocortical and Sympathoadrenal Activity: In Vivo Microdialysis Studies. Front. Neuroendocrinol.
1995, 16, 89–150. [CrossRef] [PubMed]

26. Schmidt, K.T.; Makhijani, V.H.; Boyt, K.M.; Cogan, E.S.; Pati, D.; Pina, M.M.; Bravo, I.M.; Locke, J.L.; Jones, S.R.; Besheer, J.; et al.
Stress-Induced Alterations of Norepinephrine Release in the Bed Nucleus of the Stria Terminalis of Mice. ACS Chem. Neurosci.
2019, 10, 1908–1914. [CrossRef] [PubMed]

27. Bozzo, G.; Padalino, B.; Bonerba, E.; Barrasso, R.; Tufarelli, V.; Zappaterra, M.; Ceci, E. Pilot Study of the Relationship between
Deck Level and Journey Duration on Plasma Cortisol, Epinephrine and Norepinephrine Levels in Italian Heavy Pigs. Animals
2020, 10, 1578. [CrossRef]

28. Rodríguez, A.R.; Herzberg, D.E.; Werner, M.P.; Müller, H.Y.; Bustamante, H.A. Plasma Concentration of Norepinephrine,
β-Endorphin, and Substance P in Lame Dairy Cows. J. Vet. Res. 2018, 62, 193–197. [CrossRef] [PubMed]

29. Fujii, A.M.; Vatneer, S.F. Autonomic Mechanisms Regulating Myocardial Contractility in Conscious Animals. Pharmacol. Ther.
1985, 29, 221–238. [CrossRef] [PubMed]

30. Jänig, W. Autonomic Nervous System. In Human Physiology; Springer: Berlin/Heidelberg, Germany, 1989; pp. 333–370.
31. Khan, M.G. Beta-Blockers. In Encyclopedia of Heart Diseases; Khan, G., Ed.; Academic Press: Burlington, VT, USA, 2006;

pp. 159–167.
32. Motiejunaite, J.; Amar, L.; Vidal-Petiot, E. Adrenergic Receptors and Cardiovascular Effects of Catecholamines. Ann. Endocrinol.

2021, 82, 193–197. [CrossRef] [PubMed]
33. Lefman, S.H.; Prittie, J.E. Psychogenic Stress in Hospitalized Veterinary Patients: Causation, Implications, and Therapies.

J. Vet. Emerg. Crit. Care 2019, 29, 107–120. [CrossRef] [PubMed]
34. Edwards, P.T.; Smith, B.P.; McArthur, M.L.; Hazel, S.J. At the Heart of a Dog’s Veterinary Experience: Heart Rate Responses in

Dogs Vary across a Standard Physical Examination. J. Vet. Behav. 2022, 51, 23–34. [CrossRef]
35. Marques, J.I.; Lopes Neto, J.P.; do Nascimento, J.W.B.; Talieri, I.C.; de Medeiros, G.R.; Furtado, D.A. Pupillary Dilation as

a Thermal Stress Indicator in Boer Crossbred Goats Maintained in a Climate Chamber. Small Rumin. Res. 2018, 158, 26–29.
[CrossRef]

36. Kovács, L.; Kézér, F.L.; Ruff, F.; Jurkovich, V.; Szenci, O. Heart Rate, Cardiac Vagal Tone, Respiratory Rate, and Rectal Temperature
in Dairy Calves Exposed to Heat Stress in a Continental Region. Int. J. Biometeorol. 2018, 62, 1791–1797. [CrossRef] [PubMed]

37. Franklin, S.H.; Van Erck-Westergren, E.; Bayly, W.M. Respiratory Responses to Exercise in the Horse. Equine Vet. J. 2012, 44, 726–732.
[CrossRef] [PubMed]

38. Rovira, S.; Munoz, A.; Benito, M. Effect of Exercise on Physiological, Blood and Endocrine Parameters in Search and Rescue-
Trained Dogs. Vet. Med. 2008, 53, 333–346. [CrossRef]

39. Martins-Pinge, M.C. Cardiovascular and Autonomic Modulation by the Central Nervous System after Aerobic Exercise Training.
Braz. J. Med. Biol. Res. 2011, 44, 848–854. [CrossRef]

40. Mathôt, S. Pupillometry: Psychology, Physiology, and Function. J. Cogn. 2018, 1, 16. [CrossRef] [PubMed]
41. Hall, C.A.; Chilcott, R.P. Eyeing up the Future of the Pupillary Light Reflex in Neurodiagnostics. Diagnostics 2018, 8, 19. [CrossRef]

[PubMed]
42. Larsen, R.S.; Waters, J. Neuromodulatory Correlates of Pupil Dilation. Front. Neural Circuits 2018, 12, 21. [CrossRef] [PubMed]
43. Lee, S.-H.; Dan, Y. Neuromodulation of Brain States. Neuron 2012, 76, 209–222. [CrossRef] [PubMed]
44. Larson, M.D.; Behrends, M. Portable Infrared Pupillometry. Anesth. Analg. 2015, 120, 1242–1253. [CrossRef] [PubMed]
45. Zele, A.J.; Gamlin, P.D. Editorial: The Pupil: Behavior, Anatomy, Physiology and Clinical Biomarkers. Front. Neurol. 2020, 11, 211.

[CrossRef] [PubMed]
46. Larson, M.D.; Tayefeh, F.; Sessler, D.I.; Daniel, M.; Noorani, M. Sympathetic Nervous System Does Not Mediate Reflex Pupillary

Dilation during Desflurane Anesthesia. Anesthesiology 1996, 85, 748–754. [CrossRef] [PubMed]
47. Payen, J.-F.; Isnardon, S.; Lavolaine, J.; Bouzat, P.; Vinclair, M.; Francony, G. La Pupillométrie En Anesthésie-Réanimation. Ann.

Françaises d’Anesthésie Réanim. 2012, 31, e155–e159. [CrossRef] [PubMed]
48. Machado, N.A.F.; Barbosa-Filho, J.A.D.; Souza-Junior, J.B.F.; Ramalho, G.L.B.; Parente, M.d.O.M. Use of Pupillometry in the

Diagnosis of Stress in Piglets Transported in a Tropical Climate. Eng. Agrícola 2021, 41, 402–408. [CrossRef]
49. Moody, C.M.; Picketts, V.A.; Mason, G.J.; Dewey, C.E.; Niel, L. Can You Handle It? Validating Negative Responses to Restraint in

Cats. Appl. Anim. Behav. Sci. 2018, 204, 94–100. [CrossRef]
50. Tsigos, C.; Kyrou, I.; Kassi, E.; Chrousos, G.P. Stress, Endocrine Physiology and Pathophysiology; MDText.com, Inc.: South Dartmouth,

MA, USA, 2000.

https://doi.org/10.31893/jabb.22016
https://doi.org/10.31893/jabb.23ss01
https://doi.org/10.1152/japplphysiol.00506.2010
https://www.ncbi.nlm.nih.gov/pubmed/20651223
https://doi.org/10.1006/frne.1995.1004
https://www.ncbi.nlm.nih.gov/pubmed/7621982
https://doi.org/10.1021/acschemneuro.8b00265
https://www.ncbi.nlm.nih.gov/pubmed/30252438
https://doi.org/10.3390/ani10091578
https://doi.org/10.2478/jvetres-2018-0029
https://www.ncbi.nlm.nih.gov/pubmed/30364907
https://doi.org/10.1016/0163-7258(85)90030-0
https://www.ncbi.nlm.nih.gov/pubmed/3915093
https://doi.org/10.1016/j.ando.2020.03.012
https://www.ncbi.nlm.nih.gov/pubmed/32473788
https://doi.org/10.1111/vec.12821
https://www.ncbi.nlm.nih.gov/pubmed/30861632
https://doi.org/10.1016/j.jveb.2022.03.003
https://doi.org/10.1016/j.smallrumres.2017.11.013
https://doi.org/10.1007/s00484-018-1581-8
https://www.ncbi.nlm.nih.gov/pubmed/30032363
https://doi.org/10.1111/j.2042-3306.2012.00666.x
https://www.ncbi.nlm.nih.gov/pubmed/23106622
https://doi.org/10.17221/1860-VETMED
https://doi.org/10.1590/S0100-879X2011007500102
https://doi.org/10.5334/joc.18
https://www.ncbi.nlm.nih.gov/pubmed/31517190
https://doi.org/10.3390/diagnostics8010019
https://www.ncbi.nlm.nih.gov/pubmed/29534018
https://doi.org/10.3389/fncir.2018.00021
https://www.ncbi.nlm.nih.gov/pubmed/29593504
https://doi.org/10.1016/j.neuron.2012.09.012
https://www.ncbi.nlm.nih.gov/pubmed/23040816
https://doi.org/10.1213/ANE.0000000000000314
https://www.ncbi.nlm.nih.gov/pubmed/25988634
https://doi.org/10.3389/fneur.2020.00211
https://www.ncbi.nlm.nih.gov/pubmed/32328020
https://doi.org/10.1097/00000542-199610000-00009
https://www.ncbi.nlm.nih.gov/pubmed/8873544
https://doi.org/10.1016/j.annfar.2012.04.020
https://www.ncbi.nlm.nih.gov/pubmed/22681869
https://doi.org/10.1590/1809-4430-eng.agric.v41n4p402-408/2021
https://doi.org/10.1016/j.applanim.2018.04.012


Animals 2024, 14, 1366 12 of 14

51. Noushad, S.; Ahmed, S.; Ansari, B.; Mustafa, U.-H.; Saleem, Y.; Hazrat, H. Physiological Biomarkers of Chronic Stress:
A Systematic Review. Int. J. Health Sci. 2021, 15, 46–59.

52. Kim, W.S.; Lee, J.-S.; Jeon, S.W.; Peng, D.Q.; Kim, Y.S.; Bae, M.H.; Jo, Y.H.; Lee, H.G. Correlation between Blood, Physiological and
Behavioral Parameters in Beef Calves under Heat Stress. Asian-Australas. J. Anim. Sci. 2018, 31, 919–925. [CrossRef]

53. Olvera-Maneu, S.; Carbajal, A.; Serres-Corral, P.; López-Béjar, M. Cortisol Variations to Estimate the Physiological Stress Response
in Horses at a Traditional Equestrian Event. Animals 2023, 13, 396. [CrossRef] [PubMed]

54. Michael, S.; Graham, K.S.; Davis, G.M. Cardiac Autonomic Responses during Exercise and Post-Exercise Recovery Using Heart
Rate Variability and Systolic Time Intervals—A Review. Front. Physiol. 2017, 8, 301. [CrossRef] [PubMed]

55. von Borell, E.; Langbein, J.; Després, G.; Hansen, S.; Leterrier, C.; Marchant-Forde, J.; Marchant-Forde, R.; Minero, M.; Mohr, E.;
Prunier, A.; et al. Heart Rate Variability as a Measure of Autonomic Regulation of Cardiac Activity for Assessing Stress and
Welfare in Farm Animals—A Review. Physiol. Behav. 2007, 92, 293–316. [CrossRef] [PubMed]

56. Gormally, B.M.G.; Romero, L.M. What Are You Actually Measuring? A Review of Techniques That Integrate the Stress Response
on Distinct Time-Scales. Funct. Ecol. 2020, 34, 2030–2044. [CrossRef]

57. Stucke, D.; Große Ruse, M.; Lebelt, D. Measuring Heart Rate Variability in Horses to Investigate the Autonomic Nervous System
Activity—Pros and Cons of Different Methods. Appl. Anim. Behav. Sci. 2015, 166, 1–10. [CrossRef]

58. Stauss, H.M. Heart Rate Variability. Am. J. Physiol. Integr. Comp. Physiol. 2003, 285, R927–R931. [CrossRef] [PubMed]
59. Ille, N.; von Lewinski, M.; Erber, R.; Wulf, M.; Aurich, J.; Möstl, E.; Aurich, C. Effects of the Level of Experience of Horses and

Their Riders on Cortisol Release, Heart Rate and Heart-Rate Variability during a Jumping Course. Anim. Welf. 2013, 22, 457–465.
[CrossRef]

60. Turini, L.; Bonelli, F.; Lanatà, A.; Vitale, V.; Nocera, I.; Sgorbini, M.; Mele, M. Validation of a New Smart Textiles Biotechnology for
Heart Rate Variability Monitoring in Sheep. Front. Vet. Sci. 2022, 9, 1018213. [CrossRef] [PubMed]

61. Ledowski, T. Objective Monitoring of Nociception: A Review of Current Commercial Solutions. Br. J. Anaesth. 2019, 123, e312–e321.
[CrossRef] [PubMed]

62. Ledowski, T.; Bein, B.; Hanss, R.; Paris, A.; Fudickar, W.; Scholz, J.; Tonner, P.H. Neuroendocrine Stress Response and Heart Rate
Variability: A Comparison of Total Intravenous Versus Balanced Anesthesia. Anesth. Analg. 2005, 101, 1700–1705. [CrossRef]
[PubMed]

63. Jeanne, M.; Logier, R.; De Jonckheere, J.; Tavernier, B. Validation of a Graphic Measurement of Heart Rate Variability to Assess
Analgesia/Nociception Balance during General Anesthesia. In Proceedings of the 2009 Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, Minneapolis, MN, USA, 2–6 September 2009; IEEE: Piscataway, NJ, USA,
2009; pp. 1840–1843.

64. Ruíz-López, P.; Domínguez, J.M.; Granados, M.d.M. Intraoperative Nociception-Antinociception Monitors: A Review from the
Veterinary Perspective. Vet. Anaesth. Analg. 2020, 47, 152–159. [CrossRef] [PubMed]

65. Hernandez-Avalos, I.; Mota-Rojas, D.; Mora-Medina, P.; Martínez-Burnes, J.; Casas Alvarado, A.; Verduzco-Mendoza, A.;
Lezama-García, K.; Olmos-Hernandez, A. Review of Different Methods Used for Clinical Recognition and Assessment of Pain in
Dogs and Cats. Int. J. Vet. Sci. Med. 2019, 7, 43–54. [CrossRef] [PubMed]

66. Logier, R.; Jeanne, M.; De Jonckheere, J.; Dassonneville, A.; Delecroix, M.; Tavernier, B. PhysioDoloris: A Monitoring Device
for Analgesia/Nociception Balance Evaluation Using Heart Rate Variability Analysis. In Proceedings of the 2010 Annual
International Conference of the IEEE Engineering in Medicine and Biology, Buenos Aires, Argentina, 31 August–4 September 2010;
IEEE: Piscataway, NJ, USA, 2010; pp. 1194–1197.

67. Mansour, C.; Merlin, T.; Bonnet-Garin, J.-M.; Chaaya, R.; Mocci, R.; Ruiz, C.C.; Allaouchiche, B.; Boselli, E.; Junot, S. Evaluation of
the Parasympathetic Tone Activity (PTA) Index to Assess the Analgesia/Nociception Balance in Anaesthetised Dogs. Res. Vet. Sci.
2017, 115, 271–277. [CrossRef] [PubMed]

68. Mansour, C.; Mocci, R.; Santangelo, B.; Sredensek, J.; Chaaya, R.; Allaouchiche, B.; Bonnet-Garin, J.-M.; Boselli, E.; Junot, S.
Performance of the Parasympathetic Tone Activity (PTA) Index to Predict Changes in Mean Arterial Pressure in Anaesthetized
Horses with Different Health Conditions. Res. Vet. Sci. 2021, 139, 43–50. [CrossRef] [PubMed]

69. Yoshida, K.; Obara, S.; Inoue, S. Analgesia Nociception Index and High Frequency Variability Index: Promising Indicators of
Relative Parasympathetic Tone. J. Anesth. 2023, 37, 130–137. [CrossRef] [PubMed]

70. Ruíz-López, P.; Morgaz, J.; Quirós-Carmona, S.; Navarrete-Calvo, R.; Domínguez, J.M.; Gómez-Villamandos, R.J.; Granados, M.M.
Parasympathetic Tone Changes in Anesthetized Horses after Surgical Stimulation, and Morphine, Ketamine, and Dobutamine
Administration. Animals 2022, 12, 1038. [CrossRef] [PubMed]

71. Leitão, C.J.; Lima-Rodríguez, J.R.; Ferreira, F.; Avelino, C.; Sánchez-Margallo, F.M.; Antunes, L. Parasympathetic Tone Activity
Evaluation to Discriminate Ketorolac and Ketorolac/Tramadol Analgesia Level in Swine. Anesth. Analg. 2019, 129, 882–889.
[CrossRef] [PubMed]

72. Hernández-Avalos, I.; Valverde, A.; Antonio Ibancovichi-Camarillo, J.; Sánchez-Aparicio, P.; Recillas-Morales, S.; Rodríguez-Velázquez,
D.; Osorio-Avalos, J.; Armando Magdaleno-Torres, L.; Chavez-Monteagudo, J.; Manuel Acevedo-Arcique, C. Clinical Use of the
Parasympathetic Tone Activity Index as a Measurement of Postoperative Analgaesia in Dogs Undergoing Ovariohysterectomy. J. Vet.
Res. 2021, 65, 117–123. [CrossRef] [PubMed]

https://doi.org/10.5713/ajas.17.0545
https://doi.org/10.3390/ani13030396
https://www.ncbi.nlm.nih.gov/pubmed/36766285
https://doi.org/10.3389/fphys.2017.00301
https://www.ncbi.nlm.nih.gov/pubmed/28611675
https://doi.org/10.1016/j.physbeh.2007.01.007
https://www.ncbi.nlm.nih.gov/pubmed/17320122
https://doi.org/10.1111/1365-2435.13648
https://doi.org/10.1016/j.applanim.2015.02.007
https://doi.org/10.1152/ajpregu.00452.2003
https://www.ncbi.nlm.nih.gov/pubmed/14557228
https://doi.org/10.7120/09627286.22.4.457
https://doi.org/10.3389/fvets.2022.1018213
https://www.ncbi.nlm.nih.gov/pubmed/36483489
https://doi.org/10.1016/j.bja.2019.03.024
https://www.ncbi.nlm.nih.gov/pubmed/31047645
https://doi.org/10.1213/01.ane.0000184041.32175.14
https://www.ncbi.nlm.nih.gov/pubmed/16301244
https://doi.org/10.1016/j.vaa.2019.09.006
https://www.ncbi.nlm.nih.gov/pubmed/32007442
https://doi.org/10.1080/23144599.2019.1680044
https://www.ncbi.nlm.nih.gov/pubmed/31819890
https://doi.org/10.1016/j.rvsc.2017.05.009
https://www.ncbi.nlm.nih.gov/pubmed/28575801
https://doi.org/10.1016/j.rvsc.2021.07.005
https://www.ncbi.nlm.nih.gov/pubmed/34246942
https://doi.org/10.1007/s00540-022-03126-8
https://www.ncbi.nlm.nih.gov/pubmed/36272031
https://doi.org/10.3390/ani12081038
https://www.ncbi.nlm.nih.gov/pubmed/35454284
https://doi.org/10.1213/ANE.0000000000003573
https://www.ncbi.nlm.nih.gov/pubmed/31425233
https://doi.org/10.2478/jvetres-2021-0004
https://www.ncbi.nlm.nih.gov/pubmed/33817404


Animals 2024, 14, 1366 13 of 14

73. Aguado, D.; Bustamante, R.; García-Sanz, V.; González-Blanco, P.; Gómez de Segura, I.A. Efficacy of the Parasympathetic Tone
Activity Monitor to Assess Nociception in Healthy Dogs Anaesthetized with Propofol and Sevoflurane. Vet. Anaesth. Analg.
2020, 47, 103–110. [CrossRef] [PubMed]

74. Mansour, C.; El Hachem, N.; Jamous, P.; Saade, G.; Boselli, E.; Allaouchiche, B.; Bonnet, J.-M.; Junot, S.; Chaaya, R. Performance of
the Parasympathetic Tone Activity (PTA) Index to Assess the Intraoperative Nociception Using Different Premedication Drugs in
Anaesthetised Dogs. Int. J. Vet. Sci. Med. 2020, 8, 49–55. [CrossRef] [PubMed]

75. Ruíz-López, P.; Domínguez, J.M.; Morgaz, J.; Quirós-Carmona, S.; Navarrete-Calvo, R.; Gómez-Villamandos, R.J.;
Fernández-Sarmiento, J.A.; Granados, M.M. Evaluation of the Averaged Parasympathetic Tone Activity and Its Dynamic
Variation to Assess Intraoperative Nociception in Relation to Hemodynamic Changes in Dogs. Vet. Q. 2023, 43, 1–9. [CrossRef]
[PubMed]

76. Lima, L.; Dos-Santos, J.D.; Ribeiro, L.; Cabral, P.; Colaço, B.; Martins, J. The Performance of Using the Parasympathetic Tone
Activity (PTA) Index to Assess Intraoperative Nociception in Cats. Vet. Sci. 2024, 11, 121. [CrossRef] [PubMed]

77. Domínguez-Oliva, A.; Hernández-Avalos, I.; Olmos-Hernández, A.; Verduzco-Mendoza, A.; Mota-Rojas, D. Thermal Response of
Laboratory Rats (Rattus norvegicus) during the Application of Six Methods of Euthanasia Assessed by Infrared Thermography.
Animals 2023, 13, 2820. [CrossRef] [PubMed]

78. Oka, T. Stress-Induced Hyperthermia and Hypothermia. In Thermoregulation: From Basic Neuroscience to Clinical Neurology, Part II;
Romanovsky, A., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; Volume 157, pp. 599–621. ISBN 9780444640741.

79. Mota-Rojas, D.; Olmos-Hernández, A.; Verduzco-Mendoza, A.; Lecona-Butrón, H.; Martínez-Burnes, J.; Mora-Medina, P.; Gómez-
Prado, J.; Orihuela, A. Infrared Thermal Imaging Associated with Pain in Laboratory Animals. Exp. Anim. 2021, 70, 1–12.
[CrossRef] [PubMed]

80. Hernández-Avalos, I.; Flores-Gasca, E.; Mota-Rojas, D.; Casas-Alvarado, A.; Miranda-Cortés, A.E.; Domínguez-Oliva, A. Neurobiology
of Anesthetic-Surgical Stress and Induced Behavioral Changes in Dogs and Cats: A Review. Vet. World 2021, 14, 393–404. [CrossRef]
[PubMed]

81. Travain, T.; Valsecchi, P. Infrared Thermography in the Study of Animals’ Emotional Responses: A Critical Review. Animals
2021, 11, 2510. [CrossRef] [PubMed]

82. Blenkuš, U.; Gerós, A.F.; Carpinteiro, C.; de Castro Aguiar, P.; Olsson, I.A.S.; Franco, N.H. Non-Invasive Assessment of Mild
Stress-Induced Hyperthermia by Infrared Thermography in Laboratory Mice. Animals 2022, 12, 177. [CrossRef] [PubMed]

83. Kohlhause, S.; Hoffmann, K.; Schlumbohm, C.; Fuchs, E.; Flügge, G. Nocturnal Hyperthermia Induced by Social Stress in Male
Tree Shrews: Relation to Low Testosterone and Effects of Age. Physiol. Behav. 2011, 104, 786–795. [CrossRef] [PubMed]

84. Verduzco-Mendoza, A.; Bueno-Nava, A.; Wang, D.; Martínez-Burnes, J.; Olmos-Hernández, A.; Casas, A.; Domínguez, A.;
Mota-Rojas, D. Experimental Applications and Factors Involved in Validating Thermal Windows Using Infrared Thermography
to Assess the Health and Thermostability of Laboratory Animals. Animals 2021, 11, 3448. [CrossRef] [PubMed]

85. Bienboire-Frosini, C.; Wang, D.; Marcet-Rius, M.; Villanueva-García, D.; Gazzano, A.; Domínguez-Oliva, A.; Olmos-Hernández,
A.; Hernández-Avalos, I.; Lezama-García, K.; Verduzco-Mendoza, A.; et al. The Role of Brown Adipose Tissue and Energy
Metabolism in Mammalian Thermoregulation during the Perinatal Period. Animals 2023, 13, 2176. [CrossRef] [PubMed]

86. Andrade, D.V. Thermal Windows and Heat Exchange. Temperature 2015, 2, 451. [CrossRef] [PubMed]
87. Mota-Rojas, D.; Pereira, M.F.A.; Wang, D.; Martínez-Burnes, J.; Ghezzi, M.; Hernández-Ávalos, I.; Lendez, P.; Mora-Medina, P.;

Casas, A.; Olmos-Hernández, A.; et al. Clinical Applications and Factors Involved in Validating Thermal Windows in Large
Rumiants to Assess Health and Productivity. Animals 2021, 11, 2247. [CrossRef] [PubMed]

88. Gómez-Prado, J.; Pereira, A.M.F.; Wang, D.; Villanueva-García, D.; Domínguez-Oliva, A.; Mora-Medina, P.; Hernández-Avalos,
I.; Martínez-Burnes, J.; Casas-Alvarado, A.; Olmos-Hernández, A.; et al. Thermoregulation Mechanisms and Perspectives for
Validating Thermal Windows in Pigs with Hypothermia and Hyperthermia: An Overview. Front. Vet. Sci. 2022, 9, 1023294.
[CrossRef]

89. Soroko, M.; Howell, K.; Zwyrzykowska, A.; Dudek, K.; Zielińska, P.; Kupczyński, R. Maximum Eye Temperature in the
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