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Simple Summary: Infrared thermography is a clinically useful method for detecting physiopatholog-
ical alterations in animals through microvascular changes. It has been adapted for applications with
large species, as a support tool in evaluating animal welfare, and can also contribute to productive
and reproductive evaluations. This review discusses the thermal windows currently in use and
characterizes their differences and limitations as resources for early detection and diagnosis in cattle
and river buffaloes.

Abstract: Infrared thermography (IRT) is a non-ionizing, non-invasive technique that permits evalu-
ating the comfort levels of animals, a topic of concern due to the growing interest in determining the
state of health and welfare of production animals. The operating principle of IRT is detecting the heat
irradiated in anatomical regions characterized by a high density of near-surface blood vessels that can
regulate temperature gain or loss from/to the environment by modifying blood flow. This is essential
for understanding the various vascular thermoregulation mechanisms of different species, such as
rodents and ruminants’ tails. The usefulness of ocular, nasal, and vulvar thermal windows in the
orbital (regio orbitalis), nasal (regio nasalis), and urogenital (regio urogenitalis) regions, respectively, has
been demonstrated in cattle. However, recent evidence for the river buffalo has detected discrepan-
cies in the data gathered from distinct thermal regions in these large ruminants, suggesting a limited
sensitivity and specificity when used with this species due to various factors: the presence of hair,
ambient temperature, and anatomical features, such as skin thickness and variations in blood supplies
to different regions. In this review, a literature search was conducted in Scopus, Web of Science,
ScienceDirect, and PubMed, using keyword combinations that included “infrared thermography”,

”ou

“water buffalo”,

” o "o

river buffalo” “thermoregulation”, “microvascular changes”, “lacrimal caruncle”,
“udder”, “mastitis”, and “nostril”. We discuss recent findings on four thermal windows—the orbital
and nasal regions, mammary gland in the udder region (regio uberis), and vulvar in the urogenital

region (regio urogenitalis)—to elucidate the factors that modulate and intervene in validating thermal
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windows and interpreting the information they provide, as it relates to the clinical usefulness of IRT
for cattle (Bos) and the river buffalo (Bubalus bubalis).

Keywords: animal welfare; Bubalus bubalis; cows; infrared thermography; thermal window; river buffalo

1. Introduction

Infrared thermography (IRT) is a tool that is being used increasingly with farm animals
due to society’s growing interest in animal welfare [1-4]. This technique detects the heat
irradiated by a surface, decoding it into a temperature by a biological body, and interpreting
its relation to the state of animal comfort [5]. In terms of both physiological and practical
mechanisms, the principal mechanism involved in heat gain or loss is the regulation of the
diameter of near-surface blood vessels; that is, the cutaneous vasodilatation that occurs
in anatomical regions to permit thermal exchanges with the environment [6-11]. These
regions, known as thermal windows [12-16], are characterized by a dense network of blood
vessels, the presence of plexus, arteriovenous anastomosis, and the absence of hair [7,8].
Various authors sustain that these regions permit evaluating the state of health of an animal
in a non-stressful manner [17-21]. Besides being a non-invasive technique, it is easy to
apply and, in some cases, more economical than conventional methods (e.g., predicting
residual food consumption) [22,23].

From a physiological perspective, changes in blood flow are essential because they
permit thermal exchange between an animal’s skin and the environment through vaso-
constriction and vasodilatation controlled by the sympathetic noradrenergic vasomotor
response of the smooth muscles [24]. Adopting this approach has improved our under-
standing of the thermoregulation strategies characteristic of different species under cold
conditions, such as reduction in the size of the tail and ears in some animals, the tails of
laboratory rats, or the digital pads (torus digitalis) of cats, all of which function as thermal
windows that can dissipate heat [9,20,25-27]. However, analyses conducted in this field
led us to question the usefulness and viability of the thermal windows currently suggested
for large ruminants, since certain anatomical aspects—hair, skin color or the lack of it,
and skin thickness—can affect specific thermal windows, making them unviable in these
species, though they are effective in others [21,28]. These factors also impede validating
these windows, as has been achieved with others [29]. Nevertheless, the evidence available
signals the following regions as potential thermal windows for cattle and river buffaloes:
the lacrimal caruncle of the eye in the orbital region (regio orbitalis), the muzzle and external
nose of the nasal region (regio nasalis), the mammary gland of the udder region (regio uberis),
and the vulva of the urogenital region (regio urogenitalis) [30,31].

Choosing a thermal window that is sensitive and specific is of vital importance for
evaluating the physiological state of animals, while simultaneously minimizing external
influences on results [32]. This review discusses recent scientific findings on the thermal
windows of the orbital (regio orbitalis), nasal (regio nasalis), udder (regio uberis), and uro-
genital regions (regio urogenitalis) to elucidate the individual and environmental factors
that intervene in the validation and interpretation of these windows and their clinical
usefulness for evaluating thermal comfort and welfare in two species: cattle (Bos taurus
and Bos indicus) and river buffaloes (Bubalus bubalis).

2. Anatomical Locations of Thermal Windows in Cattle and River Buffalo

IRT is a non-invasive, non-ionizing technique that makes it possible to evaluate
the thermal state of a biological body by detecting changes in the long wave radiation
(infrared) emitted by specific anatomical regions [32,33]. The main characteristics that
these topographical zones require are a high density of near-surface blood vessels, the
absence of hair or fur, and arteriovenous anastomosis. These conditions exist, for example,
in the eye of the orbital region (regio orbitalis) [34,35], the auricular pavilion of the ear
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in the auricular region (regio auricularis), or are traversed by large, straight vessels, as in
the tail region (regio caudalis) of rats. Regions that satisfy these requirements are called
thermal windows [16,30,36,37]. The high density of blood vessels near the dermal surface
is critical because modifications of their diameter affect blood flow and change the heat
exchange rate in the zone [38]. Vasodilatation permits the increase of sensible heat loss,
while vasoconstriction exerts the opposite effect through control of the vasomotor response
of the sympathetic adrenergic fibers in the smooth muscle of the blood vessels and in
the pallidus nucleus of the rostral raphe of the spinal cord, which regulate the systemic
thermoregulation process [24,39].

Studies have described that the medullary raphe participates significantly in con-
trolling vasomotor activity, since it contains GABAergic neurons (gamma aminobutyric
acid) that permit blood flow near the cutaneous surface through vasoconstriction and
vasodilatation of blood vessels [24]. In experimental studies, the above has been demon-
strated where suppressing these neurons with GABAergic receptor antagonists inhibited
the vasodilatation capacity in rat tail regions (regio caudalis) and rabbit ears in the auricular
region (regio auricularis) [40,41].

Another aspect of underscoring is the disposition of adipose tissue, which also per-
forms a critical function in thermoregulation, as in the interscapular regions of newborn
lambs and mice. In this case, during exposure to cold climatic conditions, vascular den-
sity increases significantly and activates angiogenesis that, in turn, causes an increase in
metabolic activity in the zone in the form of a non-shivering thermogenic response [26,42].

In summary, in response to significant changes in environmental temperatures, ther-
moreceptors in the skin begin to transmit towards the medullary raphe and median preoptic
nucleus of the hypothalamus (MnPO), where the efferent signaling of sympathetic neurons
exerts a vasomotor action by changing the diameter of blood vessels. Thermoreceptors per-
ceive the thermal sensation, made up of ionic channels called transient potential receptors
(TRP), which detect different temperature ranges. This, in turn, permits regulating thermal
radiation on the surface [43]. This phenomenon is presented in Figure 1.

From a comparative perspective, however, differences exist among the anatomical
sites involved in the thermal exchange. Recognition of these differences has led to an
enhanced understanding of the vascular mechanisms involved in thermoregulation [25].
One example is the distribution of glands in interdigital spaces in dogs and cats that
function to dissipate heat, while in ruminants and laboratory rats, the reduction of tail size
under cold environmental conditions is important [16,20,26,27].

Studies mention similarities using certain regions—such as the tails in rodents and
bovines—that positively correlate with body temperature. In this region, in both the rat
and the bovine tail, large straight vessels aid to the thermoregulation [20], and validating
thermal windows requires high sensitivity and specificity to predict physiological states
accurately. Although this has been achieved in several species [44], the reliability of this
approach is limited by several conditions, such as the presence or absence of hair (glabrous
skin), fur thickness, skin thickness, and fur color, all of which can alter heat gain or loss [45].
In addition, these characteristics establish differences among species, such as those between
dogs and rats. In the latter, the plantar window helps evaluate thermal states [46], but
it has not been possible to validate this window in dogs [47] (Figure 2). These findings
indicate the need to improve our understanding of different thermal windows in light of
recent scientific findings and to analyze their possible clinical usefulness for work with
large ruminants. These are the topics discussed in the following sections.
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Figure 1. Hypothalamic neuromodulation of thermoregulation and its cutaneous response. In mammals, the thermoreg-
ulatory response begins on the periphery with thermoreceptors in the dermis, mostly heat-activated transient receptor
potential vanilloids (TRPV, TRPV1, TRPV2, TRPV3, TRPV4), or cold receptors, called melastatin-related transient receptor
potentials (TRPMS8, TRPA1). These receive afferent information from a thermal stimulus and send the signal to the laminae
of the dorsal horn of the spinal cord. The heat-sensitive (WSN) spinothalamic and trigeminothalamic neurons in this zone
relay the impulse to third-order neurons in brain structures, such as the lateral parabrachial nucleus (LPBN). From there,
they are projected by glutamatergic influence (GLU), to the median preoptic nucleus (MnPO) in the preoptic area (POA)
of the hypothalamus. The hypothalamic network is responsible for integrating behavioral, neuroendocrine (mediated by
the hypothalamic—pituitary—adrenal axis (HPA)), and autonomic thermoregulatory effector responses. Autonomic action,
mediated by sympathetic adrenergic ganglia that receive information from the rostral medullary raphe (rMR) and lateral
intermediolateral nucleus of the spinal cord (IML), induces cutaneous vasodilatation with the consequent dissipation of
heat in the form of infrared radiation through certain body regions, known as thermal windows (e.g., the lacrimal caruncle
of the eye in the orbital region (regio orbitalis), the muzzle in the nasal region (region nasalis), the mammary gland in the
udder region (regio uberis), and the vulva of the urogenital region (regio urogenitalis). Infrared thermographic cameras can
capture the radiation emitted through the skin using a color code that makes it possible to determine the minimum, mean,
and maximum temperatures of the thermal window evaluated.

Their positive correlation with the autonomic nervous system (ANS) activity, specif-
ically the sympathetic nervous system (SNSi), has been achieved due to its activation,
causing vasoconstriction of blood capillaries. However, this fact has been verified in dif-
ferent regions, such as the orbital (regio orbitalis) and auricular regions (regio auricularis) in
dogs and cats, while in the human frontal region, it is possible to confirm this activation. In
rats, rabbits, and birds, the tail (region caudalis) and orbital regions (region orbitalis) and the
radial base in the antebrachial region (regio antebrachii), respectively, have been observed
as regions that present a positive correlation with body temperature and that can provide
windows to assess temperature in a non-invasive way.
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Figure 2. Thermal windows used in different species. (A) in dogs, the lacrimal caruncle in the orbital region (regio orbitalis)

and the auricular pavilion of the ear in the auricular region (regio auricularis); (B) in cats, the eye in the orbital region

(regio orbitalis) and the auricular pavilion of the ear in the auricular region (regio auricularis); (C) in rats, the orbital region

(regio orbitalis), the interscapular region, and the base of the tail in the tail region; (D) in humans, the frontal region and the

auricular pavilion of the ear in the auricular region (regio auricularis); (E) in hens, the radial region; (F) in rabbits, the orbital

region (regio orbitalis) and the auricular pavilion of the ear in the auricular region (regio auricularis). Identification of different

thermal windows has been achieved for most species.

3. Orbital Region (Regio Orbitalis)

Some studies of large ruminants describe the lacrimal caruncle or ocular surface in
the orbital region (regio orbitalis) as a sensitive thermal window due to its characteristic
high vascularization. This is the main advantage of this region; however, disadvantages
have also been mentioned, especially its susceptibility to environmental factors such as
wind, direct solar radiation, and humidity, all of which can affect evaluations [48] and
limit the validity of considering this zone. This region has sympathetic fibers from the
facial nerve innervating the capillaries from the facial and infraorbital arteries. This
peripheral vascular and nervous network is known to respond to stressful or harmful
stimuli. It is represented in Figure 3, showing the location of the orbital region in the medial
canthus of the eyelids [30,49-51]. These fibers are sensitive to neurosecretion of epinephrine
and norepinephrine that promotes vasoconstriction in the capillaries, thus reducing heat
exchange rate and functioning as a local thermoregulating mechanism [14]. The relation
of the autonomic nervous system activity (ANS) to fluctuations in the temperature of the
orbital region provides the thermal characteristics of this window [52,53].

Stewart et al. [53] evaluated pain detection during the dehorning. The study was con-
ducted with 46 calves, 6-week-old Holstein-Friesian. There were six treatments (1) control;
(2) hot-iron dehorning; (3) local anesthetic and dehorning; (4) local anesthetic control;
(5) local anesthetic and nonsteroidal anti-inflammatory drug control; (6) local anesthetic,
a nonsteroidal anti-inflammatory drug, and dehorning. Their study identified surface
temperature variations in the lacrimal caruncle of the eye and measured heart rate vari-
ability. They observed that both the temperature of the orbital region and heart rate (HR)
increased significantly during dehorning compared to basal responses. The temperature of
the lacrimal caruncle of the eye, however, decreased 5 min after the procedure, while in
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the animals treated with ACTH, no response was generated, suggesting that action at this
level clearly presented synchrony with sympathetic nerve activity (SNA)

Sympathetic
nerves

Lacrimal
gland of eye

Superficial
capillaries

Spi 36.9°C oC
Bl max 385°C
Min 32.0°C

Facial artery kliaricry

wgular vein

Superficial veins
Orbital region

Figure 3. Ocular thermal window, or lacrimal caruncle of the eye in the orbital region (region orbitalis)
(A) cattle (Bos); (B) river buffalo (Bubalus bubalis). This thermal window is outlined by a circle or
square traced from the medial region of the eye 3 or 4 mm towards the rostral area of the medial
palpebral commissure or canthus in the central portion of the circle around the lacrimal gland. This
area is characterized by a high density of capillaries of the maxillary and infraorbital arteries that are
innervated by sympathetic fibers. When stimulated, these fibers cause neurosecretion of epinephrine
and norepinephrine that triggers vasoconstriction and a consequent decrease in the heat exchange
rate, as occurs under conditions of stress or nociception, as shown in part (C) of the figure.

Similar findings were described in a later study of 30, 4-week-old bull calves sub-
jected to castration and divided into three experimental groups (one that received a local
anesthetic, one without anesthesia, and a control). That study analyzed physiological
parameters (HR and heart rate variability), the temperature of the lacrimal caruncle of the
eye, and catecholamine levels. Results for all three groups showed a significant increase in
HR, heart rate variability, and the temperature of the lacrimal caruncle of the eye during
the surgical procedure compared to basal parameters. Moreover, there was a synchronic
response of norepinephrine and epinephrine with the other variables. In addition, in
the non-anesthetized animals, a significant reduction of the temperature of the lacrimal
caruncle of the eye of 1 & 0.5 °C was reported 10 min after surgery, compared to the other
study groups [54]. In another study, monitoring the temperature of the ocular globe in the
orbital region in 23 primiparous bovines (Canchim breed) for six months was an accurate
means of estimating internal body temperatures and evaluating the physiological state of
animals [55].

This research supports the existence of a relation between a thermal response at the
ocular level in the orbital region (regio orbitalis) and SNA action through activation of the
sympathetic part of the autonomic nervous system (SyNS), which induces neurosecretion
of catecholamines under conditions of pain and stress. Furthermore, activation of the
SyNS induces peripheral vasoconstriction that reduces surface temperatures, as seen in
the bovine model using the lacrimal caruncle of the eye [54,56]. The authors of the present
review article sought to demonstrate this phenomenon in a preliminary study represented
in Figure 4.
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Figure 4. Comparison of changes in the thermal response of the lacrimal caruncle of the eye in cattle
(Holstein cow) during perception of pain caused by claudication due to laminitis. This study compared
the thermal response of the lacrimal caruncle of the eye in four healthy bovines under conditions of
pain produced by second-degree claudication of a pelvic limb [54]. The animals were subjected to
a Sprecher test [57] to assess gait. (C) shows that in the animals with claudication, basal temperature
recordings (A) began at 38.9 °C, followed by a progressive decrease of 0.9 °C during testing maintained
at 10- and 20-min post-test, when a total reduction of 3.3 °C was registered (B). Results for the healthy
animals, in contrast, showed that basal temperature began at 37.4 °C but increased during testing and at
10 post-test by 0.4 °C, followed by a decrease of 0.2 °C. Thus, the phenomenon observed in the animals
with claudication was attributed to perceptions of pain that provoked greater hemodynamic reactivity
mediated by the neurosecretion of catecholamines that caused the surface capillaries vasoconstriction.
This physiological response was mirrored in the thermal response of the lacrimal caruncle of the eye by
the decrease in thermal exchange observed there.

In this line of research, Lowe et al. [58] adapted IRT to automated calf-feeder systems
on cattle-raising operations to improve productivity and animal welfare. In a study of
120 calves, temperatures of the cheek and orbital region (regio orbitalis) were determined
using automated and conventional methods. However, both techniques and both facial
regions (regiones faciei) achieved strong levels of agreement (eye: r* = 0.99, p < 0.001; cheek
at 3 x 3 pixels and 9 x 9 pixels: r? = 0.85, p < 0.001 and r? = 0.90, p < 0.001, respectively)
that were higher for the ocular surface in the orbital region due to variability in the specific
cheek regions analyzed. The importance of this study is that through continuous infrared
monitoring of the animals, IRT can function as a tool for the early detection of pathological,
painful, and emotional states by more readily distinguishing alterations in the temperature
of thermal windows. Studies of the river buffalo mention that the ocular window can be
used as an indicator of thermal comfort [21,30,31]. In this context, Chikkagoudara et al. [59]
found that the temperature of the lacrimal caruncle of the eye increased by as much as 5 °C
compared to a control in twenty-four 16-18 months age river buffaloes with an average
weight of 301 + 8.24 kg during experimental conditions designed to induce thermal stress
similar to that of hot, dry summer days.

In contrast, Scoley et al. [60] conducted studies with 16 male and female dairy Holstein
calves aged 17 days. They compared radiometric thermal images of the orbital (regio orbitalis)
and anal (regio analis) regions to rectal temperature readings over five consecutive days.
Results showed only a low correlation (r? = 0.24) between orbital region and body temperature
but produced a positive correlation between the orbital and anal regions (r*> = 0.43). Their
findings differ from those reported by Athaide et al. [61], who found a positive correlation
(r? = 0.65) of the maximum, median, and minimum temperatures of the lacrimal caruncle
of eye and orbital region with the rectal temperatures of female Murrah buffaloes under
two climatic conditions: with and without access to shade. Another study that included
buffaloes (Bubalus bubalis) reported that ocular temperatures in the orbital region had a positive
correlation (12 = 0.92) with body temperatures in animals fed in open pasture [62].
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In addition, it has been reported that the sensitivity and specificity of IRT with Bos indicus
in an experimental model of febrile cows identified weak correlations between rectal and
ocular temperatures in the orbital region (regio orbitalis) and readings from the muzzle in
the nasal region (regio nasalis) and the lacrimal caruncle of the eye in the orbital region (regio
orbitalis) (r* = 0.38, 0.28, 0.27, respectively), with sensitivity values of 88, 90, and 82% for the
respective regions, but low specificity that did not exceed 32% [63]. These findings suggest
only limited usefulness of IRT in the orbital region during febrile states in this species.

According to the evidence presented, the thermal window of the lacrimal caruncle
of the eye in the orbital region shows only a weak specific relation between thermal
states and SyNS activity [64,65], thus raising doubts as to its reliability. Furthermore,
diverse factors, both endogenous—sex, age, breed—and environmental—hour of the
day, location—are components that could affect temperature evaluations and can lead to
inadequate interpretations of readings taken in these body regions, as has been observed
in other species, such as equines [66].

4. Nasal Region (Regio Nasalis)

With respect to the nasal region, detecting thermal changes in the regio naris of the
muzzle, including both nostrils, responds to the blood irrigation provided by the maxillary
artery and surface capillaries. This vasculature is schematized in Figure 5. Through this win-
dow, it is possible to evaluate the elimination of the vapor produced during the respiratory
process to non-invasively determine thermal states and respiratory rates (RR) [2,12,67].

Dorsal nasal vein

Superficial
capillaries

Dorsal nasal artery

wax 366 °CoC]
Min 30.7 °C A
Maxilary artery

Maxilary vein

Figure 5. Nasal thermal window. (A) Cattle; (B) river buffalo. A circle is drawn (El1) around the
muzzle of the nasal region (regio nasalis) to include both nostrils and the middle groove. This region
permits evaluations of two conditions: first, changes in the microcirculation of the surface capillaries
of the maxillary artery, as shown in (C); second, the elimination of water vapor during the respiratory
process that makes it possible to assess, from a distance, the respiratory rate by observing changes in
the thermal pattern at the central level of the nostrils.

The first use of this thermal window was reported by Stewart et al. [2], who integrated
IRT with accelerometers in a study of 22 cows (Friesian and Friesian X Jersey breeds) aged
5.1 years to evaluate RR and the flinch, step, kick response (FSK). The thermal response
of the muzzle of the nasal region (regio nasalis) window reliably predicted heart rate
variability due to changes in RR. Similar to these results, Lowe et al. [12] reported a high
correlation (r? = 0.92) upon comparing the conventional method of counting movements of
the flank area during the respiratory cycle to thermal fluctuations around the nostrils using
thermographic recording in five 27 &+ 3.7 days Hereford’s calves. However, due to their
size and age, these animals can be difficult to evaluate in terms of warming or the entrance
of cool air during exhalation and inhalation, respectively.
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Those changes in the vapor released at the moment of exhalations, and changes in
the microvascular pattern of the region that can be detected in radiometric thermal im-
ages, justify using this thermal window to determine states of health—automatically and
remotely—in extensive production systems, as is the case of most large ruminants, includ-
ing the river buffalo [30]. For this species, the suggestion is to evaluate the nasal window
and the pectoral regions (regiones pectoris) (ribs) as windows for linking temperature with
efficiency and productive performance. According to a comparison of 75 buffaloes from
three genetic groups (Jafarabadi, Mediterranean, Murrah), IRT made it possible to classify
the animals into low, medium, and high-efficiency groups, depending on the tempera-
ture of specific body regions [68]. However, the usefulness of IRT for determining RR at
a distance is not yet well established in this species, though it is for cattle.

As a result, the window of the nasal region (regio nasalis and regio naris) is currently
considered only a potential option for estimating states of health and determining RR re-
motely in large ruminants. However, as occurs in human medicine, clinical applications are
required to define the degree of sensitivity and specificity in different animal species [69].

5. Udder Region (Regio Uberis) and Mammary Gland

The udder region (regio uberis), including the mammary gland, is another essential
anatomical region, due to clinical conditions (e.g., mastitis) that have severe repercussions
on production when cases become acute. As Figure 6 shows, the udder region (regio uberis)
window, including the mammary gland, covers the body of mammary tissue to capture
radiation emitted by the mammary artery and veins. Unlike in cattle, in river buffaloes,
this approach also considers tissue at the teat level. Despite these anatomical differences,
this thermal window has often been used to detect cases of subclinical mastitis [70,71].
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Figure 6. Thermal window of the udder region (regio uberis), including the mammary gland, in dairy
bovines (Bos) and river buffaloes (Bubalus bubalis). (A) Dairy bovine (Holstein Bos Indicus, in production)
are represented in the Figure with a square (Bx1) that extends proximally from the abdominal insertion
of the mammary cistern and distally to the insertion of the teat, without considering the temperature
of the latter. (B) River buffalo. The window is traced from the distal region of the teat to the cistern
of the mammary gland. For this species, the full teat is considered, unlike in dairy bovines. Although
significant anatomical differences exist between these two species, microcirculatory changes from the
mammary arteries and veins can be obtained, as shown in (C). The justification for using this window
in IRT is based on the fact that mastitis is characterized by bacterial colonization in the mammary
gland generates a local inflammatory process due to the presence of proinflammatory cells that produce
a secretion of prostaglandin, histamine, serotonin, and interleukins, which, in turn, trigger vasodilatation
of the mammary capillaries, increasing the temperature of the region by 1.5 °C. This inflammatory
increase could correlate with the rise of somatic cells [72].
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For example, in an experimental model of induced mastitis in six bovines using IRT,
Hovinen et al. [73] identified an increase of 1.5 °C in the temperature of the skin of the
mammary gland, which they were able to associate with other signs of inflammation, such
as increases in somatic cell counts and rectal temperatures.

Recent studies comparing the California mastitis test and somatic cell counts suggest
that IRT is a highly sensitive tool for detecting mastitis. A study of 62 Brown Swiss cows,
for instance, found a high positive correlation among IRT, scores on the California mastitis
test (r*> = 0.86), and somatic cell counts (r? = 0.73), with sensitivity and specificity that
reached 88.9 and 98.9%, respectively [74]. In this case, river buffaloes show a similar ten-
dency, according to observations by Sarubbi et al. [71], who reported a positive correlation
(r2 = 0.64) between thermal changes in the mammary gland and somatic cell counts in
192 females with mastitis induced experimentally during lactation.

The studies mentioned emphasize the usefulness of IRT as a technique for the early
detection and diagnosis of subclinical mastitis in both species. However, it is suggested
that evaluations of infrared radiation in river buffaloes need to consider uncontrolled
productive and climatic conditions because, in this species, environmental temperatures
and changes in respiratory patterns can alter the thermal response of this window [28]. In
addition, but from an anatomical perspective, differences between these species must be
considered when examining IRT images since the river buffalo’s mammary tissue has more
prominent suspensory ligaments and longer keratinized teats [30,75].

Some studies of river buffaloes have questioned the use of this region for detecting
mastitis because, according to Machado et al. [70], radiometric thermal images of the
left and right regions of the rear udder present higher correlations with somatic cell
counts compared to anterior sections. In addition, their findings revealed a difference
between evaluations of the posterior and anterior udder regions that reduce the reliability
of this window.

However, the scientific evidence analyzed does reflect a clear consensus regarding
the relation of thermal changes in the mammary gland to a local inflammatory response
derived from clinical mastitis, which generates a temperature increase in the region. Despite
this consensus, additional studies are required to determine the sensitivity of this window
in both cattle and river buffaloes.

6. Perineal Region (Regio Perinealis)

The perineal region (regio perinealis) is the surface area over the perineum and adjacent
parts. In cows, this region is bounded dorsally by the tail root and ventrally by the attach-
ment of the udder. The perineal region (regio perinealis) is divided into the anal (regio analis)
and urogenital (regio urogenitalis) regions, including the external portions of the vulva [76].
The thermal window of the vulva frames the urogenital region (regio urogenitalis) in females.
In this zone, the labia receive blood flow from the internal pudendal capillaries, as shown
in Figure 7. These capillaries undergo dilatation during estrus that causes a temperature in-
crease. For this reason, this anatomical region has been studied to determine its usefulness
for detecting the onset of estrus [29,51].

Radigonda et al. [77] applied IRT to compare hormonal ovarian activity (by measuring
estrogen and progesterone levels), animal breeding by artificial insemination, and changes
in the thermal radiation of the vulvar window in 150 non-lactating Bradford cows. The
authors found a significant difference be-tween the temperature of the animals that pre-
sented ovarian follicles and those that did not present ovarian activity (34.2 + 1.8 °C and
35.4 £ 1.0 °C, respectively). They concluded that the temperature fluctuations detected by
IRT could provide a support tool for detecting ovarian activity and reproductive states.
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Figure 7. The perineal region (regio perinealis), especially vulvar thermal window, in dairy cattle (Bos) (A) and river buffaloes
(Bubalus bubalis) (B). This window is marked by a square (Bx) placed from the coccygeal insertion of the vulva to the ventral
commissure of this area, which permits taking readings of circulation from the internal pudendal artery (C). This artery
emits capillaries in the vulvar labia that, during estrus, respond to increases in the concentrations of prostaglandin E2c that
cause vasodilatation of the capillaries and, with this, greater temperature irradiation during this physiological stage that
permits the detection of estrus in a non-invasive manner.

These findings were confirmed in a later study of 18 multiparous cows under a protocol
of synchronized estrus and 18 pregnant cows used as a control group. That study eval-
uated IRT in various thermal windows as well as behavioral indicators of heat, while
also verifying the condition of the ovary by ultrasonography. Results showed that the
temperature of the perineal region (regio perinealis), especially the vulvar area, the orbital
region (region orbitalis), including the eye, facial regions (regiones faciei) such as the cheek,
neck regions (regiones colli), the wither region (regio interscapularis), the flank region (regio
abdominis lateralis), and the rump region (regio glutea) all increased by approximately 1.2 °C
and remained in that range for 24 and 48 h before ovulation, compared to the day of
ovulation and four days before it. These data reveal the relation between temperature
variability in this region and estrus in cattle [51].

Talukder et al. [29] evaluated the specificity of IRT in 30 female bovines that were
close to ovulation, targeting various corporal regions (the eye in the orbital region (region
orbitalis), the ear in the auricular region (regio auricularis), the muzzle in the nasal region
(region nasalis), and the vulva in the urogenital region (regio urogenitalis)), and taking
two readings per day. Data on activity levels, rumination, progesterone concentrations in
the milk, and recordings of insemination to estimate dates of ovulation were all collected
to carry out a more integral evaluation. In that study, IRT of the vulva exhibited a higher
temperature with a specificity of 80% but low sensitivity (21%) compared to the other
indicators used, which determined sensitivity and specificity above 80%.

Studies of the river buffalo have reported a similar response, according to findings by
Ruediger et al. [78], who evaluated temperature oscillations in the vulva and progesterone
concentrations in 40 Murrah buffaloes in a synchronization protocol with progesterone.
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They observed that the temperature of the vulva increased during estrus and maintained
an inversely proportional correlation to progesterone levels (r?> = 0.70); that is to say that
progesterone levels increased to the degree that the temperature of the urogenital region
(regio urogenitalis), especially the vulva, decreased. This thermal relation of the urogenital
region and the estrus cycle is described as hyperthermia before ovulation that decreases
later in that process [79]. However, the precision of this window, can be affected by
environmental factors, such as solar radiation or wind, so it is essential to consider these
elements when reporting final values, as other studies of river buffaloes also suggest [61].
Climatic changes and their link to reproductive parameters were analyzed by Yadav
et al. [80] in 130 male Murrah buffaloes (breeding bulls). The scrotal region (regio scrotalis)
temperature and increased dorsal-ventral temperature gradient of this zone in a cool
climate were associated with better semen quality that translated into greater motility
and higher sperm concentrations. This suggests that IRT can be used as a complementary
method for andrological evaluations in this species [81].

In summary, the urogenital region (regio urogenitalis), especially the vulva, is a specific
window that can aid in determining ovarian activity in large ruminants, where thermal
behavior shows a temperature increase during the estrus cycle followed by an evident de-
crease during ovulation. However, the scant information available regarding this window
and the diverse environmental and species-specific factors that intervene as elements of
variability can generate alterations in the sensitivity and specificity of IRT. Therefore, these
elements require thorough analyses to reach conclusions on the usefulness of this region in
cattle and river buffaloes.

7. IRT and the Assessment of Pathological States

Initially, the application of IRT focused on evaluating inflammatory processes in
specific regions, such as the hoof, where its use is important for the early detection of injuries
and inflammatory pain that can impact production, feed intake, and animal welfare [82,83].
When animals suffer from laminitis, an increase in the skin temperature in the coronary
band can be detected by IRT [84,85]. In this regard, a study carried out with 139 lactating
dairy cows used IRT to evaluate the thermal response of the coronary band and the
surrounding skin of the hoof and identify hoof lesions such as digital dermatitis and ulcers.
The temperature in the wounded animals was 2 °C higher than in the healthy subjects.
That study determined a sensitivity and specificity of 77.8% and 65.8%, respectively [86].

A similar range of specificity (85.7%) and sensitivity (82.9) was found by Alssaod
and Biischer [87], who collected 626 images of three conditions: 24 dairy cows before
and after hoof-trimming, healthy animals, and animals with some degree of lameness.
The temperature of the coronary band and the skin had a significantly higher value in
the sick cows; however, factors, such as ambient temperature and the temperature of the
milking parlor, had a positive correlation (r? = 0.92) with the trimming period temperatures.
The aforementioned is noteworthy because it is essential to recognize the influence of the
environment on skin surface temperatures, as discussed later.

Another suggested application of IRT in animals is to detect infectious and febrile
states. During an infectious response, body temperature increases due to the presence
of IL-1 and PGE2-alpha. This increase can be detected in thermal images [88]. A study
that compared febrile and non-febrile cattle inoculated with Escherichia coli in the right
hindquarter used this technology, complemented by various tools of geometric analysis
(polygons, rectangles, and lines). It found that temperature increases greater than 2.06 °C
were detected by the method suggested by the author [89].

Automated IRT can also assist in diagnosing complex respiratory disease in calves.
In this line of research, Schaefer et al. [90] evaluated 65 dairy calves weighing ~220 kg,
exposed to standard transport and industrial practices. IRT detected and associated higher
temperatures (35.7 & 0.35 °C) with clinically diagnosed respiratory diseases in the animals.

As these cases show, IRT is a valuable tool for preventing and detecting pathological
states in domestic animals, due to the several inflammatory responses that increase body
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core and skin surface temperatures, which can be identified as infrared radiation [20,91,92].
Nonetheless, it is important to consider the influence of environmental factors on tem-
perature readings taken from the animals evaluated to understand the results and then
implement preventive strategies objectively.

8. Environmental Influence on the Physiological Responses of Thermoregulation

The clinical utility of thermal windows and IRT for recognizing a painful event or pre-
dicting pathologies in large ruminants and other animals must consider all environmental
conditions, as well as individual and technical factors that can alter evaluations and the
accuracy of temperature readings [7,9,21,91] (Figure 8).
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Figure 8. Environmental, technical, and individual factors that can influence the thermal responses of domestic animals. As

a non-invasive tool that measures thermal fluctuations in the surface skin of animals, IRT can be affected by diverse agents,

both extrinsic and intrinsic. Critical environmental conditions include direct solar radiation, ambient temperature, humidity,

other climatic factors, and elements that depend on the stockperson, handling, and animal management. Individual factors

that must be considered are species, breed, anatomical particularities, and acquired conditions, such as physical activity,

systemic diseases, and physiological states. Potentially significant technical factors include the distance between observer

and animal, the angle at which readings are taken, and the thermal window chosen.

For humans, to give one example, there is a recommended room size (2 x 3 m?)
to maintain a homologous temperature. The temperature recommended is 18-25 °C,
depending on the region selected for the study. This range prevents physiological events
(e.g., shivering or sweating) that occur under exposure to extreme temperatures. Applying
formulas to calculate skin temperature, regardless of the ambient temperature and humidity,
atmospheric pressure, and radiation is another factor to consider [92]. In terms of individual
characteristics, pathological conditions, such as a bacterial infection in febrile pigs caused
by Actinobacillus pleuropneumoniae, have shown a linear relation (r> = 0.97) between ambient
temperature and the mean body surface temperatures, where a 1 °C increase in the former
caused a 0.40 °C increase in the body temperature of pigs in climates between 10 and
32 °C [93]. The thermal window chosen for that study was an area extending from the
middle of the scapula to near the midpoint of the rear limb. Moreover, dorsoventrally from
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the shoulder to the olecranon and from the tuber coxa to the stifle. Another example of an
individual factor is the strong correlation between ambient temperature and forelimb joint
temperatures in racehorses, a parameter that could aid in the early detection of injuries or
inflammation [94]. The correlation of ambient temperature has also been observed in dairy
cows, where measurements of the surface temperature of the eye, ear, cheek, forehead,
flank, rump, forelimbs, udder, and rear udder in dairy cows were affected and to be more
sensitive to environmental conditions than rectal temperatures [95]. Ambient temperature,
however, is not the only climatic factor that can affect IRT readings, for the presence of
wind and direct solar radiation loading may have effects as well. In addition, technical
factors, such as the camera-to-object distance and emissivity, can alter responses in diverse
thermal windows (e.g., in the eye temperature of cattle) [6,7,14,48].

In the river buffalo, increases in the environmental temperature trigger physiological
and behavioral responses (i.e., wallowing and muddying in water or seeking shade) when
the peripheral and central thermoreceptors perceive changes in climatic conditions [96,97].
These behaviors serve to efficiently thermoregulate the animal through the vasodilatation of
a large number of blood vessels in the skin [6,9,98,99]. However, buffaloes are particularly
susceptible to heat stress especially when exposed to direct sunlight, due to their dark skin
with high absorbance and transmittance and deficient dermal mechanisms for dissipating
latent heat, [6,7,21,100-102]. This effect can also be seen in black and white cows that
present greater absorption of solar radiation, though to a lesser degree than buffaloes
during hot periods. However, in addition to color, coat thickness (and its transmittance), is
another factor that can condition the amount of energy that is transferred along the fur and
reaches the epidermis [6,7,9,103] (Figure 9).
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Figure 9. Morphological differences in skin characteristics between cattle (Bos taurus and Bos indicus) and river buffaloes

(Bubalus bubalis). The skin and structures involved in the thermoregulation of buffaloes (number of hair follicles, hair density,
epidermis thickness, melanin concentration, number and size of sweat glands) differ significantly from those in cattle, and
influence the deficient thermoregulation mechanism of this species [104-107].

As a result, buffaloes must dissipate heat by lying in swampy areas or mud for long
periods [21,99,108], especially during the hot season. Providing shelter and shade to
buffaloes mitigates all the effects from heat stress, such as increased rectal temperature,



Animals 2021, 11, 2247

15 0f 23

1 max 38.3°C oC
Min 33.9°C

Average 35.8 °C

respiratory rate, and plasma cortisol concentration [98]. The effects of shading also translate
into greater weight gain than animals kept directly in the sun [109]. When exposed to
direct solar radiation, other alterations observed in these animals are excessive salivation,
which corresponds to a second phase panting with an increase in alveolar ventilation,
a tendency towards respiratory alkalosis and hyperthermia and hyperthermia brought
the inability to lose sufficient latent heat [110]. For example, a preliminary study of river
buffaloes (Bubalus bubalis) found that wallowing and muddying are mechanisms that
mediate thermoregulation in this species, as can be seen in the orbital region (regio orbitalis)
of the animals shown in Figure 10.
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Figure 10. Thermal response of the orbital region of river buffaloes (Bubalus bubalis) under direct solar radiation, then during
and after wallowing. (Aq,Aj) Effect of direct radiation. The temperature of the orbital region (El1) shows a maximum
temperature of 38.3 °C (red triangle) and a minimum of 33.9 °C (blue triangle). These temperatures are due to the effect
of heat dissipation through vasodilation of skin blood vessels. (B1,B2) Wallowing and its effect on orbital temperature.
Decreases in the maximum and minimum ocular temperatures of 1.3 °C (red triangle) and 2.7 °C (blue triangle), are
observed when the animals submerge in muddy waters to thermoregulate. (Cq,Cz) Effect of wind on orbital temperature
after muddying. The maximum and minimum orbital temperatures decreased by 2.9 °C (red triangle) and 2.3 °C (blue
triangle), compared to baseline values. This effect was caused by mud in the dorsal region and the combined cooling
effect of convection of the wind and evaporation of water in mud on this zone; a strategy river buffaloes use to reach

thermal comfort.

This natural behavior of the water buffalo has additional benefits for these animals:
protection against ectoparasites, and significant reductions of rectal temperature, water
intake, and free triiodothyronine (an indicator of metabolic changes related to food intake
and the influences of ambient temperature and humidity) [63,111-113]. In free-ranging
buffaloes, feeding (including grazing and rumination) and resting represent the two main
behaviors performed. In contrast, when animals are managed in intensive production
systems, these natural behaviors are restricted, and the development of abnormal behaviors,
such as aggression or sucking and allosucking, can reduce their welfare [114-116].

Despite scientific data indicating a direct influence of environmental factors on the
physiological responses of these animals under high ambient temperatures [21], farmers
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often neglect this area and its negative consequences for their animals [117]. The neuroen-
docrine response to heat stress negatively affects behavior and productive and reproductive
efficiency, with consequences for milk and meat production, growth, and fertility [104].
Moreover, heat stress has been shown to affect the gene expression of cytokines and their
receptors, consequently affecting immune functions [118,119]. Hence, it is essential to
acknowledge the influence of ambient temperature on the thermoregulation of the river
buffalo, but also factors of this kind when measuring thermal and microvascular changes
in animals. Perhaps an evaluation of different animals, but at the same time of day, would
permit a more accurate interpretation.

9. Perspectives and Areas of Opportunity

Modifications of body temperature can result from pathological and physiological pro-
cesses that are detectable in the thermal windows described above. The above opens a field
of application that promotes the use of thermography for quantifying levels of thermal
radiation in animals, not only during pathological disorders but also as a complementary
tool for preventing and/or detecting diseases that are identifiable in animals, whether
apparently healthy or ill, based on changes in surface microcirculation [20]. This suggests
the need to analyze the potential usefulness of this tool in milking rooms, with calf feeders,
and at watering stations [20], areas where radiometric thermal images can be obtained
using portable devices or fixed cameras. Portable devices permit mobility and can be fo-
cused on a specific window but are limited in recording frequency. Fixed cameras installed
in strategic places, in contrast, can evaluate in real-time for prolonged periods [120]. It
is important to consider these characteristics and incorporate them adequately in future
research since the IRT technique can be utilized to assist in the early detection and diagnosis
of physiological alterations by comparing normal thermal parameters to even minimal
temperature modifications.

The temperature responses of the body’s surface to vascular changes derived from mul-
tiple events also make it possible to determine patterns of thermoneutrality in animals and
establish their levels of thermal comfort. This is a fundamental aspect in handling animals
raised for production because heat stress causes a vasodilatory response that increases heat
exchange with the environment and, as a result, surface temperature [95,118,119,121-124].
This alteration, which can be detected in thermal windows, impacts animals” health, wel-
fare, and productive and reproductive efficiency, so monitoring their condition utilizing
the heat irradiated in specific body regions and measuring the temperatures, is a potential
strategy for mitigating abnormalities in the fertility of both males and females, and for
reducing associated pathologies, such as mastitis. However, additional research is required
from the perspective of animal welfare to possibly validate the ocular window in the
presence of nociceptive stimuli or stress [20,120].

Several advantages of IRT and the thermal windows discussed above have been
postulated, especially non-invasiveness, real-time recording, and emissivity [20]. In the
studies published to date, this tool has not only provided information on diseases and
painful processes, but has also emerged as a predictor of meat quality by tracing animals
from the farm of origin through the post-mortem evaluation [123]. In this case, by distin-
guishing autonomous modifications in blood flow towards the surface capillaries derived
from a state of pre-slaughter stress, IRT can help prevent impacts on the organoleptic and
physicochemical characteristics of meat, thus offering a resource that promotes the quality
and innocuousness of foods in addition to its role as a predictor of poor animal welfare.

Future studies of the use of thermal windows, peripheral thermoregulation, and
body heat production in cattle and the river buffalo should adopt a comparative focus to
contemplate the anatomical and physiological differences between these two species [124].
The goals are to adopt these techniques in production units practically and achieve a more
objective interpretation of the readings they provide. Future research should also focus on
the following aspects: developing experimental designs to study environmental factors,
specific characteristics of the animals (e.g., breed, sex, age, skin thickness, tissue disposition),
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and technical elements (e.g., the angle at which thermograms are taken, capture distance,
etc.) [125]. All of these factors can help improve measurements of thermal changes in
microcirculation to foment their evaluation during diverse functional processes in animals.

10. Limitations of Infrared Thermography due to Environmental Conditions

The main limitations of IRT are related to environmental conditions, such as solar
radiation, which can potentially alter readings, as has been seen in humans [92]. A study
carried out with dairy cows found that the velocity of the wind can also alter results,
as speeds of 7 km/h decreased the temperature of the eye by 0.43 + 0.13 °C, and at
12 km/h by 0.78 £ 0.33 °C. In animals with high sweating rates, when in places with
larger wind velocities, the combined effects of convection and evaporation may lead to
increased evaporation rates with consequent decreases in temperature at the sites of sweat
evaporation, leading to some errors. In contrast, in animals kept under direct solar radiation,
the orbital region temperature increased by 0.56 £ 0.36 °C [48]. In other species, such as
the rabbit, reports show that the temperature of the orbital region—though it is a good
region for evaluating stress—can be affected by relative humidity, ambient temperature,
and ventilation, inducing variation in IRT readings [126]. Okada et al. [127] stated that in
addition to the factors mentioned above, the distance to the object and the angle of the
focal length used to obtain optimal thermograms may also place serious limitations on
evaluation and must be taken into account by researchers.

11. Conclusions

In conclusion, it is evident that the anatomical and physiological differences among
large ruminants and the impact of the environment, gender, and species, are elements that
can influence the interpretation and validation of thermal windows, which may generate
distinct responses in the same window. These factors must all be rigorously accounted for
in future research designed to analyze the microvascular changes characteristic of each
body region in order to achieve an integrated understanding of the thermoregulatory
responses of different thermal windows and then implement this knowledge in clinical
medicine for domestic bovines of the genus Bos and the river buffalo. When used with large
ruminants, IRT gathers information from thermal windows that can assist in diagnosing
specific pathologies and in determining the physiological states and welfare of animals.
However, interpretations depend significantly on the region evaluated, the species studied,
and environmental and technical factors that can affect our understanding.

At first, scientific findings on the orbital region (regio orbitalis) described the lacrimal
caruncle of the eye as a zone whose vasomotor response was associated with a thermal
change influenced by the peripheral activity of the SyNS during painful and pathological
processes and stress. However, later research found that diverse endogenous factors, such
as sex and breed and environmental components (hour of the day, location), can affect tem-
perature evaluations and lead to in-adequate interpretations of the information recorded in
this region. Meanwhile, the association of the nasal region (region nasalis) window with
processes of exhalation and inhalation and the increase or decrease, respectively, of the
temperature around the nostrils made it possible to use this window as an alternative for
evaluating the respiratory function at a distance and correlating it with health, tempera-
tures in other body regions, and productive parameters. Despite these advances, however,
it is essential to consider such factors as climate, the age of the animals, and the need for
additional clinical studies of large ruminants to determine degrees of sensitivity. In this
regard, the udder region (regio uberis), especially in the mammary gland thermal window,
shows high sensitivity and specificity of concordance among local inflammatory responses,
vasodilatation of mammary capillaries, and the consequent temperature increases in tissues.
As a result, this window has significant diagnostic value for detecting subclinical mastitis
that is further sustained by high correlation levels with clinical studies, such as somatic cell
counts and the California test. One aspect of this window that requires additional study
involves the anatomical differences between the genera Bos and Bubalus bubalis (e.g., the
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latter’s prominent ligaments and longer teats, etc.) since these affect the delimitation and
evaluation of the udder region and mammary thermography.

Finally, hyperthermia of the vulvar labia due to the contribution of the coccygeal
capillaries, which is detectable through the urogenital region (regio urogenitalis) and vulvar
window, can aid in verifying the stage of estrus in both species. Supporting findings
from this window by measuring hormonal concentrations (e.g., progesterone) permits
determining female reproductive states, though this zone is less sensitive than other thermal
windows due to the effects of the environment, sun, and wind.

Author Contributions: Conceptualization, D.M.-R., AM.EP,, A.d.M.G.; investigation, D.M.-R., A.C.,,
AD,DW,PL,MG, PM.-M,, A.O.-H, LH.-A,, ] M.-B., A.B.; writing—original draft preparation,
D.M.-R,, A.C.,, D.W,; writing—review and editing, D.M.-R.,, AM.FP, A.dM.G., JM.-B,, P.L, M.G.;
project administration, D.M.-R., AM.EP, A.d.M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Conflicts of Interest: The authors declare that they have no conflict of interest.

Ethics Statement: The handling and care of the cattle and river buffaloes used to obtain the thermo-
grams of this article, complied with the Mexican norm NOM-062-ZO0-1999 for experimental animals
published by the Department of Agriculture, Rural Development, Fisheries and Alimentation. It is
also important to note that the animals were treated gently and were not touched or stressed, since
infrared thermography is a non-invasive technique.

References

1.

10.

11.

12.

13.

Petrc, K.; Kinizcova, I. The Use of Infrared Thermography in Livestock Production and Veterinary Field. In Infrared Thermography
Recent Advances and Future Trends; Kunc, P., Knizkova, I., Eds.; Bentham Science Publishers: Sharjah, United Arab Emirates, 2012;
pp- 85-101.

Stewart, M.; Wilson, M.T.; Schaefer, A.L.; Huddart, E; Sutherland, M.A. The Use of Infrared Thermography and Accelerometers
for Remote Monitoring of Dairy Cow Health and Welfare. J. Dairy Sci. 2017, 100, 3893-3901. [CrossRef]

Mota-Rojas, D.; Velarde, A.; Maris-Huertas, S.; Cajiao, M.N. Animal Welfare, a Global Vision in Ibero-America; Elsevier Press:
Barcelona, Spain, 2016; pp. 1-516.

Mota-Rojas, D.; Orihuela, A.; Strappini-Asteggiano, A.; Nelly Cajiao-Pachén, M.; Agiiera-Buendia, E.; Mora-Medina, P.; Ghezzi,
M.; Alonso-Spilsbury, M. Teaching Animal Welfare in Veterinary Schools in Latin America. Int. J. Vet. Sci. Med. 2018, 6, 131-140.
[CrossRef]

Zhang, C.; Xiao, D.; Yang, Q.; Wen, Z.; Lv, L. Review: Application of Infrared Thermography in Livestock Monitoring. Trans.
ASABE 2020, 63, 389-399. [CrossRef]

Guerrero-Legarreta, I.; Napolitano, F.; Mota-Rojas, D.; Orihuela, A. The Water Buffalo in the Americas, Practical and Experimental
Approaches, 2nd ed.; BM Editores: Mexico City, Mexico, 2018; pp. 1-881.

Napolitano, F; Mota-Rojas, D.; Guerrero-Legarreta, I.; Orihuela, A. The Latin American River Buffalo, Recent Findings, 3rd ed.; BM
Editores: Mexico City, Mexico, 2020; pp. 1-1545.

Mota-Rojas, D.; Miranda-Cortes, A.; Casas-Alvarado, A.; Mora-Medina, P.; Boscato, L.; Hernandez-Avalos, 1. Neurobiology and
Modulation of Stress- Induced Hyperthermia and Fever in Animals. Abanico Vet. 2021, 11, 1-17. [CrossRef]

Mota-Rojas, D.; Titto, C.G.; Orihuela, A.; Martinez-Burnes, J.; Gémez-Prado, J.; Torres-Bernal, F.; Flores-Padilla, K.; Carvajal-de
la Fuente, V.; Wang, D. Physiological and Behavioral Mechanisms of Thermoregulation in Mammals. Animals 2021, 11, 1733.
[CrossRef] [PubMed]

Villanueva-Garcia, D.; Mota-Rojas, D.; Martinez-Burnes, J.; Olmos-Hernandez, A.; Mora-Medina, P.; Salmeron, C.; Goémez, J.;
Boscato, L.; Gutiérrez-Pérez, O.; Cruz, V.; et al. Hypothermia in Newly Born Piglets: Mechanisms of Thermoregulation and
Pathophysiology of Death. J. Anim. Behav. Biometeorol. 2021, 9. [CrossRef]

Reyes-Sotelo, B.; Mota-Rojas, D.; Martinez-Burnes, J.; Olmos-Hernandez, A.; Hernandez-Avalos, L; José, N.; Casas-Alvarado, A.;
Gomez, J.; Mora-Medina, P. Thermal Homeostasis in the Newborn Puppy: Behavioral and Physiological Responses. |. Anim.
Behav. Biometeorol. 2021, 9, 1-12. [CrossRef]

Lowe, G.; Sutherland, M.; Waas, J.; Schaefer, A.; Cox, N.; Stewart, M. Infrared Thermography—A Non-Invasive Method of
Measuring Respiration Rate in Calves. Animals 2019, 9, 535. [CrossRef] [PubMed]

Andrade, D.V. Thermal Windows and Heat Exchange. Temperature 2015, 2, 451. [CrossRef]


http://doi.org/10.3168/jds.2016-12055
http://doi.org/10.1016/j.ijvsm.2018.07.003
http://doi.org/10.13031/trans.13068
http://doi.org/10.21929/abavet2021.11
http://doi.org/10.3390/ani11061733
http://www.ncbi.nlm.nih.gov/pubmed/34200650
http://doi.org/10.31893/jabb.21001
http://doi.org/10.31893/jabb.21012
http://doi.org/10.3390/ani9080535
http://www.ncbi.nlm.nih.gov/pubmed/31394802
http://doi.org/10.1080/23328940.2015.1040945

Animals 2021, 11, 2247 19 of 23

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Casas-Alvarado, A.; Mota-Rojas, D.; Hernandez-Avalos, I.; Mora-Medina, P.; Olmos-Herndndez, A.; Verduzco-Mendoza, A.;
Reyes-Sotelo, B.; Martinez-Burnes, J. Advances in Infrared Thermography: Surgical Aspects, Vascular Changes, and Pain
Monitoring in Veterinary Medicine. J. Therm. Biol. 2020, 92, 102664. [CrossRef]

Romanovsky, A.A.; Ivanov, A L; Shimansky, Y.P. Selected Contribution: Ambient Temperature for Experiments in Rats: A New
Method for Determining the Zone of Thermal Neutrality. J. Appl. Physiol. 2002, 92, 2667-2679. [CrossRef]

Hankenson, F.C.; Marx, J.O.; Gordon, C.J.; David, ] M. Effects of Rodent Thermoregulation on Animal Models in the Research
Environment. Comp. Med. 2018, 68, 425-438. [CrossRef]

Flores-Peinado, S.; Mota-Rojas, D.; Guerrero-Legarreta, I.; Mora-Medina, P.; Cruz-Monterrosa, R.; Gémez-Prado, J.; Guadalupe
Hernandez, M.; Cruz-Playas, J.; Martinez-Burnes, J. Physiological Responses of Pigs to Preslaughter Handling: Infrared and
Thermal Imaging Applications. Int. J. Vet. Sci. Med. 2020, 8, 71-84. [CrossRef]

Lazaro, C.; Conte-Junior, C.A.; Medina-Vara, M.; Mota-Rojas, D.; Cruz-Monterrosa, R.; Guerrero-Legarreta, I. Effect of Pre-
Slaughter Confinement Stress on Physicochemical Parameters of Chicken Meat. Ciénc. Anim. Bras. 2019, 20. [CrossRef]
Tattersall, G.J. Infrared Thermography: A Non-Invasive Window into Thermal Physiology. Comp. Biochem. Physiol. Mol. Integr.
Physiol. 2016, 202, 78-98. [CrossRef] [PubMed]

Mota-Rojas, D.; Olmos-Hernandez, A.; Verduzco-Mendoza, A.; Lecona-Butréon, H.; Martinez-Burnes, J.; Mora-Medina, P;
Goémez-Prado, J.; Orihuela, A. Infrared Thermal Imaging Associated with Pain in Laboratory Animals. Exp. Anim. 2020.
[CrossRef]

Mota-Rojas, D.; Napolitano, F.; Braghieri, A.; Guerrero-Legarreta, I.; Bertoni, A.; Martinez-Burnes, J.; Cruz-Monterrosa, R.; Gémez,
J.; Ramirez-Bribiesca, E.; Barrios-Garcia, H.; et al. Thermal Biology in River Buffalo in the Humid Tropics: Neurophysiological
and Behavioral Responses Assessed by Infrared Thermography. . Anim. Behav. Biometeorol. 2021, 9. [CrossRef]

Martello, L.S.; da Luz e Silva, S.; da Costa Gomes, R.; da Silva Corte, R.R.P,; Leme, PR. Infrared Thermography as a Tool to
Evaluate Body Surface Temperature and Its Relationship with Feed Efficiency in Bos Indicus Cattle in Tropical Conditions. Int. ].
Biometeorol. 2016, 60, 173-181. [CrossRef]

Thompson, S.; Schaefer, A.L.; Crow, G.H.; Basarab, ].; Colyn, J.; Ominski, K. Relationship between Residual Feed Intake and
Radiated Heat Loss Using Infrared Thermography in Young Beef Bulls. J. Therm. Biol. 2018, 78, 304-311. [CrossRef] [PubMed]
Ootsuka, Y.; Tanaka, M. Control of Cutaneous Blood Flow by Central Nervous System. Temperature 2015, 2, 392-405. [CrossRef]
Vainionpdd, M. Thermographic Imaging in Cats and Dogs Usability as a Clinical Method. Ph.D. Thesis, University of Helsinki,
Helsinki, Finland, 2014.

Lim, S.; Honek, J.; Xue, Y.; Seki, T.; Cao, Z.; Andersson, P.; Yang, X.; Hosaka, K.; Cao, Y. Cold-Induced Activation of Brown
Adipose Tissue and Adipose Angiogenesis in Mice. Nat. Protoc. 2012, 7, 606-615. [CrossRef]

Gordon, CJ.; Aydin, C.; Repasky, E.A.; Kokolus, K.M.; Dheyongera, G.; Johnstone, A.FM. Behaviorally Mediated, Warm
Adaptation: A Physiological Strategy When Mice Behaviorally Thermoregulate. J. Therm. Biol. 2014, 44, 41-46. [CrossRef]
Barros, D.V,; Silva, L.K.X.; Kahwage, P.R.; Lourengo Junior, J.B.; Sousa, J.S.; Silva, A.G.M.; Franco, .M.; Martorano, L.G.; Garcia,
A.R. Assessment of Surface Temperatures of Buffalo Bulls (Bubalus bubalis) Raised under Tropical Conditions Using Infrared
Thermography. Arq. Bras. Med. Vet. Zootec. 2016, 68, 422-430. [CrossRef]

Talukder, S.; Thomson, P.C.; Kerrisk, K.L.; Clark, C.E.F,; Celi, P. Evaluation of Infrared Thermography Body Temperature and
Collar-Mounted Accelerometer and Acoustic Technology for Predicting Time of Ovulation of Cows in a Pasture-Based System.
Theriogenology 2015, 83, 739-748. [CrossRef] [PubMed]

Bertoni, A.; Mota-Rojas, D.; Alvarez-Macias, A.; Mora-Medina, P; Guerrero-Legarreta, I.; Morales-Canela, A.; Gomez-Prado,
J.; José-Pérez, N.; Martinez-Burnes, J. Scientific Findings Related to Changes in Vascular Microcirculation Using Infrared
Thermography in the River Buffalo. . Anim. Behav. Biometeorol. 2020, 8, 288-297. [CrossRef]

Mota-Rojas, D.; Habeeb, A.A.; Napolitano, F.; Sarubbi, J.; Ghezzi, M.; Ceriani, M.C.; Cuibus, A.; Martinez-Burnes, ].; Braghieri,
A.; Lendez, P.A; et al. River Buffalo, European Cattle and Indian Cattle Welfare: Environmental, Physiological and Behavioral
Aspects in Response to Natural and Artificial Shade. In EI biifalo de Agua en Latinoamérica, Hallazgos Recientes; Napolitano, F.,
Mota-Rojas, D., Guerrero-Legarreta, J., Orihuela, A., Eds.; BM Editores: Mexico City, Mexico, 2020; pp. 960-1016. Available
online: https:/ /www.lifescienceglobal.com/journals/journal-of-buffalo-science /97-abstract/jbs /4550-el-bufalo-de-agua-en-
latinoamerica-hallazgos-recientes (accessed on 11 December 2020).

Nads, LA.; Garcia, R.G.; Caldara, ER. Infrared Thermal Image for Assessing Animal Health and Welfare. |. Anim. Behav.
Biometeorol. 2014, 2, 66-72. [CrossRef]

Gigantesco, A.; Giuliani, M. Quality of Life in Mental Health Services with a Focus on Psychiatric Rehabilitation Practice. Ann.
Ist. Super Sanita 2011, 47, 363-372. [CrossRef] [PubMed]

International Committee on Veterinary Gross Anatomical Nomenclature. Nomina Anatomica Veterinaria; World Association of
Veterinary Anatomist: Oslo, Norway, 2017.

Constantinescu, M.G. Illustrated Veterinary Anatomical Nomenclature, 4th ed.; Georg Thieme Verlag: Stuttgart, Germany, 2018;
pp- 1-576.

Childs, C. Body temperature and clinical thermometry. In Thermoregulation: From Basic Neuroscience to Clinical Neurology, Part II;
Romanovsky, A.A., Ed.; Elsevier Press: Amsterdam, The Netherlands, 2018; pp. 467—482.

Romanovsky, A.A. Thermoregulation: Some Concepts Have Changed. Functional Architecture of the Thermoregulatory System.
Am. |. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R37-R46. [CrossRef]


http://doi.org/10.1016/j.jtherbio.2020.102664
http://doi.org/10.1152/japplphysiol.01173.2001
http://doi.org/10.30802/AALAS-CM-18-000049
http://doi.org/10.1080/23144599.2020.1821574
http://doi.org/10.1590/1089-6891v20e-38059
http://doi.org/10.1016/j.cbpa.2016.02.022
http://www.ncbi.nlm.nih.gov/pubmed/26945597
http://doi.org/10.1538/expanim.20-0052
http://doi.org/10.31893/jabb.21003
http://doi.org/10.1007/s00484-015-1015-9
http://doi.org/10.1016/j.jtherbio.2018.10.007
http://www.ncbi.nlm.nih.gov/pubmed/30509652
http://doi.org/10.1080/23328940.2015.1069437
http://doi.org/10.1038/nprot.2012.013
http://doi.org/10.1016/j.jtherbio.2014.06.006
http://doi.org/10.1590/1678-4162-8327
http://doi.org/10.1016/j.theriogenology.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25464865
http://doi.org/10.31893/jabb.20038
https://www.lifescienceglobal.com/journals/journal-of-buffalo-science/97-abstract/jbs/4550-el-bufalo-de-agua-en-latinoamerica-hallazgos-recientes
https://www.lifescienceglobal.com/journals/journal-of-buffalo-science/97-abstract/jbs/4550-el-bufalo-de-agua-en-latinoamerica-hallazgos-recientes
http://doi.org/10.14269/2318-1265/jabb.v2n3p66-72
http://doi.org/10.4415/ANN
http://www.ncbi.nlm.nih.gov/pubmed/22194070
http://doi.org/10.1152/ajpregu.00668.2006

Animals 2021, 11, 2247 20 of 23

38.
39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Romanovsky, A.A. Skin Temperature: Its Role in Thermoregulation. Acta Physiol. 2014, 210, 498-507. [CrossRef]

Mota-Rojas, D.; Habeeb, A.A.; Ghezzi, M.D.; Kanth Reddy, R.; Napolitano, F.; Lendez, P.A.; Cuibus, A.; Ceriani, C.M.; Sarubbi, J.;
Braghieri, A.; et al. Termorragulacién del bifalo de agua: Mecanismos neurobioldgicos, cambios microcirculatorios y aplicaciones
practicas de la termografia infrarroja. In El Biifalo de Agua en Latinoamérica, Hallazgos Recientes; Napolitano, F., Mota Rojas, D.,
Guerrero-Legarreta, 1., Orihuela, A., Eds.; BM Editores: Mexico City, Mexico, 2020; pp. 922-934.

Osaka, T. Hypoxia-Induced Hypothermia Mediated by GABA in the Rostral Parapyramidal Area of the Medulla Oblongata.
Neuroscience 2014, 267, 46-56. [CrossRef]

Cerri, M.; Zamboni, G.; Tupone, D.; Dentico, D.; Luppi, M.; Martelli, D.; Perez, E.; Amici, R. Cutaneous Vasodilation Elicited
by Disinhibition of the Caudal Portion of the Rostral Ventromedial Medulla of the Free-Behaving Rat. Neuroscience 2010, 165,
984-995. [CrossRef]

Labeur, L.; Villiers, G.; Small, A.H.; Hinch, G.N.; Schmoelzl, S. Infrared Thermal Imaging as a Method to Evaluate Heat Loss in
Newborn Lambs. Res. Vet. Sci. 2017, 115, 517-522. [CrossRef]

Morrison, S.F; Nakamura, K. Central Mechanisms for Thermoregulation. Annu. Rev. Physiol. 2019, 81, 285-308. [CrossRef]

Jia, G.; Li, W,; Meng, ].; Tan, H.; Feng, Y. Non-Contact Evaluation of Pigs’ Body Temperature Incorporating Environmental Factors.
Sensors 2020, 20, 4282. [CrossRef]

Vainionp&d, M.; Tienhaara, E.-P.; Raekallio, M.; Junnila, J.; Snellman, M.; Vainio, O. Thermographic Imaging of the Superficial
Temperature in Racing Greyhounds before and after the Race. Sci. World . 2012, 2012, 1-6. [CrossRef] [PubMed]

Xu, Z.; Agbigbe, O.; Nigro, N.; Yakobi, G.; Shapiro, J.; Ginosar, Y. Use of High-Resolution Thermography as a Validation Measure
to Confirm Epidural Anesthesia in Mice: A Cross-over Study. Int. |. Obstet. Anesth. 2021, 46, 102981. [CrossRef] [PubMed]

Kiils, N.; Blissitt, K.J.; Shaw, D.J.; Schéffmann, G.; Clutton, R.E. Thermography as an Early Predictive Measurement for Evaluating
Epidural and Femoral-Sciatic Block Success in Dogs. Vet. Anaesth. Anal. 2017, 44, 1198-1207. [CrossRef]

Church, J.S.; Hegadoren, PR.; Paetkau, M.].; Miller, C.C.; Regev-Shoshani, G.; Schaefer, A.L.; Schwartzkopf-Genswein, K.S.
Influence of Environmental Factors on Infrared Eye Temperature Measurements in Cattle. Res. Vet. Sci. 2014, 96, 220-226.
[CrossRef]

Idris, M.; Uddin, J.; Sullivan, M.; McNeill, D.M.; Phillips, C.J.C. Non-Invasive Physiological Indicators of Heat Stress in Cattle.
Animals 2021, 11, 71. [CrossRef] [PubMed]

Montanholi, Y.R.; Odongo, N.E.; Swanson, K.C.; Schenkel, ES.; McBride, B.W.; Miller, S.P. Application of Infrared Thermography
as an Indicator of Heat and Methane Production and Its Use in the Study of Skin Temperature in Response to Physiological
Events in Dairy Cattle (Bos Taurus). J. Therm. Biol. 2008, 33, 468-475. [CrossRef]

Perez Marquez, H.J.; Ambrose, D.].; Schaefer, A.L.; Cook, N.J.; Bench, C.J. Infrared Thermography and Behavioral Biometrics
Associated with Estrus Indicators and Ovulation in Estrus-Synchronized Dairy Cows Housed in Tiestalls. J. Dairy Sci. 2019, 102,
4427-4440. [CrossRef] [PubMed]

Huggins, J.; Rakobowchuk, M. Utility of Lacrimal Caruncle Infrared Thermography When Monitoring Alterations in Autonomic
Activity in Healthy Humans. Eur. J. Appl. Physiol. 2019, 119, 531-538. [CrossRef] [PubMed]

Stewart, M.; Stookey, ]. M.; Stafford, K.J.; Tucker, C.B.; Rogers, A.R.; Dowling, S.K.; Verkerk, G.A.; Schaefer, A.L.; Webster, ].R.
Effects of Local Anesthetic and a Nonsteroidal Antiinflammatory Drug on Pain Responses of Dairy Calves to Hot-Iron Dehorning.
J. Dairy Sci. 2009. [CrossRef]

Stewart, M.; Verkerk, G.A.; Stafford, K.J.; Schaefer, A.L.; Webster, ].R. Noninvasive Assessment of Autonomic Activity for
Evaluation of Pain in Calves, Using Surgical Castration as a Model. ]. Dairy Sci. 2010, 93, 3602-3609. [CrossRef]

Giro, A.; de Campos Bernardi, A.C.; Barioni Junior, W.; Lemes, A.P; Botta, D.; Romanello, N.; do Nascimento Barreto, A.; Garcia,
A.R. Application of Microchip and Infrared Thermography for Monitoring Body Temperature of Beef Cattle Kept on Pasture. J.
Therm. Biol. 2019, 84, 121-128. [CrossRef] [PubMed]

Stewart, M.; Stafford, K.J.; Dowling, S.K.; Schaefer, A.L.; Webster, ].R. Eye Temperature and Heart Rate Variability of Calves
Disbudded with or without Local Anaesthetic. Physiol. Behav. 2008, 93, 789-797. [CrossRef] [PubMed]

Sprecher, D.].; Hostetler, D.E.; Kaneene, ].B. A Lameness Scoring System That Uses Posture and Gait to Predict Dairy Cattle
Reproductive Performance. Theriogenology 1997, 47, 1179-1187. [CrossRef]

Lowe, G.; McCane, B.; Sutherland, M.; Waas, ].; Schaefer, A.; Cox, N.; Stewart, M. Automated Collection and Analysis of Infrared
Thermograms for Measuring Eye and Cheek Temperatures in Calves. Animals 2020, 10, 292. [CrossRef] [PubMed]
Chikkagoudara, K.P,; Singh, P.; Barman, D.; Potshangbam, C.; Bhatt, N.; Singh, S.V.; Lathwal, S.S. Eye Temperature, an Indicator
for Stress Levels in Young Buffalo Bulls—A Case Study of Micro-Environment Modification. J. Agrometeorol. 2020, 22, 266—273.
Scoley, G.E.; Gordon, A.W.; Morrison, S.J. Use of Thermal Imaging in Dairy Calves: Exploring the Repeatability and Accuracy of
Measures Taken from Different Anatomical Regions1. Trans. Anim. Sci. 2019, 3, 564-576. [CrossRef]

Athaide, L.G.; Joset, W.C.; de Almeida, ]J.F.; Pantoja, M.H.; Noronha, R.D.; Bezerra, A.S.; Barbosa, A.V.; Martorano, L.G.; da Silva,
J.A.; Lourenco Junior, J.D. Thermoregulatory and Behavioral Responses of Buffaloes With and Without Direct Sun Exposure
During Abnormal Environmental Condition in Marajo6 Island, Pard, Brazil. Front. Vet. Sci. 2020, 7, 1-10. [CrossRef]

Brcko, C.C.; Silva, J.A.; Martorano, L.G.; Vilela, R.A.; Nahum, B.D.; Silva, A.G.; Barbosa, A.V.; Bezerra, A.S.; Lourengo Junior, J.D.
Infrared Thermography to Assess Thermoregulatory Reactions of Female Buffaloes in a Humid Tropical Environment. Front. Vet.
Sci. 2020, 7, 180. [CrossRef]


http://doi.org/10.1111/apha.12231
http://doi.org/10.1016/j.neuroscience.2014.02.035
http://doi.org/10.1016/j.neuroscience.2009.10.068
http://doi.org/10.1016/j.rvsc.2017.09.023
http://doi.org/10.1146/annurev-physiol-020518-114546
http://doi.org/10.3390/s20154282
http://doi.org/10.1100/2012/182749
http://www.ncbi.nlm.nih.gov/pubmed/23097633
http://doi.org/10.1016/j.ijoa.2021.102981
http://www.ncbi.nlm.nih.gov/pubmed/33906822
http://doi.org/10.1016/j.vaa.2016.11.009
http://doi.org/10.1016/j.rvsc.2013.11.006
http://doi.org/10.3390/ani11010071
http://www.ncbi.nlm.nih.gov/pubmed/33401687
http://doi.org/10.1016/j.jtherbio.2008.09.001
http://doi.org/10.3168/jds.2018-15221
http://www.ncbi.nlm.nih.gov/pubmed/30879824
http://doi.org/10.1007/s00421-018-4041-6
http://www.ncbi.nlm.nih.gov/pubmed/30515591
http://doi.org/10.3168/jds.2008-1578
http://doi.org/10.3168/jds.2010-3114
http://doi.org/10.1016/j.jtherbio.2019.06.009
http://www.ncbi.nlm.nih.gov/pubmed/31466744
http://doi.org/10.1016/j.physbeh.2007.11.044
http://www.ncbi.nlm.nih.gov/pubmed/18177678
http://doi.org/10.1016/S0093-691X(97)00098-8
http://doi.org/10.3390/ani10020292
http://www.ncbi.nlm.nih.gov/pubmed/32059554
http://doi.org/10.1093/tas/txy126
http://doi.org/10.3389/fvets.2020.522551
http://doi.org/10.3389/fvets.2020.00180

Animals 2021, 11, 2247 21 of 23

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Bleul, U.; Hassig, M.; Kluser, F. Screening of Febrile Cows Using a Small Handheld Infrared Thermography Device. Tierarztl.
Prax. Ausg. G Grosstiere/Nutztiere 2021, 49, 12-20. [CrossRef]

Seixas, A.; Ammer, K. Utility of Infrared Thermography When Monitoring Autonomic Activity. Eur. J. Appl. Physiol. 2019, 119,
1455-1457. [CrossRef]

Sutherland, M.A.; Worth, G.M.; Dowling, S.K.; Lowe, G.L.; Cave, VM.; Stewart, M. Evaluation of Infrared Thermography as
a Non-Invasive Method of Measuring the Autonomic Nervous Response in Sheep. PLoS ONE 2020, 15, e0233558. [CrossRef]
Jansson, A.; Lindgren, G.; Velie, B.D.; Solé, M. An Investigation into Factors Influencing Basal Eye Temperature in the Domestic
Horse (Equus Caballus) When Measured Using Infrared Thermography in Field Conditions. Physiol. Behav. 2021, 228. [CrossRef]
Strutzke, S.; Fiske, D.; Hoffmann, G.; Ammon, C.; Heuwieser, W.; Amon, T. Technical Note: Development of a Noninvasive
Respiration Rate Sensor for Cattle. J. Dairy Sci. 2019, 102, 690-695. [CrossRef] [PubMed]

Marques da Silva, D.C. Termografia Infravermelho e Medidas de Eficiéncia de Bubalinos de Trés Grupos Genéticos Sob Condicoes
Tropicais. Ph.D. Thesis, Universidade Estadual Paulista, Botucatu, Brasil, 2019.

Abbas, A K.; Heimann, K,; Jergus, K.; Orlikowsky, T.; Leonhardt, S. Neonatal Non-Contact Respiratory Monitoring Based on
Real-Time Infrared Thermography. Biomed. Eng. Online 2011, 10, 93. [CrossRef]

Machado, N.A.E; Da Costa, L.B.S.; Barbosa-Filho, J.A.D.; De Oliveira, K.P.L.; De Sampaio, L.C.; Peixoto, M.S5.M.; Damasceno,
F.A. Using Infrared Thermography to Detect Subclinical Mastitis in Dairy Cows in Compost Barn Systems. J. Therm. Biol. 2021,
97,102881. [CrossRef]

Sarubbi, F.; Grazioli, G.; Auriemma, G. A Potential Application of Infrared Thermography ( IRT ) in Mediterranean A Potential
Application of Infrared Thermography ( IRT ) in Mediterranean Lactating Buffalo. Asian Basic Appl. Res. ]. 2020, 2, 11-16.

Fox, L.K,; Gay, ] M. Contagious Mastitis. Vet. Clin. N. Am. Food Anim. Pract. 1993, 9, 475-487. [CrossRef]

Hovinen, M.; Siivonen, J.; Taponen, S.; Hanninen, L.; Pastell, M.; Aisla, A.-M.; Pyoréld, S. Detection of Clinical Mastitis with the
Help of a Thermal Camera. J. Dairy Sci. 2008, 91, 4592—4598. [CrossRef]

Polat, B.; Colak, A.; Cengiz, M.; Yanmaz, L.E.; Oral, H.; Bastan, A.; Kaya, S.; Hayirli, A. Sensitivity and Specificity of Infrared
Thermography in Detection of Subclinical Mastitis in Dairy Cows. J. Dairy Sci. 2010, 93, 3525-3532. [CrossRef] [PubMed]
Olmos-Hernandez, A.; Ghezzi, M.D.; Napolitano, F.; Cuibus, A.; Alvarez-Macias, A.; Braghieri, A.; Mota-Rojas, D. Anatomophys-
iology of the mammary gland: Neuroendocrinology of milk ejection in the river buffalo. In El Biifalo de Agua en Latinoameérica,
Hallazgos Recientes; Napolitano, F., Mota-Rojas, D., Guerrero-Legarreta, I., Orihuela, A., Eds.; BM Editores: Mexico City, Mexico,
2020; pp- 721-771.

Budras, K.D.; Habel, R.E. Bovine Anatomy an Illustrated Text, 1st ed.; Schulutersche: Hanover, Germany, 2003; pp. 1-440.
Radigonda, V.L.; Pereira, G.R.; da Cruz Favaro, P.; Barca Junior, FEA.; Borges, M.H.F,; Galdioli, VH.G.; Junior, C.K. Infrared
Thermography Relationship between the Temperature of the Vulvar Skin, Ovarian Activity, and Pregnancy Rates in Braford
Cows. Trop. Anim. Health Prod. 2017, 49, 1787-1791. [CrossRef]

de Ruediger, ER.; Yamada, P.H.; Bicas Barbosa, L.G.; Mungai Chacur, M.G.; Pinheiro Ferreira, J.C.; de Carvalho, N.A.T.; Milani
Soriano, G.A.; Codognoto, V.M.; Oba, E. Effect of Estrous Cycle Phase on Vulvar, Orbital Area and Muzzle Surface Temperatures
as Determined Using Digital Infrared Thermography in Buffalo. Anim. Reprod. Sci. 2018, 197, 154-161. [CrossRef]

McManus, C.; Tanure, C.B.; Peripolli, V.; Seixas, L.; Fischer, V.; Gabbi, A.M.; Menegassi, S.R.O.; Stumpf, M.T.; Kolling, G.J.; Dias,
E.; et al. Infrared Thermography in Animal Production: An Overview. Comput. Electron. Agric. 2016, 123, 10-16. [CrossRef]
Yadav, S.K.; Singh, P.; Kumar, P.; Singh, S.V.; Singh, A.; Kumar, S. Scrotal Infrared Thermography and Testicular Biometry:
Indicator of Semen Quality in Murrah Buffalo Bulls. Anim. Reprod. Sci. 2019, 209, 106145. [CrossRef]

Chacur, M.G.M. Termografia Por Infravermelho Na Reproducao de Bubalinos. Rev. Bras. Reprod. Anim. 2017, 41, 180-187.
Gianesella, M.; Arfuso, F.; Fiore, E.; Giambelluca, S.; Giudice, E.; Armato, L.; Piccione, G. Infrared Thermography as a Rapid and
Non-Invasive Diagnostic Tool to Detect Inflammatory Foot Diseases in Dairy Cows. Pol. J. Vet. Sci. 2018, 21, 299-305. [CrossRef]
[PubMed]

Hernandez-Mendo, O.; von Keyserlingk, M.A.G.; Veira, D.M.; Weary, D.M. Effects of Pasture on Lameness in Dairy Cows. .
Dairy Sci. 2007, 90, 1209-1214. [CrossRef]

LokeshBabu, D.S.; Jeyakumar, S.; Vasant, PJ.; Sathiyabarathi, M.; Manimaran, A.; Kumaresan, A.; Pushpadass, H.A.; Sivaram, M.;
Ramesha, K.P.,; Kataktalware, M.A.; et al. Monitoring Foot Surface Temperature Using Infrared Thermal Imaging for Assessment
of Hoof Health Status in Cattle: A Review. |. Therm. Biol. 2018, 78, 10-21. [CrossRef]

Stokes, J.E.; Leach, K.A.; Main, D.C.J.; Whay, H.R. An Investigation into the Use of Infrared Thermography (IRT) as a Rapid
Diagnostic Tool for Foot Lesions in Dairy Cattle. Vet. J. 2012, 193, 674-678. [CrossRef] [PubMed]

Orman, A.; Endres, M.I. Use of Thermal Imaging for Identification of Foot Lesions in Dairy Cattle. Act. Agric. Scand. A Anim. Sci.
2016, 66, 1-7. [CrossRef]

Alsaaod, M.; Biischer, W. Detection of Hoof Lesions Using Digital Infrared Thermography in Dairy Cows. J. Dairy Sci. 2012, 95,
735-742. [CrossRef] [PubMed]

Bleul, U.; Hassig, M.; Kluser, F. Screening of Febrile Cows Using Infrared Thermography. Tierarztliche Praxis Ausgabe G Grosstiere
Nutztiere 2019, 49, 12-20. [CrossRef]

Metzner, M.; Sauter-Louis, C.; Seemueller, A.; Petzl, W.; Klee, W. Infrared Thermography of the Udder Surface of Dairy Cattle:
Characteristics, Methods, and Correlation with Rectal Temperature. Vet. ]. 2014, 199, 57-62. [CrossRef]


http://doi.org/10.1055/a-1307-9993
http://doi.org/10.1007/s00421-019-04120-x
http://doi.org/10.1371/journal.pone.0233558
http://doi.org/10.1016/j.physbeh.2020.113218
http://doi.org/10.3168/jds.2018-14999
http://www.ncbi.nlm.nih.gov/pubmed/30415860
http://doi.org/10.1186/1475-925X-10-93
http://doi.org/10.1016/j.jtherbio.2021.102881
http://doi.org/10.1016/S0749-0720(15)30615-0
http://doi.org/10.3168/jds.2008-1218
http://doi.org/10.3168/jds.2009-2807
http://www.ncbi.nlm.nih.gov/pubmed/20655420
http://doi.org/10.1007/s11250-017-1378-5
http://doi.org/10.1016/j.anireprosci.2018.08.023
http://doi.org/10.1016/j.compag.2016.01.027
http://doi.org/10.1016/j.anireprosci.2019.106145
http://doi.org/10.24425/122597
http://www.ncbi.nlm.nih.gov/pubmed/30450869
http://doi.org/10.3168/jds.S0022-0302(07)71608-9
http://doi.org/10.1016/j.jtherbio.2018.08.021
http://doi.org/10.1016/j.tvjl.2012.06.052
http://www.ncbi.nlm.nih.gov/pubmed/22867853
http://doi.org/10.1080/09064702.2016.1179785
http://doi.org/10.3168/jds.2011-4762
http://www.ncbi.nlm.nih.gov/pubmed/22281338
http://doi.org/10.21203/rs.2.18411/v1
http://doi.org/10.1016/j.tvjl.2013.10.030

Animals 2021, 11, 2247 22 of 23

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Schaefer, A.L.; Cook, N.J.; Bench, C.; Chabot, ].B.; Colyn, J.; Liu, T.; Okine, E.K; Stewart, M.; Webster, ].R. The Non-Invasive and
Automated Detection of Bovine Respiratory Disease Onset in Receiver Calves Using Infrared Thermography. Res. Vet. Sci. 2012,
93, 928-935. [CrossRef]

Mota-Rojas, D.; Wang, D.; Gongalves Titto, C.; Gémez-Prado, ].; Carvajal-de la Fuenta, V.; Ghezzi, M.; Boscato-Funes, L.; Barrios-
Garcia, 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. in revision.

Fernandez-Cuevas, I.; Bouzas Marins, J.C.; Arnaiz Lastras, J.; Gomez Carmona, PM.; Pifionosa Cano, S.; Garcia-Concepcién,
M.A; Sillero-Quintana, M. Classification of Factors Influencing the Use of Infrared Thermography in Humans: A Review. Infrared
Phys. Technol. 2015, 71, 28-55. [CrossRef]

Loughmiller, J.A.; Spire, M.E,; Dritz, S.S.; Fenwick, B.W.; Hosni, M.H.; Hogge, S.B. Relationship between Mean Body Surface
Temperature Measured by Use of Infrared Thermography and Ambient Temperature in Clinically Normal Pigs and Pigs
Inoculated with Actinobacillus Pleuropneumoniae. Am. J. Vet. Res. 2001. [CrossRef] [PubMed]

Soroko, M.; Howell, K.; Dudek, K. The Effect of Ambient Temperature on Infrared Thermographic Images of Joints in the Distal
Forelimbs of Healthy Racehorses. J. Therm. Biol. 2017, 66, 63—67. [CrossRef] [PubMed]

Peng, D.; Chen, S.; Li, G.; Chen, J.; Wang, J.; Gu, X. Infrared Thermography Measured Body Surface Temperature and Its
Relationship with Rectal Temperature in Dairy Cows under Different Temperature-Humidity Indexes. Int. ]. Biometeorol. 2019, 63,
327-336. [CrossRef] [PubMed]

Aggarwal, A.; Upadhyay, R. Heat Stress and Animal Productivity; Springer: New Dheli, India, 2013; ISBN 978-81-322-0878-5.
Robinson, E.B. Thermoregulation. In Textbook of Veterinary Physiology; Klein, B.G., Ed.; Elsevier: London, UK, 2014; pp. 533-542.
Khongdee, T.; Sripoon, S.; Vajrabukka, C. The Effects of High Temperature and Wallow on Physiological Responses of Swamp
Buffaloes (Bubalus Bubalis) during Winter Season in Thailand. . Therm. Biol. 2011, 36, 417—421. [CrossRef]

Oliveira, ].P.F,; Rangel, A.H.N.; Barreto, M.L.].; Aratjo, V.M.; Lima Junior, D.M.; Novaes, L.P; Aureliano, LP.L. Temperamento de
Biifalas Em Sala de Ordenha Sobre Indices Produtivos e Adaptabilidade Ao Ambiente: Uma Revisao. J. Anim. Behav. Biometeorol.
2013, 1, 21-30. [CrossRef]

Das, G.; Khan, F. Summer Anoestrus in Buffalo—A Review. Reprod. Domest. Anim. 2010, 45, e483-e494. [CrossRef]

De Rosa, G.; Napolitano, F; Grasso, F.; Pacelli, C.; Bordi, A. On the Development of a Monitoring Scheme of Buffalo Welfare at
Farm Level. Ital. |. Anim. Sci. 2005, 4, 115-125. [CrossRef]

Bertoni, A.; Alvarez-Macias, A.; Mota-Rojas, D. Productive Performance of Buffaloes and Their Development Options in Tropical
Regions. Soc. Rural. Prod. Med. Ambiente 2019, 19, 59-80.

Isola, ].V.V.; Menegazzi, G.; Busanello, M.; dos Santos, S.B.; Agner, H.S.S.; Sarubbi, J. Differences in Body Temperature between
Black-and-White and Red-and-White Holstein Cows Reared on a Hot Climate Using Infrared Thermography. J. Therm. Biol. 2020,
94,102775. [CrossRef] [PubMed]

Marai, LEM.; Haeeb, A.A.M. Buffalo’s Biological Functions as Affected by Heat Stress—A Review. Livest. Sci. 2010, 127, 89-109.
[CrossRef]

Debbarma, D.; Uppal, V.; Bansal, N.; Gupta, A. Histomorphometrical Study on Regional Variation in Distribution of Sweat
Glands in Buffalo Skin. Dermatol. Res. Pract. 2018, 2018, 5345390. [CrossRef]

Hafez, E.S.E.; Badreldin, A.L.; Shafei, M.M. Skin Structure of Egyptian Buffaloes and Cattle with Particular Reference to Sweat
Glands. J. Agric. Sci. 1955, 46, 19-30. [CrossRef]

Presicce, G.A. (Ed.) The Buffalo (Bubalus Bubalis)—Production and Research; Bentham Science Publishers: Padua, Italy, 2017;
ISBN 9781681084176.

Desta, T.T. Introduction of Domestic Buffalo (Bubalus Bubalis) into Ethiopia Would Be Feasible. Renew. Agric. Food Syst. 2012, 27,
305-313. [CrossRef]

Castro, A.C.; Lourenco Junior, J.D.; Santos, N.D.; Monteiro, E.M.; Aviz, M.A_; Garcia, A.R. Sistema Silvipastoril Na Amazonia:
Ferramenta Para Elevar o Desempenho Produtivo de Bufalos. Ciénc. Rural 2008, 38, 2395-2402. [CrossRef]

Das, S.; Upadhyay, R.; Madan, M. Heat Stress in Murrah Buffalo Calves. Livest. Prod. Sci. 1999, 61, 71-78. [CrossRef]

Dimri, U.; Ranjan, R.; Sharma, M.C.; Varshney, V.. Effect of Vitamin E and Selenium Supplementation on Oxidative Stress Indices
and Cortisol Level in Blood in Water Buffaloes during Pregnancy and Early Postpartum Period. Trop. Anim. Health Pro. 2010, 42,
405-410. [CrossRef] [PubMed]

Zhengkang, H.; Zhenzhong, C.; Shaohua, Z.; Vale, W.G.; Barnabe, V.H.; Mattos, ].C.A. Rumen Metabolism, Blood Corgisol and
T3, T4 Levels and Other Physiological Paramaters of Swamp Buffalo Subjected to Solar Radiation. In Proceedings of the IVth
World Buffalo Congress, San Paulo, Brazil, 27-30 June 1994; pp. 39—-40.

Berdugo- Gutiérrez, J.; Napolitano, F.; Mota- Rojas, D.; Gonzalez, N.J.; Ruiz- Buitrago, J.; Guerrero-Legarreta, I. El Biifalo de Agua y
El Estrés Calorico; BM Editores Special Section, Let s Learn Animal Welfare Together: Mexico City, Mexico, 2017.

Mora-Medina, P.; Berdugo-Gutiérrez, J.A.; Mota-Rojas, D.; Ruiz-Buitrago, J.D.; Nava-Adame, J.; Guerrero-Legarreta, I. Behaviour
and Welfare of Dairy Buffaloes: Pasture or Confinement? J. Buffalo Sci. 2018, 7, 43-48. [CrossRef]

Mora-Medina, P.; Napolitano, F.; Mota-Rojas, D.; Berdugo-Gutiérrez, J.; Ruiz-Buitrago, J.; Guerrero-Legarreta, I. Imprinting,
Sucking and Allosucking Behaviors in Buffalo Calves. J. Buffalo Sci. 2018, 7, 49-57. [CrossRef]

Napolitano, F,; Pacelli, C.; Grasso, F; Braghieri, A.; De Rosa, G. The Behaviour and Welfare of Buffaloes (Bubalus bubalis) in
Modern Dairy Enterprises. Animal 2013, 7, 1704-1713. [CrossRef]


http://doi.org/10.1016/j.rvsc.2011.09.021
http://doi.org/10.1016/j.infrared.2015.02.007
http://doi.org/10.2460/ajvr.2001.62.676
http://www.ncbi.nlm.nih.gov/pubmed/11341384
http://doi.org/10.1016/j.jtherbio.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/28477911
http://doi.org/10.1007/s00484-018-01666-x
http://www.ncbi.nlm.nih.gov/pubmed/30680628
http://doi.org/10.1016/j.jtherbio.2011.07.006
http://doi.org/10.14269/2318-1265.v01n01a05
http://doi.org/10.1111/j.1439-0531.2010.01598.x
http://doi.org/10.4081/ijas.2005.115
http://doi.org/10.1016/j.jtherbio.2020.102775
http://www.ncbi.nlm.nih.gov/pubmed/33292972
http://doi.org/10.1016/j.livsci.2009.08.001
http://doi.org/10.1155/2018/5345390
http://doi.org/10.1017/S0021859600039587
http://doi.org/10.1017/S1742170511000366
http://doi.org/10.1590/S0103-84782008000800050
http://doi.org/10.1016/S0301-6226(99)00040-8
http://doi.org/10.1007/s11250-009-9434-4
http://www.ncbi.nlm.nih.gov/pubmed/19763870
http://doi.org/10.6000/1927-520X.2018.07.03.2
http://doi.org/10.6000/1927-520X.2018.07.03.3
http://doi.org/10.1017/S1751731113001109

Animals 2021, 11, 2247 23 0f 23

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Sevegnani, K.B.; Fernandes, D.P.B.; da Silva, S.H.M.-G. Evaluation of Thermorregulatory Capacity of Dairy Buffaloes Using
Infrared Thermography. Eng. Agric. 2016, 36, 1-12. [CrossRef]

Lendez, P.A.; Nieto, M.V.; Martinez, L.; Vater, A.A.; Ghezzi, M.D.; Mota-Rojas, D.; Dolcini, G.L.; Ceriani, M.C. Heat Stress: Its
Effect on the Immune Status of Dairy Cows. Rev. Med. Vet. 2020, 101, 7-12.

Lendez, P.A.; Martinez Cuesta, L.; Nieto Farias, M.V.; Vater, A.A.; Ghezzi, M.D.; Mota-Rojas, D.; Dolcini, G.L.; Ceriani, M.C.
Alterations in TNF-oc and Its Receptors Expression in Cows Undergoing Heat Stress. Vet. Immunol. Immunopathol. 2021,
235,110232. [CrossRef] [PubMed]

Shu, H.; Wang, W.; Guo, L.; Bindelle, ]. Recent Advances on Early Detection of Heat Strain in Dairy Cows Using Animal-Based
Indicators: A Review. Animals 2021, 11, 980. [CrossRef] [PubMed]

Salles, M.S.V,; da Silva, S.C.; Salles, F.A.; Roma, L.C.; El Faro, L.; Bustos Mac Lean, P.A.; Lins de Oliveira, C.E.; Martello, L.S.
Mapping the Body Surface Temperature of Cattle by Infrared Thermography. J. Therm. Biol. 2016, 62, 63-69. [CrossRef] [PubMed]
Sammad, A.; Umer, S.; Shi, R.; Zhu, H.; Zhao, X.; Wang, Y. Dairy Cow Reproduction under the Influence of Heat Stress. ]. Anim.
Physiol. Anim. Nutr. 2020, 104, 978-986. [CrossRef] [PubMed]

Cuthbertson, H.; Tarr, G.; Loudon, K.; Lomax, S.; White, P.; McGreevy, P.; Polkinghorne, R.; Gonzélez, L.A. Using Infrared
Thermography on Farm of Origin to Predict Meat Quality and Physiological Response in Cattle (Bos taurus) Exposed to Transport
and Marketing. Meat Sci. 2020, 169, 108173. [CrossRef]

Bertoni, A.; Napolitano, F.; Mota-Rojas, D.; Sabia, E.; Alvarez-Macias, A.; Mora-Medina, P; Morales-Canela, A.; Berdugo-Gutiérrez,
J.; Guerrero- Legarreta, I. Similarities and Differences between River Buffaloes and Cattle: Health, Physiological, Behavioral and
Productivity Aspects. J. Buffalo Sci. 2020, 9, 92-109. [CrossRef]

Wang, F.-K.; Shih, ].-Y.; Juan, P.-H.; Su, Y.-C.; Wang, Y.-C. Non-Invasive Cattle Body Temperature Measurement Using Infrared
Thermography and Auxiliary Sensors. Sensors 2021, 21, 2425. [CrossRef]

de Lima, V,; Piles, M.; Rafel, O.; Lépez-Béjar, M.; Ramon, J.; Velarde, A.; Dalmau, A. Use of Infrared Thermography to Assess the
Influence of High Environmental Temperature on Rabbits. Res. Vet. Sci. 2013, 95, 802-810. [CrossRef] [PubMed]

Okada, K.; Takemura, K.; Sato, S. Investigation of Various Essential Factors for Optimum Infrared Thermography. J. Vet. Med. Sci.
2013, 75, 1349-1353. [CrossRef]


http://doi.org/10.1590/1809-4430-Eng.Agric.v36n1p1-12/2016
http://doi.org/10.1016/j.vetimm.2021.110232
http://www.ncbi.nlm.nih.gov/pubmed/33799007
http://doi.org/10.3390/ani11040980
http://www.ncbi.nlm.nih.gov/pubmed/33915761
http://doi.org/10.1016/j.jtherbio.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27839551
http://doi.org/10.1111/jpn.13257
http://www.ncbi.nlm.nih.gov/pubmed/31782564
http://doi.org/10.1016/j.meatsci.2020.108173
http://doi.org/10.6000/1927-520X.2020.09.12
http://doi.org/10.3390/s21072425
http://doi.org/10.1016/j.rvsc.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23642484
http://doi.org/10.1292/jvms.13-0133

	Introduction 
	Anatomical Locations of Thermal Windows in Cattle and River Buffalo 
	Orbital Region (Regio Orbitalis) 
	Nasal Region (Regio Nasalis) 
	Udder Region (Regio Uberis) and Mammary Gland 
	Perineal Region (Regio Perinealis) 
	IRT and the Assessment of Pathological States 
	Environmental Influence on the Physiological Responses of Thermoregulation 
	Perspectives and Areas of Opportunity 
	Limitations of Infrared Thermography due to Environmental Conditions 
	Conclusions 
	References

