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Simple Summary: Infrared thermography can indirectly assess peripheral vascular diseases because
skin surface temperature depends on blood flow and heat dissipation through skin microvasculature.
The present review aims to summarize and analyze the application of infrared thermography in
veterinary medicine as a method to indirectly assess peripheral vascular integrity and its relation
to the amount of radiated heat and as a diagnostic technique for tissue viability, degree of damage,
and wound care. Although additional research is needed to establish the utility of thermal imaging
to monitor vascular integrity in veterinary medicine, studies performed in animals diagnosed with
thromboembolisms or thermal impairment due to neuropathies or are in need of burn wound
management suggest a promising application of infrared thermography to evaluate peripheral
vascular alterations and tissue viability.

Abstract: Infrared thermography (IRT) is a technique that indirectly assesses peripheral blood
circulation and its resulting amount of radiated heat. Due to these properties, thermal imaging is
currently applied in human medicine to noninvasively evaluate peripheral vascular disorders such
as thrombosis, thromboembolisms, and other ischemic processes. Moreover, tissular damage (e.g.,
burn injuries) also causes microvasculature compromise. Therefore, thermography can be applied to
determine the degree of damage according to the viability of tissues and blood vessels, and it can
also be used as a technique to monitor skin transplant procedures such as grafting and free flaps. The
present review aims to summarize and analyze the application of IRT in veterinary medicine as a
method to indirectly assess peripheral vascular integrity and its relation to the amount of radiated
heat and as a diagnostic technique for tissue viability, degree of damage, and wound care.

Keywords: thrombosis; ischemia; burn wounds; skin grafting; free flaps; wound healing

1. Introduction

Infrared thermography (IRT) is widely used in human and animal medicine as a
noninvasive and complementary diagnostic tool for the early detection of inflammatory
processes [1–4] and peripheral vascular disorders where blood flow is compromised [5,6].
This is due to its potential to indirectly evaluate the volume of blood flow to the skin [7].
Therefore, any disturbance to normal blood circulation can potentially alter the amount
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of radiated heat from the skin of mammals [5]. Examples of this in humans include
thrombosis, thromboembolisms, vasculitis, vascular injuries, lupus, diabetic foot, and
ischemia processes where peripheral blood supply is abnormal [6,8–10].

Contrary to human medicine, the application of IRT to assess vascular compromise in
veterinary medicine is still developing, and limited studies have been published. However,
it has been suggested that identifying an altered local temperature response in animals
might help to recognize blood perfusion disorders such as vasculitis [11] or even discern
between benign and malign neoplasia [12,13]. For example, aortic thromboembolism cases
in cats show a hypothermic response in pelvic limbs, a method that can serve to differentiate
between healthy animals and those affected by the pathology [14]. Another example is
burn injuries, for which determining the degree of damage is essential to adopt treatment
protocols and estimate recovery time [15–17].

Canine, swine, and murine models show that decreases in temperature in the burn
wound site are associated with a higher burn degree (e.g., full-thickness) [18] and that this
is also related to a poor prognosis when skin-grafting or free-flap surgeries are performed,
due to vascular alterations [19–21]. Likewise, indocyanine green imaging and IRT were
used to evaluate tissue blood flow in a porcine model of intestinal resection, and the authors
found that IRT can differentiate well-blooded intestinal segments [22]. Moreover, IRT has
been applied to determine skin transplant viability and wound healing progress [17,23,24].

Therefore, due to the wide field of research in which IRT can be used to identify
medical processes where blood flow is altered, the present review aims to summarize and
analyze the application of IRT to evaluate peripheral vascular disorders and blood flow
integrity in skin transplant procedures in veterinary medicine, in both a clinical and an
experimental setting.

2. Search Methodology

The literature search was performed using the Web of Science and PubMed databases.
Major keywords used for the search were the combination of “infrared thermography” or
“thermal imaging” with “peripheral vascular disorder animal models”, “animal peripheral
ischemic processes”, “skin grafting in animals”, and “animal models of burn injuries”. The
selected papers included studies where IRT—alone or together with other techniques—was
used to evaluate vascular integrity or thermal changes in clinical cases or experimental
models of peripheral ischemia. The search also considered human studies to compare
with and use as a base, since current research regarding vascular disorders and veterinary
medicine is limited. Due to this, the search included a range of different animal species.

3. Heat Radiation and Its Relationship with Tissular Perfusion

All objects with a temperature above absolute zero are known to emit thermal radia-
tion [6,25]. IRT detects this infrared radiation, and the average emissivity of the skin (0.98)
makes it a material appropriate for thermal imaging [26–30]. Therefore, distinctive thermal
changes and local changes in heat production can be detected due to an affected blood flow
pattern or certain pathologies [31].

To understand how IRT is related to heat production and tissue perfusion, it is neces-
sary to address how circulation can affect surface heat radiation. According to Morrison
and Nakamura [32], peripheral thermoreceptors in the skin detect thermal changes. Tran-
sient receptor potential (TRP) ion channels are the main thermoreceptors able to detect a
wide range of temperatures from heat/cold to noxious heat/cold [33]. In particular, TRP
of the vanilloid family (TRPV) can respond to both thermal (noxious/painful heat) and
nonthermal inputs such as the release of chemical mediators [e.g., histamine, serotonin,
interleukin (IL)-6, IL-10, and tumor necrosis factor-alpha (TNF–α)], elements present dur-
ing the inflammatory process and tissular injury [34,35], triggering nocifensive behaviors
(skin vasomotor responses or behavioral changes) to restore thermostability and increase
or decrease heat loss [36–38]. After stimuli detection, hypothalamic centers such as the
preoptic area, the anterior hypothalamus, and the dorsomedial hypothalamus are acti-
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vated to process thermal information received from the lateral parabrachial nucleus of the
pons [39,40]. For example, Figure 1 shows the facial thermal response of a febrile canine
patient due to an infectious process. When comparing the temperature of the febrile animal
with a healthy patient, a difference of up to 1.1 ◦C can be observed in the periocular region.
Diego et al. [41] reported a similar pattern in febrile ovine experimentally infected with
bluetongue virus serotypes 1 and 8. The authors found that ocular infrared temperature
was moderately positively correlated with the rectal temperature (r = 0.504) and that IRT
could discriminate between febrile and nonfebrile animals with a sensitivity of 85% and a
specificity of 97%.
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periocular region (El1) shows a value of 37 °C, while the minimum (blue triangle) and average tem-
peratures were 36 °C and 35 °C, respectively. (B) Thermal response in a 7-year-old female English 
Setter dog diagnosed with pyometra. It is observed that the surface temperature of the periocular 
region (El1) is 1 °C higher than the maximum (red triangle) and average temperature of a healthy 
dog. Regarding the minimum temperature (blue triangle), a difference of +1.1 °C was found when 
compared to a healthy animal. The presence of cytokines, such as interleukin (IL)-1, IL-6, and pros-
taglandin F2 alpha, induces fever. The increase in body core temperature is reflected in the vasodi-
lation of superficial blood vessels to increase heat dissipation. Therefore, IRT can help recognize 
febrile states in animals. Radiometric images were obtained using a T1020 FLIR thermal camera. 
Image resolution 1024 × 768; up to 3.1 MP with UltraMax. FLIR Systems, Inc. Wilsonville, OR, USA. 

Apart from general changes in temperature, circulatory disorders in skin blood ves-
sels can change heat distribution and, therefore, variations in heat emissions through the 
skin [21]. Finstad [31] reported this in 49 client-owned dogs undergoing laparotomy to 
correct foreign body obstructions, a pathology known to compress intestinal blood vessels 
and cause tissular necrosis if not treated correctly. In the study, IRT was assessed using 

Figure 1. The surface temperature of a dog undergoing an infectious disease. (A) Thermal response
in a healthy 3-year-old mixed female dog. The maximum (red triangle) surface temperature of the
periocular region (El1) shows a value of 37 ◦C, while the minimum (blue triangle) and average
temperatures were 36 ◦C and 35 ◦C, respectively. (B) Thermal response in a 7-year-old female
English Setter dog diagnosed with pyometra. It is observed that the surface temperature of the
periocular region (El1) is 1 ◦C higher than the maximum (red triangle) and average temperature
of a healthy dog. Regarding the minimum temperature (blue triangle), a difference of +1.1 ◦C was
found when compared to a healthy animal. The presence of cytokines, such as interleukin (IL)-1,
IL-6, and prostaglandin F2 alpha, induces fever. The increase in body core temperature is reflected
in the vasodilation of superficial blood vessels to increase heat dissipation. Therefore, IRT can help
recognize febrile states in animals. Radiometric images were obtained using a T1020 FLIR thermal
camera. Image resolution 1024 × 768; up to 3.1 MP with UltraMax. FLIR Systems, Inc. Wilsonville,
OR, USA.

Apart from general changes in temperature, circulatory disorders in skin blood vessels
can change heat distribution and, therefore, variations in heat emissions through the
skin [21]. Finstad [31] reported this in 49 client-owned dogs undergoing laparotomy to
correct foreign body obstructions, a pathology known to compress intestinal blood vessels
and cause tissular necrosis if not treated correctly. In the study, IRT was assessed using an
infrared camera held 1 m from the obstructed small intestine portion. The average surface
temperature of the small intestine directly over the foreign body was 2.4 ◦C lower than the
rest of the intestine (healthy tissue), particularly when it was a hard material (3.2 to 5.2 ◦C).
Although these findings did not show a correlation with lactate or blood pressure, IRT was
able to detect vascular compromise due to the foreign body.
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Similarly, during other inflammatory processes, as shown in Figure 2 in the knee joint,
differences in temperature in the affected limb can be observed when compared to the
healthy side. In these cases, and during burn injuries, the inflammatory process is the
result of the release of pro-inflammatory mediators (e.g., prostaglandin F2 alpha, histamine,
serotonin, IL-6, IL-10, and TNFα), substances that produce vasodilation of the superficial
blood capillaries and increase heat radiation through the skin [42].
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Figure 2. Thermal response associated with an inflammatory process in a dog with a knee fracture.
(A) Thermal response in a 6-year-old female Shiba Inu dog with inflammation. Temperature differ-
ences can be observed in the right pelvic limb with a fracture in the femoral–tibial–patellar joint.
The maximum surface temperature (red triangle) of the region (El1) was 35.2 ◦C, with an average
temperature of 34.1 ◦C and a minimum of 33 ◦C (blue triangle). (B) Thermal response in a healthy
knee. In the same animal, the thermal response of the femoral–tibial–patellar joint (El1) of the left
hindlimb had a difference of up to 3.3 ◦C when comparing the average surface temperature of both
knees. The release of pro-inflammatory mediators (e.g., IL-1, IL-6, IL-10, prostaglandins, serotonin,
and histamine) produces vasodilation of capillaries in the dermal tissue, increasing heat dissipation
and radiation.

Therefore, peripheral hemodynamic changes due to a general condition (e.g., fever) or
to a local injury (e.g., inflammatory process or burn wound) will undoubtedly modify skin
surface temperature, a parameter that is influenced by critical factors such as local blood
circulation, heat conduction by deeper tissues, and heat loss [26]. Figure 3 schematizes the
vascular changes observed during the ischemic and inflammatory processes.

In large animals such as ruminants, early detection of inflammatory processes such
as laminitis could help to prevent complications in the hooves. In this sense, IRT could
be applied as a complementary tool to traditional diagnostic methods, as reported by
Lin et al. [43], who found an optimal threshold based on actual foot temperature of 23.3 ◦C
to detect healthy limbs from those affected by laminitis, with a sensibility of 78.5% and
specificity of 39.2%. Due to these properties, thermographic imaging could be a reli-
able and real-time clinical tool to detect inflammatory-related events or abnormal blood
flow processes.
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Figure 3. Peripheral vascular changes due to ischemic and inflammatory processes. Whether a
decreased or increased blood flow is present, changes in the local temperature arise due to alterations
in the normal blood flow. For example, during thromboembolisms, initially, the thrombus decreases
blood flow by obstructing part of the blood vessel. However, the vessel can be completely blocked
when an embolus travels through the bloodstream. Locally, this will stop or significantly reduce
blood flow, decreasing the local surface temperature. On the contrary, during an inflammatory
process such as osteoarthritis, vasodilation of venules and arterioles increases blood flow to promote
neutrophil emigration. The release of inflammatory mediators also causes vasodilation, increasing
local heat radiation.

4. Peripheral Vascular Disorders and Thermography

The association between the control of surface temperature and the vasomotor re-
sponse suggests that any vascular involvement disorders can alter the thermal response of
tissues [44]. An example of this is a diabetic foot, a pathology where vascular compromise
is present, as mentioned by Ilo et al. [24], who compared the thermal response of human
patients with suspected diabetic feet (n = 118) and healthy patients (n = 93). The surface
temperature of the dorsal and plantar regions of the foot was significantly higher (33%
higher) in patients with diabetic foot by 2 ◦C. Moreover, thermal findings coincided with
decreases in pressure in the toes to 50 mmHg. A similar influence of blood pressure in limb
surface temperature was reported in piglets, in whom a negative correlation was found
between temperature and blood pressure [45]. These results suggest that the neuropathies
occurring in diabetes patients generate microcirculatory alterations that have consequences
on the thermoregulatory mechanisms of peripheral regions such as the foot. Furthermore,
diabetes is also linked to arteriovenous shunting [46]. These arteriovenous anastomoses
are innervated by sympathetic vasoconstrictor nerves that allow high flow rates in low-
resistance vessels. States of local capillary hypoperfusion can lead to impairments in wound
healing [47,48]. Thus, local and systemic disorders can alter peripheral blood flow and,
in the case of hypoperfusion, these changes can be observed with IRT as a decrease in
heat elimination.
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Another pathology where IRT has been suggested to diagnose and monitor vascular
alterations is arterial thromboembolism. A study carried out by Pouzot-Nevoret et al. [14]
evaluated the application of IRT to differentiate between nonischemic and aortic throm-
boembolism in 16 cats (healthy cats = 10 and sick cats = 6). By assessing the temperature
of the pelvic limbs, the authors found that in animals with aortic thromboembolism, limb
temperature was significantly lower (by 3.3 ◦C) than the values recorded in healthy cats.
Furthermore, a decrease of 2.4 ◦C was set as a reference to differentiate healthy from affected
animals, with a sensitivity of 80% and a specificity of 100%. Since a thrombus obstructs
normal blood circulation, the decrease in surface temperature is an expected response that
can be detected through IRT [44]. Figure 4 schematizes a feline patient diagnosed with
aortic thromboembolism and the thermal response evaluated through IRT.
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Figure 4. Difference in the thermal response of patients diagnosed with peripheral vascular alterations.
(A) Persian male cat diagnosed with aortic thromboembolism after evaluating clinical signs such
as pain on palpation in the right pelvic limb, absence of pulse, cold limb, and mobility difficulty.
(B) The phalangeal region of the affected right hindlimb (El1) showed lower temperatures of up
to 3.3 ◦C when compared to the healthy left hindlimb (El2). (C) A four-year-old male Dachshund
dog diagnosed with thrombosis due to a secondary liver infection was presented with a reduced
perfusion in the left forelimb. Necrosis can be observed. (D) With thermal imaging, it can be observed
that the average surface temperature of the phalangeal region of the right forelimb (El2) is 5.2 ◦C
higher than the same region in the affected limb (El1). The explanation for this thermal response is
that the presence of a thrombus obstructs blood flow due to occlusion at the arterial level. Thus, the
decrease in blood flow has an impact on local heat response. Maximal temperature is indicated with
a red triangle and the minimal with a blue triangle. Radiometric images were obtained using a T1020
FLIR thermal camera. Image resolution 1024 × 768; up to 3.1 MP with UltraMax. FLIR Systems, Inc.
Wilsonville, OR, USA.
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Postmortem evaluations using IRT to detect thermal patterns during coronary heart
disease have been studied in pigs. Thermal imaging coronarography enabled the evaluation
of coronary vessels in ex situ swine hearts [49]. Although this was a postmortem evaluation,
further analysis is required to apply this technique in veterinary medicine. Experimental
hypoperfusion studies in rats also used IRT to visualize vasodilation of choked vessels in a
model of delayed pedicled perforator flap rat model [50]. In 43 rats divided according to the
experimental treatment, after the use of a flap and after strangulation of the thoracodorsal
artery, a red zone was associated with a 1.4% increase in local temperature and a 0.3 mm
increase in diameter of the same artery compared to the iliac artery [50]. According to
the authors, this result is consistent with the changes due to the congestion process that
occurs after the obstruction. The same occurs when a thrombus is present, leading to
hypoperfusion and a subsequent decrease in local temperature. IRT was used in the same
species to detect tissue perfusion disorders in rats [51]. In animals with unilateral or
bilateral femoral vessel ligation, statistically significant differences in thigh, shank, and foot
temperature were observed. A slow return in the temperature of the shank and foot was
observed in the ligated limbs when compared with healthy limbs [51].

Similarly, a study aimed to evaluate variations in surface temperature after rapid
hemodynamic changes in eight healthy piglets under general anesthesia. The animals were
exposed to different blood pressure levels and monitored through IRT. The surface tempera-
ture of the left forelimb had a negative correlation with the temperature gradient and blood
pressure (r = −0.042), which led the authors to conclude that IRT is a tool for detecting
early changes in peripheral perfusion [45]. In this sense, Caramalac et al. [52] evaluated a
9-year-old dog with clinical signs of a cold limb without a pulse, proprioception, and deep
pain. Due to the clinical signs, thromboembolism was a presumptive diagnosis. IRT was
able to determine a difference of 3.7 ◦C between the affected limb and the healthy one.

Therefore, the scientific evidence suggests that IRT is a promising healthcare tool for
the evaluation of vascular compromise in peripheral tissues. In addition, it could help to
detect early changes before a chronic or severe stage can be developed. Table 1 summarizes
the animal studies where vascular disorders were reported.

Table 1. Technical and experimental characteristics of animal studies using IRT to evaluate
vascular disorders.

Species Camera Distance
(cm) Emissivity

Ambient
Temperature

(◦C)
Aim Outcome

Cats [14] Flir C2 75 0.95 20.0 Identify aortic
thrombosis.

2.4 ◦C to differentiate
sick animals.

Dogs [52] FlirOne
Pro 30 NR 25.0 Diagnose

thromboembolism.

Affected limb had
lower temperature

(31.3 ◦C vs. 35.0 ◦C).

Pigs [49] FlirOne NR NR NR Establish coronary
circulation.

Visible occlusion of
coronaries appearing

in bright yellow.

Pigs [45] Flir-E6 50 0.98 NR

Assess changes in skin
temperature in

response to blood
pressure.

Negative correlation
between blood
pressure and

temperature gradient.

Rats [50] Flir
T650SC 45 NR NR Monitor pedicled

island perforator flaps.
1.4% increase in red
zones or hot spots.

Rats [51] Flir 335 20 NR NR
Detect tissue perfusion

disorders in femoral
vessels.

Return of warmth in
the limb was slower.

NR: not reported.
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5. Thermal Imaging Applied to Assess Tissular Damage Degree and
Microvascular Repair

Because IRT can remotely evaluate the vascular integrity of tissues, thermal imaging
has also been applied to monitor the degree of tissular damage and blood perfusion
restoration [15–17]. Different studies in humans showed that blood flow assessment can
predict the time of healing [15,53,54]. This is of clinical relevance in burn patients in whom
IRT can help to assess burn depth (e.g., superficial, superficial partial-thickness, deep
partial-, or full-thickness) and estimate the recovery time [16]. These studies show that IRT
can help to categorize the deepness of the injury as a primary and real-time technology
for burn wound management, including surgical repair using skin grafting or free flaps
to monitor tissue viability and improve the healing process [55]. Although the common
procedure to evaluate reconstructive surgery is by looking at granulation tissue and proper
healing, the ability of IRT to detect vascular imbalances could help monitor the success of
skin transplantation. Since skin transplants need an integrated microvascular blood flow to
survive, vascular alterations are the main reason for failure. This is relevant because the
failure rate of skin grafts and free flaps is around 2.5–23.7% and 0.5–23.8%, respectively [20].

In the case of burn patients, there are different types of burn injuries: first-degree burn
or superficial wounds; second-degree or superficial partial-thickness burn; third-degree or
deep partial-thickness wound; and fourth-degree or full-thickness injury [56]. According
to the degree of damage, IRT can detect the zones where the integrity of vascular structures
is maintained, differentiate between abnormal heat transfer of burn zones, and serve as a
guide to performing grafts or flaps [19,53]. Identification of the degree and heat pattern
changes is due to the different zones that are present in burns: (1) coagulation zone of
irreversible necrosis; (2) stasis zone with damage of the vasculature; and (3) hyperemia zone
of edematous nature and with tissue that can recover [53]. Prindeze et al. [57] mention that
the hyperemia zone, using ADT in humans, can be observed as a zone with higher temper-
atures when compared to the coagulation and stasis zones. Moreover, after a burn injury,
the permeability of capillaries and venules increases, causing edema and hypovolemia [58].
Additionally, the release of pro-inflammatory mediators such as histamine, bradykinin,
cytokines, and platelet-activating factors alters vascular permeability [58].

The vascular damage and the altered heat transfer are physiological responses that
can be monitored through IRT. Infrared evaluation applied to burn depth assessment in
humans showed a sensitivity and specificity of 84% and 76%, respectively [16], while visual
evaluation had an accuracy of 60% [59]. Moreover, the application of IRT could guide
surgeons in deciding burn wound treatment, whether conservative or surgical [60].

In contrast to human medicine, burn wound management (including diagnosis and
treatment) is challenging and uncommon in veterinary medicine [61]. In small animal
medicine, most thermal burn cases are associated with accidental burns caused by sup-
plemental heat (e.g., thermal mattresses) [62]. Some studies made in animal models have
shown the application of IRT to burns, such as Lawson [18], who was the first researcher
using thermal imaging to determine burn depth in dogs and measure cutaneous blood
flow [63]. Porcine models of burn injury in Yorkshire pigs showed that a progressive
increase and warmer surface temperatures (from 29.99 ± 0.63 ◦C to 30.93 ± 0.47 ◦C) during
the first 7 days after burn injury was related to lower scar depth at 28 days after injury
(1.29 ± 0.68 mm). Contrarily, pigs with surface hypothermia (from 31.00 ± 0.71 ◦C to
27.31 ± 0.37 ◦C) resulted in larger scar depth (4.68 ± 0.60 mm) [59]. These results suggest
that the surface temperature of the injury during the first days can predict burn depth, and
this is relevant because it is known that, in humans, first-degree and second-degree burns
usually halt within three weeks, while third-degree ones require more than three weeks
to heal and might develop hypertrophic scars [64]. Similarly, evaluation of the thermal
time constant using active dynamic thermography (ADT) in pigs showed a high correlation
between surface temperature and predicted healing time with an accuracy of 83.0%, close
to the accuracy of histopathologic assessment (84.0%) [60]. The authors found that a shorter
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thermal time (49.1 ± 23 s) was associated with wound self-healing within three weeks,
while a longer time (86.3 ± 32.3 s) resulted in an extended healing period [60].

In another swine model, high-resolution IRT was used to determine its usefulness
in predicting burn severity during the first four days after injury [65]. In Yorkshire pigs,
the surface temperature decreased with increasing burn severity, meaning that superficial
burn wounds had the warmest temperatures (approximately 33.7 ◦C to 35 ◦C), while full-
thickness wounds had progressive lower temperatures (approximately 32.4 ◦C to 33 ◦C).
Additionally, IRT was able to predict histological changes such as necrosis, apoptosis, and
vascular occlusion with correlation values between 0.62 and 0.13 [65]. The same pattern
has been observed in human patients, in whom Hardwicke et al. [66] reported that when
compared to nonburn patients, the skin temperatures of full-thickness and deep partial
burns were significantly cooler (−2.3 ◦C and −1.2 ◦C, respectively), while superficial
partial-thickness burns had no significant differences of 0.1 ◦C.

Between grafts and flaps, there are vascular differences that need to be considered
when using IRT. On one side, grafts are a type of skin transplant (dermis, epidermis, or
both) completely detached from the blood supply. Grafts need a well-vascularized bed
wound to survive [67]. This means that the free segment of skin needs to reestablish a
vascular supply to consider it a successful grafting procedure [68]. Grafts are put on a
well-vascularized bed. In contrast, a flap has an integral blood supply [67].

Klama-Baryla et al.’s [21] study shows the application of IRT to evaluate the surviv-
ability of autologous split-thickness engraftment in patients suffering thermal injuries.
Consecutive monitoring at days 0, 5, 14, and 21 showed that a progressive increase in
surface temperature between 1.21 ◦C and 3.1 ◦C immediately after the graft indicated
a normal healing process with angiogenesis (confirmed with angiography). Contrarily,
graft loss occurred when low temperatures around 32.9 ◦C were observed. IRT can also
help to predict treatment by either reepithelization, skin graft, or amputation [69,70]. This
was determined in burn patients with partial- or full-thickness burns in extremities [69].
The difference of temperatures between measuring points (∆T) showed an average ∆T of
1.77 ± 0.92 ◦C for superficial and deep partial-thickness wounds, while full-thickness burns
had a ∆T of 5.45 ± 2.86 ◦C. Regarding the predictive value of IRT, ∆T was 1.75 ± 0.89 ◦C
for the patients that healed by reepithelization. In contrast, patients who required grafts
and those who underwent amputation had ∆T values of 3.28 ± 0.68 ◦C and 7.71 ± 1.89 ◦C,
respectively. According to these findings, IRT had a prediction accuracy of 85.35% [69].

In the case of veterinary medicine, currently, skin grafting is performed in small
animals, particularly when a large defect on a distal limb is present [68]. In murine animal
models, thermography was used to evaluate the usefulness of therapeutic ultrasound on
skin grafts. In the treated group, the authors found higher temperatures between 35 and
36 ◦C, while the control group had lower values between 33.3 and 34.3 ◦C. This could be
interpreted as an improved tissue repair using ultrasound [71]. In another study in mongrel
dogs, Lekas et al. [72] monitored coronary artery bypass grafting and found that thermal
imaging can accurately identify ischemic processes due to stenosis or occlusion of the
coronary artery. In this sense, ligation of the artery caused a rapid decrease in the epicardial
surface temperature from 31 ◦C to 26–28 ◦C. Since the main cause of grafting failure,
particularly in small animals [73], is the lack of adequate blood flow and the consequent
ischemia and autophagy of the surrounding tissue, early detection of these processes using
noninvasive equipment such as IRT is of utmost importance [20].

Contrary to skin grafting, flaps are skin transplants with an integral blood supply [67].
These types of surgeries have been monitored with thermal imaging to identify the so-called
“hot spots” where correct vascularization is present, reaching a prediction accuracy of 100%
of flap survival and ischemia identification [74]. Tools such as dynamic infrared thermog-
raphy (DIRT) were used to monitor real-time skin perfusion of a pedicled thoracodorsal
artery perforator flap in 21 patients in a Sjøberg et al. [75] study. Preoperative mapping of
perforator vessels and evaluation of postsurgical perfusion showed that hot spots detected



Animals 2024, 14, 142 10 of 19

with DIRT corresponded to arterial Doppler sounds, while the disappearance of hot spots
was associated with less audible or absent arterial sounds [75].

Another researcher who used DIRT was Miland et al. [76] to visualize skin perfusion
in female patients undergoing abdominal skin flaps. DIRT correlated with angiography
techniques to identify perfused areas of the flap. Likewise, in free flaps performed in breast
reconstruction surgeries, surgeons have been using IRT, together with Doppler ultrasound
and computed tomography angiography techniques, to monitor the viability of the flap
but also as a novel tool to preoperatively locate perforator vessels in flaps [23]. In contrast,
some studies reported that IRT was unable to detect a case of poorly perfused flap until
the skin transplant was dead; nonetheless, the accuracy of the technique was estimated at
96.43% [77].

In the case of nonhuman animals, Miland et al. [78] performed skin flaps in Wistar rats
and used DIRT and angiography to predict flap survival. The percentage of flap survival
using both techniques was similar (63–74%), with an accuracy of 0.86–0.90%. The study
also showed higher temperatures in the axial center of the flaps (around 33–34 ◦C) and a
significant decrease in the distal ends (the lowest temperature was 30 ◦C), showing that
the healing process starts at the edges of the flap, where vascular supply can be easily
compromised. Tenorio et al. [79] used IRT in rats to recognize perfusion failure in free flaps.
The authors performed ligation of one artery or vein to observe the thermal changes. The
results showed that ligation of the blood vessel made the hot spot disappear, meaning
a 100% chance of identifying permeable and occluded vessels. In the same way, in rats
undergoing free flaps, localization of perforators in the abdominal skin was performed
with IRT by identifying hot spots. Then, 24 h after flap placement, the correct blood flow
through perforators was assessed with IRT and macroscopical (necropsy) observations.
Necrosis occurred in places where IRT did not detect perforators in 12 of 31 cases [80].

Apart from determining the degree of damage and correct blood flow, IRT has also
been used to assess the effect of several treatments on skin transplant success. This was
reported in a study performed on rats receiving five different treatments (saline, capsaicin,
methylprednisolone, mitomycin, and pentadecapeptide) on dorsal skin flaps [81]. Through
IRT, it was found that methylprednisolone and pentadecapeptide reduced ischemic necrosis.
These results were comparable to the Shejbal et al. [82] study, in which a full-thickness
dorsal murine skin flap was treated with saline, capsaicin, and methylprednisolone to
assess their effect on tissue vitality and survival area. Methylprednisolone resulted in a
uniform temperature distribution of the skin associated with reduced flap necrosis by 56%.

Assessing the degree of damage of a tissular injury implicates not only cell death but
also damage to the surrounding blood vessels [83]. Knowing that vascular trauma affects
tissular viability and also alters local heat exchange is the basis of understanding why IRT
is used to provide an early evaluation of burn wounds. IRT can help surgeons to identify
the extension of the damage and the most suitable treatment and to monitor surgical
procedures such as skin grafting and free flaps, as summarized in Table 2. Moreover,
during the postoperative period, the healing process can also be monitored with IRT to
improve recovery time and propose complementary treatments and evaluation devices.
Nonetheless, this has not been extensively researched in veterinary medicine.

Table 2. Technical and experimental characteristics of animal studies using IRT to assess burn depth
and skin transplant survival.

Species Camera Distance
(cm) Emissivity Ambient

Temperature (◦C) Aim Outcome

Pigs [59] Flir T300 30 NR NR Assess burn depth.
Surface hypothermia

(27.31 ± 0.37 ◦C) predicts larger
scar depth.

Pigs [60] ADT NR NR NR Assess burn depth. Shorter thermal time (49.1 ± 23 s)
related to fast healing.

Pigs [65] Flir A655sc 40 NR NR Assess burn severity. Severe burns have lower
temperatures (32.4–33 ◦C).
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Table 2. Cont.

Species Camera Distance
(cm) Emissivity Ambient

Temperature (◦C) Aim Outcome

Rats [76]

DIRT
Flir

ThermaCAM
S65

NR NR NR Predict flap survival. 74% flap survival.

Rats [79] BioScanIR NR NR NR Detect flap failure. Hot spot disappeared, followed by
macroscopic congestion.

Red wolf [84] eVs DTIS 500 NR NR NR Monitor free skin
graft.

Neovascularization in the graft
becomes thermally equivalent to

healthy tissue.

ADT: active dynamic thermography; DIRT: dynamic infrared thermography; NR: not reported.

6. Infrared Thermography Used to Monitor Healing and Surgical Wound Care

While repair refers to a process where substantial tissular damage is present and
the normal architecture of the cells cannot be completely restored, healing refers to the
proliferation process when cells can regenerate. The healing process after surgery is another
field where IRT has been used. Healing implicates several phases such as the inflammatory
phase (2–5 days), proliferative phase (5 days to 3 weeks), and remodeling phase (3 weeks
to years) [54]. In the case of burn injuries and skin transplants, one of the primary things
to ensure transplant success is to promote correct blood perfusion [54]. Authors such as
Ramírez-GarciaLuna et al. [15] mention that regarding wound care, comparisons between
the surface temperature of the wound bed and the proximate healthy tissue are useful
because alterations in blood flow due to inflammation or obstructed blood flow might
cause an increase or decrease, respectively, in skin surface temperature.

As reported by Li et al. [54], IRT can predict healing status with a sensitivity of 91.67%
and a specificity of 85.71% by monitoring local blood perfusion in thoracic surgical inci-
sions. According to the results, healed patients maintained a higher incisional temperature
between 32.3 ± 1.6 ◦C and 33.8 ± 0.9 ◦C, while unhealed patients recorded hypothermic
areas between 30.0 ± 1.2 ◦C and 32.4 ± 0.8 ◦C. Moreover, IRT detected hypothermic areas
in the incision surface of a patient due to local infection, which could be used as a prognosis
marker [54]. Similarly, higher periwound temperatures (more than 35 ◦C) in humans
suffering from pressure ulcers were associated with a better healing process, while poor
prognosis wounds had a temperature of less than 34 ◦C. Differences between the wound
bed and periwound surface were also greater in more severe pressure wounds [85]. The
hypothermia observed in these patients is known to delay recovery time [86]. Therefore,
promptly identifying the surface decrease in temperature might be helpful to intervene and
reduce postsurgical complications.

In the case of veterinary medicine, in a red wolf sustaining an injury in the left thoracic
limb, Hurley-Sanders et al. [84] performed a free skin graft and evaluated through IRT
the correct vascularization of the graft. The authors evaluated 2 days before surgery,
immediately after surgery, and every 2–3 days within 14 postsurgical days. The results
showed that graft adherence and healing were obtained when neovascularization caused a
similar temperature between the graft site and surrounding healthy tissue [84]. Similarly,
in Nigerian indigenous dogs, IRT was used in animals undergoing castration, otectomy,
and gastrotomy [87]. The authors evaluated wound surface temperature and found that the
initial temperature of castrated dogs was 33.34 ± 0.86 ◦C, a temperature that increased to
35.64 ± 0.57 ◦C at 6 h postsurgery, 35.14 ± 0.38 at 24 h, 35.82 ± 0.61 ◦C at 48 h, 35.24 ± 0.64
at 1 week, and progressively decreased in the second week postsurgery (32.84 ± 1.27 ◦C).
In contrast, dogs undergoing otectomy had an initial temperature of 33.78 ± 0.86 ◦C
that increased to 35.34 ± 1.13 ◦C, 34.58 ± 0.49 ◦C, 36.94 ± 0.31 ◦C, 36.58 ± 0.29, and
34.66 ± 0.74 ◦C at 6 h, 24 h, 48 h, 1 week, and the second week, respectively. A similar
thermal response was observed in gastrotomy-subjected animals, in whom the initial
value of 31.18 ± 0.86 ◦C progressively increased to 32.70 ± 1.02 ◦C, 34.10 ± 0.55 ◦C,
35.36 ± 0.33 ◦C, and 36.00 ± 1.37 ◦C in the same period. The higher temperatures recorded
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in these animals might be attributed to a higher pain and inflammatory response, as this
process alters body temperature and is also a stressor that will modify peripheral blood
flow [42].

Healing monitoring was also performed in piglets after CO2 surgical laser for cas-
tration. Viscardi et al. [88] used IRT in these Yorkshire x Landrace piglets to evaluate if
surgical laser helps to reduce pain and inflammation and improve the healing process.
Laser-castrated piglets had lower temperatures at the incision site than scalpel-castrated
animals (p = 0.0005). Due to the laser, thermal lesion was observed in the piglets, along
with pain-related behaviors, which would make this technique not a refinement technique
for the conventional techniques. Agents to promote healing (e.g., germicide, aluminum
powder, liquid bandage) have also been evaluated with IRT, as shown by Marti et al. [89] in
Angus bulls undergoing castration. The scrotal surface temperature was not significantly
different among groups during the 49 days of evaluation (average values between 27.5 ◦C
and 28.5 ◦C), and the time for incision healing did not differ. These results might be associ-
ated with a similar inflammatory and painful response in all bulls, showing that IRT can be
an adjuvant to monitor the healing period and manage pain, an important sign that also
must be considered [90]. In longer-lasting pain procedures such as rubber ring castration,
usually performed in domestic animals, Nogues et al. [91] evaluated wound healing and
inflammation in dairy calves after surgical or rubber ring castration. Rubber-ring-castrated
animals did not fully heal within the eight evaluation weeks and, according to IRT, the
thermal surface response around the lesion was 1.7 ± 0.35 ◦C higher than the surgical
group. In contrast, surgically castrated calves fully healed at week four.

These studies, apart from showing that IRT can help to determine a sustained inflam-
matory response associated with healing delay, show that it is a tool that can help to refine
current procedures not only because they are painful but because tissue damage might
be greater with a greater inflammatory response. For example, analgesic options such as
lidocaine in surgical incisions were evaluated through IRT to assess if the local anesthetic
has a negative effect on wound healing, as studied in cats and dogs by Herlofson et al. [87].
Surface temperatures between lidocaine alone or NaCl did not differ (p = 0.554) with heal-
ing scores of 3 and 2.5, respectively, showing that lidocaine addition does not influence
wound healing. Therefore, the effect that surgical stress, inflammation, and pain have on
local tissue perfusion and heat production is relevant and is a field that can benefit from
the application of IRT.

7. Technical Factors That Can Influence Thermal Imaging in Animals

It is important to consider some technical and physiological aspects that can influence
the surface thermal response in animals. An example of this is the image resolution
used in different studies, which might affect the quality of the data. In horse and cattle,
resolutions of 80 × 90 pixels to 320 × 240 pixels were proposed [92–94]. In human medicine,
Schuster et al. [95] reported that high-resolution thermography (320 × 340 pixels) helps to
assess clinical examination in tungiasis-associated morbidity. This is due to the minimal
changes in surface temperature that can be detected with high-resolution cameras. Thus,
the technical properties of thermal cameras must be addressed when suggesting IRT to
assess vascular disorders.

On the other hand, body emissivity is another element that is highly relevant when us-
ing IRT, since this parameter describes the ability of a body surface to emit radiation [25,96].
Several studies reported differences in skin emissivity according to the species. For ex-
ample, in humans, skin emissivity is 0.98, a value that is close to pig skin (between
0.92 and 0.93) [97]. In horses and rabbits, values of 0.95 and 0.97, respectively, were
mentioned [98,99]. These differences are related to the skin characteristics (e.g., pres-
ence of hair, feathers, glabrous skin) even within the same species, as discussed by
Soerensen et al. [97] in pigs, in whom different emissivity values were reported in hairy skin
areas (0.93), in dorsal areas (0.95), or in dead animals (0.8). In horses, Jørgensen et al. [100]
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mention that hair acts as a thermal insulator, which might influence heat exchange with the
environment, recording lower surface temperatures.

The presence or absence of hair and its characteristics (e.g., color, length, type, and
distribution) need to be considered when using thermal imaging to assess peripheral
blood flow disorders in domestic and nondomestic animals [101]. For example, Kwon
and Brundage [102] compared the surface temperature of dogs with different types of
hair coats: short, curly, long, and double-coat types. The authors found that animals with
short hair had the highest surface temperatures (31.77 ± 0.19 ◦C) and that these values
were approximately 2 ◦C above the temperatures of the other animals. This could be
related to short hair not providing a thicker insulative layer, in contrast to long or double-
coat animals, which would permit and make more easily recognizable an increase in IRT
values. Nonetheless, another study performed on pregnant and nonpregnant mares with
different hair-coat features did not find significant differences regarding hair length [103].
Furthermore, as mentioned by Favilla and Costa [104], thermoregulatory strategies also
differ among species. In the case of marine mammals, heat dissipation is performed through
the peripheral vascularization of the flippers and flukes. In contrast, birds exposed to heat
stress tend to dissipate heat through the bill (beak) [105,106]. Moreover, Gauchte et al. [105]
mention that it is not only the species or the presence of hair/feathers that influences the
thermoregulatory response of animals but also external factors such as wind speed, ambient
temperature, sun exposure, and shooting distance that can affect infrared readings.

To address the influence that hair presence and type have on IRT values, the use
of certain thermal windows has been proposed. These regions are characterized by a
rich network of superficial capillaries and arteriovenous anastomosis that facilitate heat
exchange and also tend to be zones without hair [25]. The ocular surface temperature is
one of the most-used thermal windows to evaluate the health state, stress process, and
pain perception in several species [107–109]. Nonetheless, the evaluation of a peripheral
ischemic process and its influence and other thermal windows that are not close to the
ischemic zone has not been reported in animals.

The consideration of environmental elements that can influence thermal imagining
is another issue that needs to be addressed. For example, in dairy cattle, it was reported
that a wind speed of 7 km/h or 12 km/h can decrease the ocular surface temperature by
up to 0.43 ◦C and 0.78 ◦C, respectively. Likewise, direct solar radiation can increase the
surface temperature of animals by 0.56 ◦C [110,111]. To reduce the effect of these elements,
signal-processing techniques are proposed to improve the reliability of IRT. The use of
cameras that control the automatic brightness could provide clearer pictures when thermal
imaging is performed under field conditions (e.g., in farm animals where environmental
factors cannot always be controlled) [112]. Other processing techniques such as wavelet
transforms and signal reconstruction, among others, are currently applied in industrial
thermal imaging to improve IRT reliability [113]. Nonetheless, the application of these
techniques in veterinary medicine is still needed to improve its use in animals.

8. Perspectives on the Use of IRT in Veterinary Medicine

The discussion presented shows that IRT is sensitive to detecting changes in both
global and local perfusion. While it has been reported as a tool to recognize hypoperfusion
states during pathological thromboembolism or diabetic foot, it is necessary to consider
whether it is possible to apply this tool as a reliable and sensitive diagnostic method focused
on any of these pathologies [14]. Nonetheless, since its application in veterinary medicine
to monitor vascular diseases is limited, further research could aim to evaluate patients with
lupus or vasculitis. Moreover, necrotic tissue monitoring observed in patients attacked by
venomous animals such as snakes or spiders could be another field for investigation.

Because these peripheral circulatory alterations can affect extremities with vascular
compromise, IRT could be implemented as a method to decide whether a limb needs
amputation or not [44]. In veterinary medicine, this field of research is limited, and
additional studies would be needed to validate the use of IRT for wound care and treatment
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decisions in animals. Moreover, a field where IRT has not been applied yet in veterinary
medicine is the viability of organ transplant surgeries, where monitoring adequate blood
perfusion could be related to the success of the surgical procedure.

Although IRT has been used in human medicine to evaluate orthopedic conditions
and postoperative outcomes related to joint reconstructions or implant placements [70],
in veterinary medicine, only a couple of studies have been published. Examples of these
are Zhou et al.’s [114] preclinical study on dogs undergoing bone autografts, in whom
an infrared camera was used to find the speed of drilling that resulted in less thermal-
mechanical damage to the bone cell viability and proliferation. The authors found that
local increases in the cortical surface temperature of 2–6 ◦C with 500 rpm drilling were
associated with enhanced cell performance and osteogenic gene expression, showing that
thermal evaluation of these procedures might help to improve the quality of bone autografts.
Similarly, the cortical bone surface temperature of sheep receiving implants placed in the
iliac crest was evaluated to determine the effect of different osteotomy drilling speed
protocols. It was found that although 50 rpm drilling had the highest bone temperature
and the highest cell stability, all drilling protocols showed implant stability regardless of
the temperature changes [115]. Furthermore, since some studies report that bone implants
can increase the local surface temperature within the first week after the surgical procedure
as an indicator of the repairing phase, IRT could be applied in animal patients to monitor
orthopedic interventions [116].

Likewise, it is necessary to consider the limitations of the technique. The admin-
istration of drugs such as local anesthetics can alter the thermal response and could be
misinterpreted as a pathological effect instead of a drug-related response. Furthermore, IRT
indirectly assesses the amount of radiated heat, and this depends on external elements such
as environmental temperature, and wetness of the surface, among others [117]. Therefore,
IRT is recommended as a complementary tool that should be used with other techniques
(e.g., angiography, ultrasound, or histopathologic analysis), since some studies have men-
tioned that IRT does not have a higher sensitivity than traditional imaging techniques such
as radiography, ultrasonography, or magnetic resonance in neurological patients [118]. For
example, Han et al. [119] concluded that indocyanine green angiography performed in a
rat perforator flap model predicts tissue necrosis with an accuracy of 92%, in contrast to
thermal imaging (74%) and near-infrared spectroscopy (71%). Thus, a comprehensive eval-
uation of peripheral vascular alterations and tissue viability in animal medicine requires
additional technologies.

9. Conclusions

IRT is a technique that can noninvasively and indirectly detect peripheral vascular
disorders and the consequent alterations to the amount of radiated heat from the skin.
Although the application of IRT to study vascular integrity and tissue viability is more
frequent in human medicine, the current research performed in animals has shown that
IRT can differentiate healthy from sick patients in cases of thrombosis, thromboembolisms,
and ischemia processes.

Additionally, the microvascular alterations that can be found as a result of burn
wounds is a field where IRT can help in determining the degree of damage and predict
healing success in cases where conservative treatment or skin transplant is optional. In
this sense, higher differences between wound bed surface temperature and healthy tissue
have been associated with a higher degree of tissular damage. Likewise, a hypothermic
local response is related to delayed healing and possible postsurgical complications such as
incisional infection.

Since the lack of an integrated network of blood perfusion affects tissue viability
and the wound healing process, IRT can be suggested as a complementary tool to other
techniques such as angiography or Doppler ultrasound to assess vascular integrity or to
promptly adopt treatment options.
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Civinskienė, G.; et al. Monitoring changes in heart tissue temperature and evaluation of graft function after coronary artery
bypass grafting surgery. Medicina 2009, 45, 221. [CrossRef] [PubMed]

73. Probst, C.W. Grafting Techniques and Failures in Small Animal Surgery. Probl. Vet. Med. 1990, 2, 413–423. [PubMed]

https://doi.org/10.1046/j.1464-5491.2002.00698.x
https://www.ncbi.nlm.nih.gov/pubmed/12027925
https://doi.org/10.1007/s00125-002-0872-z
https://doi.org/10.1016/j.jvs.2005.05.019
https://www.ncbi.nlm.nih.gov/pubmed/16171612
https://doi.org/10.1007/s00414-018-1935-0
https://doi.org/10.1055/s-0037-1602776
https://doi.org/10.5114/wiitm.2014.43023
https://doi.org/10.22456/1679-9216.121848
https://doi.org/10.1097/BCR.0000000000000187
https://www.ncbi.nlm.nih.gov/pubmed/25412050
https://doi.org/10.1111/iwj.14063
https://www.ncbi.nlm.nih.gov/pubmed/36542868
https://doi.org/10.1097/01.GOX.0000799952.09908.70
https://doi.org/10.1177/1534734620924857
https://www.ncbi.nlm.nih.gov/pubmed/32524874
https://doi.org/10.1097/BCR.0000000000000296
https://www.ncbi.nlm.nih.gov/pubmed/26284633
https://doi.org/10.21037/atm-21-1267
https://www.ncbi.nlm.nih.gov/pubmed/33987417
https://doi.org/10.1016/j.burns.2015.07.006
https://doi.org/10.1097/BCR.0000000000000059
https://doi.org/10.22456/1679-9216.82874
https://doi.org/10.1016/j.burns.2017.08.004
https://www.ncbi.nlm.nih.gov/pubmed/29032974
https://doi.org/10.1016/j.burns.2016.11.014
https://www.ncbi.nlm.nih.gov/pubmed/27931765
https://doi.org/10.1097/BCR.0000000000000338
https://www.ncbi.nlm.nih.gov/pubmed/27355653
https://doi.org/10.1016/j.burns.2012.03.014
https://www.ncbi.nlm.nih.gov/pubmed/22652476
https://doi.org/10.1383/surg.2006.24.1.27
https://doi.org/10.12968/coan.2016.21.11.642
https://doi.org/10.1371/journal.pone.0206477
https://doi.org/10.1016/j.jcot.2021.101722
https://doi.org/10.1590/s0102-865020200070000003
https://doi.org/10.3390/medicina45030029
https://www.ncbi.nlm.nih.gov/pubmed/19357452
https://www.ncbi.nlm.nih.gov/pubmed/2134603


Animals 2024, 14, 142 18 of 19

74. Hallock, G.G. The Use of Smartphone Thermography to More Safely Unmask and Preserve Circulation to Keystone Advancement
Flaps in the Lower Extremity. Injury 2020, 51, S121–S125. [CrossRef] [PubMed]

75. Sjøberg, T.; Mercer, J.B.; Weum, S.; de Weerd, L. The Value of Dynamic Infrared Thermography in Pedicled Thoracodorsal Artery
Perforator Flap Surgery. Plast. Reconstr. Surg. Glob. Open 2020, 8, e2799. [CrossRef] [PubMed]

76. Miland, Å.O.; de Weerd, L.; Weum, S.; Mercer, J.B. Visualising Skin Perfusion in Isolated Human Abdominal Skin Flaps Using
Dynamic Infrared Thermography and Indocyanine Green Fluorescence Video Angiography. Eur. J. Plast. Surg. 2008, 31, 235–242.
[CrossRef]

77. Rabbani, M.J.; Bhatti, A.Z.; Shahzad, A. Flap Monitoring Using Thermal Imaging Camera: A Contactless Method. J. Coll.
Physicians Surg. Pak. 2021, 31, 703–706. [CrossRef]

78. Miland, Å.O.; de Weerd, L.; Mercer, J.B. Intraoperative Use of Dynamic Infrared Thermography and Indocyanine Green
Fluorescence Video Angiography to Predict Partial Skin Flap Loss. Eur. J. Plast. Surg. 2008, 30, 269–276. [CrossRef]

79. Tenorio, X.; Mahajan, A.L.; Wettstein, R.; Harder, Y.; Pawlovski, M.; Pittet, B. Early Detection of Flap Failure Using a New
Thermographic Device. J. Surg. Res. 2009, 151, 15–21. [CrossRef]

80. Czapla, N.; Łokaj, M.; Falkowski, A.; Prowans, P. The Use of Thermography to Design Tissue Flaps–Experimental Studies on
Animals. Videosurgery Other Miniinvasive Tech. 2014, 3, 319–328. [CrossRef]

81. Drvis, P.; Shejbal, D.; Svaic, S.; Boras, I.; Sundov, I.; Susa, M.; Bedekovic, V.; Kalogjera, L.; Petrovic, I.; Sikiric, P. Evaluation of
Cutaneous Flap Survival by IR Thermography. In Proceedings of the 2004 International Conference on Quantitative InfraRed
Thermography, Zagreb, Croatia, 5–8 January 2004; pp. 1–10.

82. Shejbal, D.; Drvis, P.; Bedekovic, V. Thermography-measured Effect of Capsaicin, Methylprednisolone and Mitomycin on the
Survival of Random Skin Flaps in Rats. Ski. Res. Technol. 2012, 18, 157–161. [CrossRef]

83. Clark, R.A.F.; Fenner, J.; Sasson, A.; McClain, S.A.; Singer, A.J.; Tonnesen, M.G. Blood Vessel Occlusion with Erythrocyte
Aggregates Causes Burn Injury Progression—Microvasculature Dilation as a Possible Therapy. Exp. Dermatol. 2018, 27, 625–629.
[CrossRef] [PubMed]

84. Hurley-Sanders, J.L.; Sladky, K.K.; Nolan, E.C.; Loomis, M.R. Use of Cortical Bone Fenestration, Autogenous Free Skin Graft, and
Thermography for Wound Treatment and Monitoring in a Red Wolf (Canis Rufus Gregoryi). J. Zoo Wildl. Med. 2015, 46, 617–620.
[CrossRef] [PubMed]

85. Lin, Y.-H.; Chen, Y.-C.; Cheng, K.-S.; Yu, P.-J.; Wang, J.-L.; Ko, N.-Y. Higher Periwound Temperature Associated with Wound
Healing of Pressure Ulcers Detected by Infrared Thermography. J. Clin. Med. 2021, 10, 2883. [CrossRef] [PubMed]

86. Driver, J.; Fielding, A.; Mullhi, R.; Chipp, E.; Torlinski, T. Temperature Management of Adult Burn Patients in Intensive Care:
Findings from a Retrospective Cohort Study in a Tertiary Centre in the United Kingdom. Anaesthesiol. Intensive Ther. 2022,
54, 226–233. [CrossRef] [PubMed]

87. Saidu, A.M.; Olorunfemi, J.O.; Laku, D. Infrared Thermography Following Castration, Otectomy and Gastrotomy in Nigerian
Indigenous Dogs. Sahel J. Vet. Sci. 2023, 20, 50–56. [CrossRef]

88. Viscardi, A.V.; Cull, C.A.; Kleinhenz, M.D.; Montgomery, S.; Curtis, A.; Lechtenberg, K.; Coetzee, J.F. Evaluating the Utility
of a CO2 Surgical Laser for Piglet Castration to Reduce Pain and Improve Wound Healing: A Pilot Study. J. Anim. Sci. 2020,
98, skaa320. [CrossRef]

89. Marti, S.; Schwartzkopf-Genswein, K.S.; Janzen, E.D.; Meléndez, D.M.; Gellatly, D.; Pajor, E.A. Use of Topical Healing Agents on
Scrotal Wounds after Surgical Castration in Weaned Beef Calves. Can. Vet. J. La Rev. Vet. Can. 2017, 58, 1081–1085.

90. Casas-Alvarado, A.; Mota-Rojas, D.; Hernández-Ávalos, I.; Martínez-Burnes, J.; Rosas, M.E.; Miranda-Cortés, A.; Domínguez-
Oliva, A.; Mora-Medina, P. Assessment of Thermal Response, Cardiorespiratory Parameters and Post-Operative Analgesia
in Dogs Undergoing Ovariohysterectomy with Different Combinations of Epidural Analgesia and Isoflurane. J. Anim. Behav.
Biometeorol. 2023, 11, e2023009. [CrossRef]

91. Nogues, E.; von Keyserlingk, M.A.G.; Weary, D.M. Pain in the Weeks Following Surgical and Rubber Ring Castration in Dairy
Calves. J. Dairy Sci. 2021, 104, 12881–12886. [CrossRef]

92. Loughin, C.A.; Marino, D.J. Evaluation of Thermographic Imaging of the Limbs of Healthy Dogs. Am. J. Vet. Res.
2007, 68, 1064–1069. [CrossRef]

93. Malafaia, O.; Brioschi, M.L.; Aoki, S.M.S.; Dias, F.G.; Gugelmin, B.S.; Aoki, M.S.; Aoki, Y.S. Infrared Imaging Contribution for
Intestinal Ischemia Detection in Wound Healing. Acta Cir. Bras. 2008, 23, 511–519. [CrossRef] [PubMed]

94. Ringer, S.K.; Lischer, C.J.; Ueltschi, G. Assessment of Scintigraphic and Thermographic Changes after Focused Extracorporeal
Shock Wave Therapy on the Origin of the Suspensory Ligament and the Fourth Metatarsal Bone in Horses without Lameness.
Am. J. Vet. Res. 2005, 66, 1836–1842. [CrossRef] [PubMed]

95. Schuster, A.; Thielecke, M.; Raharimanga, V.; Ramarokoto, C.E.; Rogier, C.; Krantz, I.; Feldmeier, H. High-Resolution Infrared
Thermography: A New Tool to Assess Tungiasis-Associated Inflammation of the Skin. Trop. Med. Health 2017, 45, 23. [CrossRef]
[PubMed]

96. Galvin, E.M.; Niehof, S.; Medina, H.J.; Zijlstra, F.J.; van Bommel, J.; Klein, J.; Verbrugge, S.J.C. Thermographic Temperature
Measurement Compared with Pinprick and Cold Sensation in Predicting the Effectiveness of Regional Blocks. Anesth. Analg.
2006, 102, 598–604. [CrossRef]

97. Soerensen, D.D.; Clausen, S.; Mercer, J.B.; Pedersen, L.J. Determining the Emissivity of Pig Skin for Accurate Infrared Thermogra-
phy. Comput. Electron. Agric. 2014, 109, 52–58. [CrossRef]

https://doi.org/10.1016/j.injury.2020.05.029
https://www.ncbi.nlm.nih.gov/pubmed/32522354
https://doi.org/10.1097/GOX.0000000000002799
https://www.ncbi.nlm.nih.gov/pubmed/32802631
https://doi.org/10.1007/s00238-008-0280-9
https://doi.org/10.29271/jcpsp.2021.06.703
https://doi.org/10.1007/s00238-007-0201-3
https://doi.org/10.1016/j.jss.2008.03.001
https://doi.org/10.5114/wiitm.2014.44056
https://doi.org/10.1111/j.1600-0846.2011.00547.x
https://doi.org/10.1111/exd.13518
https://www.ncbi.nlm.nih.gov/pubmed/29478253
https://doi.org/10.1638/2014-0197.1
https://www.ncbi.nlm.nih.gov/pubmed/26352973
https://doi.org/10.3390/jcm10132883
https://www.ncbi.nlm.nih.gov/pubmed/34209633
https://doi.org/10.5114/ait.2022.119131
https://www.ncbi.nlm.nih.gov/pubmed/36189905
https://doi.org/10.54058/saheljvs.v20i1.373
https://doi.org/10.1093/jas/skaa320
https://doi.org/10.31893/jabb.23009
https://doi.org/10.3168/jds.2021-20127
https://doi.org/10.2460/ajvr.68.10.1064
https://doi.org/10.1590/S0102-86502008000600008
https://www.ncbi.nlm.nih.gov/pubmed/19030750
https://doi.org/10.2460/ajvr.2005.66.1836
https://www.ncbi.nlm.nih.gov/pubmed/16273919
https://doi.org/10.1186/s41182-017-0062-9
https://www.ncbi.nlm.nih.gov/pubmed/28919835
https://doi.org/10.1213/01.ane.0000189556.49429.16
https://doi.org/10.1016/j.compag.2014.09.003


Animals 2024, 14, 142 19 of 19

98. Autio, E.; Neste, R.; Airaksinen, S.; Heiskanen, M.-L. Measuring the Heat Loss in Horses in Different Seasons by Infrared
Thermography. J. Appl. Anim. Welf. Sci. 2006, 9, 211–221. [CrossRef]

99. Ludwig, N.; Gargano, M.; Luzi, F.; Carenzi, C.; Verga, M. Technical Note: Applicability of Infrared Thermography as a Non
Invasive Measurements of Stress in Rabbit. World Rabbit Sci. 2010, 15, 588. [CrossRef]

100. Jørgensen, G.H.; Mejdell, C.M.; Bøe, K.E. Effects of Hair Coat Characteristics on Radiant Surface Temperature in Horses. J. Therm.
Biol. 2020, 87, 102474. [CrossRef]

101. Mota-Rojas, D.; Titto, C.G.; de Mira Geraldo, A.; Martínez-Burnes, J.; Gómez, J.; Hernández-Ávalos, I.; Casas, A.; Domínguez,
A.; José, N.; Bertoni, A.; et al. Efficacy and Function of Feathers, Hair, and Glabrous Skin in the Thermoregulation Strategies of
Domestic Animals. Animals 2021, 11, 3472. [CrossRef]

102. Kwon, C.J.; Brundage, C.M. Quantifying Body Surface Temperature Differences in Canine Coat Types Using Infrared Thermogra-
phy. J. Therm. Biol. 2019, 82, 18–22. [CrossRef]

103. Maśko, M.; Witkowska-Piłaszewicz, O.; Jasiński, T.; Domino, M. Thermal Features, Ambient Temperature and Hair Coat Lengths:
Limitations of Infrared Imaging in Pregnant Primitive Breed Mares within a Year. Reprod. Domest. Anim. 2021, 56, 1315–1328.
[CrossRef] [PubMed]

104. Favilla, A.B.; Costa, D.P. Thermoregulatory Strategies of Diving Air-Breathing Marine Vertebrates: A Review. Front. Ecol. Evol.
2020, 8, 555509. [CrossRef]

105. Gauchet, L.; Jaeger, A.; Grémillet, D. Using Facial Infrared Thermography to Infer Avian Body Temperatures in the Wild. Mar.
Biol. 2022, 169, 57. [CrossRef]

106. McQueen, A.; Barnaby, R.; Symonds, M.R.E.; Tattersall, G.J. Birds Are Better at Regulating Heat Loss through Their Legs than
Their Bills: Implications for Body Shape Evolution in Response to Climate. Biol. Lett. 2023, 19, 20230373. [CrossRef] [PubMed]

107. Lowe, G.; McCane, B.; Sutherland, M.; Waas, J.; 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]

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

109. Arfuso, F.; Acri, G.; Piccione, G.; Sansotta, C.; Fazio, F.; Giudice, E.; Giannetto, C. Eye Surface Infrared Thermography Usefulness
as a Noninvasive Method of Measuring Stress Response in Sheep during Shearing: Correlations with Serum Cortisol and Rectal
Temperature Values. Physiol. Behav. 2022, 250, 113781. [CrossRef]

110. Church, J.S.; Hegadoren, P.R.; Paetkau, M.J.; 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]

111. de Lima, V.; Piles, M.; Rafel, O.; López-Béjar, M.; Ramón, 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]

112. Diakides, N.A.; Bronzino, J.D. Medical Infrared Imaging; CRC Press: Boca Raton, FL, USA, 2007.
113. Chung, Y.; Lee, S.; Kim, W. Latest Advances in Common Signal Processing of Pulsed Thermography for Enhanced Detectability:

A Review. Appl. Sci. 2021, 11, 12168. [CrossRef]
114. Zhou, T.; Gan, Z.; Zhang, H.; Liu, Z.; Pu, Y.; Rong, M. A Novel Technique to Harvest Bone Autografts with Mild Local

Hyperthermia and Enhanced Osteogenic Bone Quality: A Preclinical Study in Dogs. BMC Oral Health 2023, 23, 838. [CrossRef]
[PubMed]

115. Ozcan, M.; Salimov, F.; Temmerman, A.; Turer, O.U.; Alkaya, B.; Haytac, M.C. The Evaluation of Different Osteotomy Drilling
Speed Protocols on Cortical Bone Temperature, Implant Stability and Bone Healing: An Experimental Study in an Animal Model.
J. Oral Implantol. 2022, 48, 3–8. [CrossRef] [PubMed]

116. Krasnikov, A.V.; Krasnikova, E.S. Use of Infrared Thermography to Control Osteoreparative and Integrative Processes during
Implantation in Animals. J. Phys. Conf. Ser. 2020, 1515, 052011. [CrossRef]

117. Ilo, A.; Romsi, P.; Mäkelä, J. Infrared Thermography as a Diagnostic Tool for Peripheral Artery Disease. Adv. Ski. Wound Care
2020, 33, 482–488. [CrossRef]

118. Grossbard, B.P.; Loughin, C.A.; Marino, D.J.; Marino, L.J.; Sackman, J.; Umbaugh, S.E.; Solt, P.S.; Afruz, J.; Leando, P.; Lesser, M.L.;
et al. Medical Infrared Imaging (Thermography) of Type I Thoracolumbar Disk Disease in Chondrodystrophic Dogs. Vet. Surg.
2014, 43, 869–876. [CrossRef]

119. Han, T.; Khavanin, N.; Wu, J.; Zang, M.; Zhu, S.; Chen, B.; Li, S.; Liu, Y.; Sacks, J.M. Indocyanine Green Angiography Predicts
Tissue Necrosis More Accurately Than Thermal Imaging and Near-Infrared Spectroscopy in a Rat Perforator Flap Model. Plast.
Reconstr. Surg. 2020, 146, 1044–1054. [CrossRef]

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

https://doi.org/10.1207/s15327604jaws0903_3
https://doi.org/10.4995/wrs.2007.588
https://doi.org/10.1016/J.JTHERBIO.2019.102474
https://doi.org/10.3390/ani11123472
https://doi.org/10.1016/j.jtherbio.2019.03.004
https://doi.org/10.1111/rda.13994
https://www.ncbi.nlm.nih.gov/pubmed/34310786
https://doi.org/10.3389/fevo.2020.555509
https://doi.org/10.1007/s00227-022-04041-y
https://doi.org/10.1098/rsbl.2023.0373
https://www.ncbi.nlm.nih.gov/pubmed/37990562
https://doi.org/10.3390/ani10020292
https://www.ncbi.nlm.nih.gov/pubmed/32059554
https://doi.org/10.3390/ani13182820
https://www.ncbi.nlm.nih.gov/pubmed/37760220
https://doi.org/10.1016/j.physbeh.2022.113781
https://doi.org/10.1016/j.rvsc.2013.11.006
https://doi.org/10.1016/j.rvsc.2013.04.012
https://doi.org/10.3390/app112412168
https://doi.org/10.1186/s12903-023-03611-w
https://www.ncbi.nlm.nih.gov/pubmed/37936153
https://doi.org/10.1563/aaid-joi-D-20-00228
https://www.ncbi.nlm.nih.gov/pubmed/33270867
https://doi.org/10.1088/1742-6596/1515/5/052011
https://doi.org/10.1097/01.ASW.0000694156.62834.8b
https://doi.org/10.1111/j.1532-950X.2014.12239.x
https://doi.org/10.1097/PRS.0000000000007278

	Introduction 
	Search Methodology 
	Heat Radiation and Its Relationship with Tissular Perfusion 
	Peripheral Vascular Disorders and Thermography 
	Thermal Imaging Applied to Assess Tissular Damage Degree and Microvascular Repair 
	Infrared Thermography Used to Monitor Healing and Surgical Wound Care 
	Technical Factors That Can Influence Thermal Imaging in Animals 
	Perspectives on the Use of IRT in Veterinary Medicine 
	Conclusions 
	References

