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Simple Summary: Estrus detection is the most important factor for dairy animals (cattle and buf-
faloes) to get them pregnant on time for efficient production. Over a period of time, increased
production potential caused increased stress and weakened estrus expression in cattle. While buf-
faloes have known problems with silent heat, the existing conventional methods of estrus detection
are somewhat labor intensive and less efficient. Similarly, the modern automated methods that rely
on detecting physical activity are expensive, and their efficiency is affected by factors such as type
of housing (tie stall), flooring, and environment. Infrared thermography has recently emerged as a
technique that does not depend on monitoring physical activity. Furthermore, it is a non-invasive,
user-friendly technique that requires relatively less physical handling of animals. Hence, infrared
thermography possesses great potential to be used for generating estrus alerts in dairy animals for
efficient breeding and consequent production.

Abstract: The productivity of dairy animals has significantly increased over the past few decades
due to intense genetic selection. However, the enhanced yield performance of milk animals caused
a proportional increase in stress and compromised reproductive efficiency. Optimal reproductive
performance is mandatory for the sustainable production of dairy animals. Reproductive efficiency
is marked by proper estrus detection and precise breeding to achieve maximum pregnancies. The
existing conventional methods of estrus detection are somewhat labor intensive and less efficient.
Similarly, the modern automated methods that rely on detecting physical activity are expensive, and
their efficiency is affected by factors such as type of housing (tie stall), flooring, and environment.
Infrared thermography has recently emerged as a technique that does not depend on monitoring
physical activity. Furthermore, infrared thermography is a non-invasive, user-friendly, and stress-free
option that aids in the detection of estrus in dairy animals. Infrared thermography has the potential
to be considered a useful non-invasive tool for detecting temperature fluctuations to generate estrus
alerts without physical contact in cattle and buffaloes. This manuscript highlights the potential use of
infrared thermography to understand reproductive physiology and practical implementation of this
technique through discussing its advantages, limitations, and possible precautions.
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1. Introduction

Substantial efforts have been made over the past few decades to improve the produc-
tivity of milk [1] and meat [2] of farm animal species. This emphasis is mandatory to uplift
the socio-economic status of livestock farmers and to address the convincing global threat
to food security [3] and stunting growth for the ever-escalating world population [4,5].
The strategy of genetic selection for production traits was fruitful to increase milk yield.
However, enhanced production capabilities resulted in a proportional increase in stress on
the dairy animals, compromising their reproductive efficiency. Furthermore, due to the
negative genetic correlation with reproductive traits, the long-term selection for productive
traits has resulted in decreased reproductive performance in dairy animals [6–8].Optimal
reproductive performance is mandatory for sustainable production. Efficient estrus de-
tection and breeding at the optimal time to achieve higher pregnancies are practical goals
of reproductive management [9]. Therefore, various invasive, laborious, and expensive
interventions were brought into practice to address the reproductive issues [10].

Continuous scientific efforts are in place around the world to develop efficient, low-
cost, user-friendly techniques for estrus detection. Recently, infrared thermography has
emerged as a technique to aid in estrus detection with efficiency without compromising
animal welfare [11]. Therefore, the objective of this review is to explain the use of IRT to
understand reproductive physiology, its advantages, disadvantages, precautions, and its
practical implementation.

2. Issues of Estrus Expression in Cattle and Buffalo

Cattle and buffalo are the major contributors to the world’s milk supply (Table 1)
as both species produce 96% of the total milk produced [12]. The duration of estrus and
its intensity has been compromised corresponding to an increase in production potential,
whereas the buffalo is known for its less pronounced sexual behavior and poor expression
of estrus. Therefore, an efficient estrus detection strategy is mandatory to maintain the
production cycle of dairy animals.

Table 1. World’s milk production share of dairy animals (Source: https://www.fao.org/dairy-
production-products/en/, accessed on 5 March 2023).

Sr. No. Dairy Animal World’s Milk Production Share

1 Cattle 81%
2 Buffalo 15%
3 Goat 2%
4 Sheep 1%
5 Camel 0.5%
6 Other species 0.5%

Genetic selection has been effectuated to increase the per-head production of dairy
animals [6] in order to mitigate management inputs and the burden on agricultural land.
Data summarized by some studies indicates a substantial increase in milk corresponding
to a decrease in the number of animals [13]. On the contrary, increased production re-
sulted in enhanced stress on the food-producing animals, jeopardizing their reproductive
efficiency [14,15]. Rearte et al. [16] published data on cattle in Argentina (from 2000 to
2012) highlighting the negative effect of milk production on reproductive efficiency. Neg-
ligible inheritance of reproductive traits remained a limiting factor to resolve this issue
with genetic selection [17]. It is a well-established fact that for efficient livestock farming,
the reproductive performance of animals must be stellar, as it is paramount in achieving
maximum production in terms of meat and milk [18,19]. Therefore, provided with lim-
ited chances for genetic selection, management interventions become very significant to
improve reproductive efficiency and to harvest maximum potential from the animal of
superior production genetics.

https://www.fao.org/dairy-production-products/en/
https://www.fao.org/dairy-production-products/en/
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Estrus detection and insemination/breeding of dairy animals at the right time are
pivotal in achieving reproductive goals [20,21]. To defy the challenge of diminishing re-
productive performance, corresponding to production stress, various strategies (estrus
synchronization, fixed time artificial insemination, embryo transfer, etc.) have been devel-
oped for farm animals to control estrous physiology and precise breeding [22,23].However,
they are labor-intensive, invasive, expensive, and stressful for animals. These may result in
snagging farm operations, increasing input cost, and raising animal welfare issues. There-
fore, efforts are being made to develop cost-effective, handy, and unstrained techniques
for animals. Infrared thermography (IRT) is a noninvasive technique that is being used
in veterinary practice to diagnose various ailments in animals [24]. It detects changes
in surface temperature from a safe distance and aids in detecting estrus-related thermal
changes with more efficiency than conventional methods. Additionally, IRT is cost-effective
and easy to implement in farm conditions [25], and has been studied to validate its use for
estrus detection in dairy animals.

3. Importance of Estrus Expression

Estrus detection is by far the most important event at the dairy farm. It is the only
time during the 21-day long estrous cycle when a female animal can breed to become
pregnant and eventually start production. Failure to spot estrus or its faulty detection leads
to no breeding or insemination at a less optimal time [26]. This results in low fertility, long
calving intervals, and ultimately less calving. Therefore, farm productivity and economics
are negatively affected [27]. Hence, proper estrus detection and insemination at a precise
time is mandatory for successful dairy livestock farming. Faulty detection of estrus of dairy
animals could result in serious economic losses (Figure 1) due to reduced reproductive
efficiency, low production, and increased managemental cost [9].
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Figure 1. Illustrative diagram of the economic impact of optimal and suboptimal estrus detection in
dairy animals.

4. Existing Methods of Estrus Detection

Estrus is characterized by several behavioral signs under the influence of estrogen.
The primary sign of estrus is ‘stands to be mounted’ by other animals in the herd. Other
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secondary signs of estrus include restlessness, bellowing, frequent urination, swelling, and
redness of the vulva along with a rise in body temperature. These changes in the behavior
of animals are recorded to breed the animal at the optimal time to maximize the chances
of pregnancy. The best time to inseminate the cow is 12 h after the onset of standing heat,
well known as the “a.m./p.m.-p.m./a.m.” rule [28]. Similarly, the best insemination time
in buffaloes is reported to be 24 h after the onset of standing heat because of delayed
ovulation [29] compared to cows [30]. Similar relations, in terms of time interval with
respect to the occurrence of secondary signs of estrus and optimal time of insemination, are
established in farm animals [31,32].

Keeping in view this importance, various means are employed at dairy farms for estrus
detection, ranging from visual observations to the installation of automated equipment at
the farm.

A brief account of these methods is given below.

4.1. Visual Observation

Identification of animals exhibiting estrus via a visual observation by trained personnel
is the most widely practiced method [33]. It requires the observing person to have enough
knowledge of estrus signs and behaviors. This method requires multiple observations of
the herd in a day to identify animals in heat.

To identify animals in standing heat, mounting behavior is observed. Cows usually
show homosexual behavior as females mount on each other during or just around the estrus
along with other secondary signs. Contrarily, buffaloes lack such homosexual behavior
and other estrus signs are also vague compared to cows [34]. Therefore, in such condition,
introduction of a penile deviated or vasectomized male is almost mandatory in buffalo
herds for accurate estrus detection. Similarly, introducing a male in cow herds could be
beneficial as it enhances the chances of animals in estrus and its intensity [35]. Secondary
signs are also helpful in identifying animals in heat [36]. Animals exhibiting estrus behavior
are recorded and should be confirmed by examining the status of the reproductive system
through rectal palpation before subjecting them to artificial insemination.

Only up to 50% of animals are accurately detected in estrus by visual observation [37].
A decrease in estrus duration and intensity over a period has been reported and it has
further affected the efficacy of visual observation of estrus [26,36]. Some aids in visual
detection, such as chin ball markers and pressure-sensitive mount detection devices (Kamar
Heatmount Detectors; Kamar Products Inc., Zionsville, IN, USA), could be helpful to
an extent. The output of this method could be increased by enhancing the number of
observations per day, but it requires to incur more labor and cost [38].

4.2. Camera-Assisted Estrus Detection

To overcome the labor load and increase the rate of estrus detection, video camera-
assisted surveillance of the dairy herd is performed. This can be accomplished by day-night
monitoring of the herd and sorting out the hyperactive animals exhibiting estrus signs. In
another method, specialized pressure-sensitive devices are passed on to the sacrococcygeal
region of the cow. Under the pressure exerted by the bull while mounting, the color
in the device is changed. This extent of color variation is detected by a suitably placed
camera installed with particular software [39,40]. The rate of estrus detection using this
technique increased and it is advantageous because of the enhanced sensitivity, specificity,
and predictive value of the technique [40]. Limiting factors of this method include improper
identification of animals and displacement of the device itself, or rubbing with other objects
in the vicinity. This option is available to farmers at a high installation cost; this factor limits
its use by most of them [38]. There is no doubt in the efficiency of the method, however, the
performance of camera-assisted estrus detection can be enhanced by replacing this camera
with a thermal camera with an added advantage of its potential capability to assess estrus
detection through thermal variation.
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4.3. Activity Monitors

A marked increase in activity is observed in animals during estrus [41]. Cashing in on
this behavioral exploitation, activity monitors can be engaged for efficient estrus detection
without extending labor inputs. The sensors are usually applied to the neck or legs of the
animal. These sensors quantify the resting, standing, and walking duration, as well as neck
movements [42]. Activity monitors have an automated signaling system and generate alerts
if variation in activity is observed over a specified period of time. Various studies have
analyzed the association between the time of enhanced activity during estrus, its respective
time of ovulation, and fertility [43,44]. The success of an activity monitor depends upon
its make and software. The threshold of increased intensity installed to detect estrus is a
major factor in determining the efficiency of these instruments. There is reluctance among
farmers to adopt these systems due to the initial high cost of installation [38].

4.4. Measurement of Milk Progesterone

Progesterone from the corpus luteum of the ovary is a very reliable endocrine indicator
of cycling animals. In non-pregnant animals, its concentration is found higher during
the luteal phase. Luteolysis and the consequent drop in progesterone concentration are
mandatory before the next estrus [45]. This signature variation in the progesterone profile
can be used to predict estrus or ovulation. Progesterone concentrations can be measured
in the blood plasma, but for large animals it is not a suitable option as blood collection
is highly stressful. The alternative non-invasive option is measuring the progesterone in
milk [46], but it is very laborious to collect, label, and process milk samples of an individual
animal in a large herd. Automatic progesterone analyzers integrated with milking machines
are also available that draw a curve of progesterone in milk and an alert is given when it
starts decreasing below the threshold level [47]. However, due to the high installation cost
of such progesterone detecting systems, dairy farmers are reluctant to adopt it instead of
conventional methods.

4.5. Detection of Changes in Body Temperature

Reproductive cyclicity in dairy animals is characterized by interdependent sequential
physiological events denoted by changes in ovarian dynamics, endocrine profile, behavioral
response, and body temperature [48]. It has been observed that body temperature drops
two days before estrus, while a sudden rise is observed just before the LH peak [49]. This
temperature rise may be attributed to increased activity or endocrine profile around this
particular period of the estrous cycle [50]. This fluctuation could be used to estimate
the time of ovulation to fruitful inseminations. Several studies utilize changes in body
temperature to predict estrus in dairy animals using different techniques [32,51–53]. There
are chances of false positive cases using this method that can be minimized using a good
manual or automated professional software-based breeding record of the herd.

5. Thermal Changes during the Estrous Cycle

Rhythmic changes in the body temperature are an important and convenient indicator
to assess health status and energy metabolism during different physiological events [48].
The estrous cycle is characterized by rhythmic alterations in the endocrine profile, behavior,
and physical activity. These recurrent variations are the outcome of follicular as well as
luteal dynamics and related hormonal variations. Correspondingly, the animal’s body
temperature exhibits similar changes during various physiological events of the estrous
cycle [48]. These thermal variations congruent to estrus physiology have been assessed
through the rectum, vagina, and body surfaces in farm animals [51,54,55].

Temperature variations of the animal’s body during the estrous cycle are reported to be
attributed to the increase in physical activity by some scientists [56]. A higher concentration
of estrogen hormone is manifested behaviorally with hyperactivity. Estrogen increases
peripheral blood supply and enhances heat dissipation from the surface, which can be
detected. It dilates blood vessels by acting on vascular smooth muscle and triggering the



Animals 2023, 13, 1425 6 of 13

release of nitric oxide, which is an endothelial vasodilator [57]. This relationship of physical
activity with temperature rise during estrus was negated when thermal fluctuation during
estrus was studied in tied animals. The rise in body temperature was observed even though
their activity was limited [52,58]. It highlights the possibility that hyperactivity is not the
single reason for increased body temperature and connotes the presence of some thermo-
genic mechanism independent of physical activity during estrus. On the other hand, some
reports suggest that such detectable thermal fluctuations in the animal’s body are linked to
progesterone concentrations [51,59]. The role of progesterone as a thermogenic agent has
been well-defined in whales [60] and humans [61]. Higher body temperature was observed
when progesterone was given exogenously to ovariectomized human [62] and rat [63]
females. The exact mechanism by which progesterone brings on the thermogenic effect is
not well understood. A rise in body temperature was observed in a higher progesterone
environment during the luteal phase in cows. However, Lammoglia et al. [58] narrated
that no direct relation exists between progesterone concentration and body temperature in
cattle. Elevation in body temperature appears to be associated with periovulation junctures.
Temperature spikes are considered more related to a preovulatory LH surge [55]. The inter-
val from temperature rise to LH varies among different studies, however, the variability of
this duration is persistent in indicating a strong interrelationship [64]. The increase in body
temperature associated with estrus ranges from 0.5 ◦C to 1.3 ◦C [48,58]. The difference in
variation may be influenced by managemental practices, housing conditions, environment,
and the methods adopted to detect body temperature. Ovulation takes place after a specific
interval corresponding to the LH surge; similarly, there is a correlation between tempera-
ture rise and LH surge. Therefore, the detection of fluctuation in body temperature has the
potential to generate alerts preceding the LH surge and ovulation [55,64].

Suthar et al. [52] summarized the pattern of temperature variations during estrus,
such as body temperature rise during estrus, drops around ovulation followed by a rise
during diestrus, and another fall two to three days before the onset of estrus [58].

6. Infrared Thermography as a Tool for Estrus Detection

Changes in surface temperature during various physiological stages relevant to repro-
duction in farm animals have been studied intensively in the recent past using IRT [51,59,65].
IRT cameras are capable of detecting minute changes in temperatures [66]. This makes
IRT a very useful tool for detecting these changes in surface temperature associated with
physiological events related to reproduction in animals.

6.1. Working Principle and Application

Radiant heat is generated within the infrared portion of the electromagnetic spectrum
by every object present on earth. Anything with a temperature above zero kelvin (abso-
lute temperature = −273.15 ◦C) radiates electromagnetic waves [67]. Living organisms,
especially homeotherms, emit heat through the body’s surface to maintain homeostasis.
Fluctuations in surface temperature could be attributed to different physiological statuses
and metabolic activities [68]. During thermoregulation, the skin acts as an organ of heat
exchange through evaporation. Similarly, changes in vascularization and blood flow dur-
ing different physiological conditions result in changes in skin temperature [69]. These
phenomena make the skin surface an ideal organ to assess thermal alterations. Temperature
measurements through body surfaces are highly correlated with rectal temperature and
the former could be the alternative to the latter [59]. Thermographic cameras are helpful
in detecting heat radiation and even the occurrence of minute thermal fluctuations [70].
Thermographic sensors in the cameras detect the heat radiation and generate a picture
of varying pixels as illustrated in Figure 2. Thermographs present different colors based
on temperature variation from the radiation being emitted from any surface and that can
be processed through computer-based software. These varying colors of thermographs
are interpreted and digitized for exact measurements of temperature variations [25]. In-
frared thermography, as a tool to measure body temperature, is reported to be better and
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more advantageous compared to other methods. Furthermore, manual determination
of body temperature is time-consuming, practically difficult for repeated or continuous
observations, and involves the risk of disease transmission [25].
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6.2. Potential of Infrared Thermography for Estrus Detection

Infrared thermography offers the advantage of being operated from a specified dis-
tance without physical interaction with animals. Therefore, it causes minimum stress to
animals and also ensures their welfare during the assessment of various essential parame-
ters [11]. Additionally, this technique is user-friendly, easy to handle, and has less operating
cost [25]. Infrared thermography is used in various industrial operations [71] and as a
diagnostic tool in medical [72] and veterinary practices [73]. As far as dairy animal farming
is concerned, this technology is proven to be effective in diagnosing heat stress [74], masti-
tis [75], postpartum diseases [76], and lameness [77]. It has also been reported to assess feed
intake and reproductive status in livestock [78]. The adoption of infrared thermography
in livestock farming is considered to be an advanced, sensitive, cost-effective, rapid, and
non-invasive technique that does not require stressful physical interaction with animals.

The advancement in infrared thermography made it possible to assess body changes
in body temperature during the estrous cycle with minute physical strain on animals from
various anatomical surfaces (Vulva, eye, muzzle, etc.) [51,58,59]. Emissivity is the ability
of a surface to emit heat and it is scored on a scale from 0 to 1. The emissivity of an object
is highest (1) or lowest (0) depending upon the amount of heat being omitted. The cattle
body surface possesses very good emissivity that varies from 0.93 to 0.98 depending on
the density and color of hairs and skin [79]. Therefore, the skin surface of animals serves
as an organ of great value to detect temperature variation through infrared thermography.
Furthermore, infrared thermography has great potential for automation compared to
conventional methods of temperature measurement [80]. Previously, different techniques
were exercised to correlate fluctuations in body temperature during estrus with behavioral,
endocrinal, and structural changes in the reproductive tract during estrus in animals. Most
of these studies involved the measurement of body temperature through the rectum and
vagina via invasive techniques [81,82]. Such physical handling of animals could cause
stress and uneasiness, altering the body temperature and risking the authenticity of results.
All the above-mentioned practical conveniences and technical advantages highlight the
great potential of IRT to be implemented in livestock operations, including reproductive
management or estrus detection. Infrared thermography is proven to have the promising
potential to predict estrus in order to minimize calving interval and increase the number of
pregnant animals per artificial insemination [51]. Various studies conducted in dairy cows,
beef cattle, and buffaloes to correlate events related to estrous physiology with variations
in body temperature using thermography have been summarized in Table 2. These studies
have highlighted that infrared thermography could be an important tool, alone or combined
with other techniques, to detect estrus in dairy animals.
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Table 2. Studies on application of Infrared Thermography (IRT) to detect estrus in cattle and buffaloes.

Sr. No. References Study Animal Site of IRT Observation Conclusion

1 Marquez et. al., 2022 [83] Dairy cows Vulva Automated IRT platform has the potential to become an alternative to
visual estrus detection.

2 Tiwari et. al.,2022 [84] Sahiwal cows Muzzle and vulva Infrared thermos radiography may be used as an efficient tool for the
detection of estrus and its different stages in Sahiwal cows.

3 Rajput et. al., 2022 [85] Sahiwal cows Vulval, eyeball, ear and muzzle IRT is an upcoming non-invasive technology that can be used to
monitor increases in temperature of Sahiwal cows during estrus.

4 Marquez et. al., 2021 [11] Dairy cows Vulva The combination of thermal and behavioral parameters increased the
accuracy of estrus detection.

5 Vicentini et. al.,2020 [53] Dairy Heifers Eye, vulva, and muzzle In conclusion, IRT is an effective method to detect temperature
variation during the proestrus and estrus phases in Gyr heifers.

6 Marquez et. al., 2019 [86] Dairy cows
Eye, muzzle, cheek, neck, front right foot,
front left foot, rump, flank, vulva area, tail

head, and withers

Fluctuations in radiated temperature measured at specific anatomical
locations and the frequency of tail movements and treading behaviors
can be used as a noninvasive estrus alert in multiparous cows housed

in a tie stall system.

7 Deak et. al., 2019 [24] Dairy cows ocular globe, muzzle, pelvis, abdomen,
thorax, perineum, mammary gland

Season and reproductive phases influence the surface temperature of
body areas.

8 Ruediger et. al., 2018 [59] Buffaloes vulvar, orbital area and muzzle
The vulvar superficial temperature is effective in ascertaining the

physiological changes inherent to the progesterone
concentrationvariation during the reproductive cycle.

9 Radigonda et. al., 2017 [65] Braford cows vulvar
IRT as an indirectly diagnostic tool to detect ovarian activity seems

promising and further studies are required to validate their potential in
beef cattle production.

10 Talukder et. al., 2014 [51] Dairy cows Vulva and muzzle IRT possesses potential to aid in estrus detection.
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Animals exhibit rhythmic variations in body temperature [74]. These thermal changes
are dependent on physical activity or progesterone concentrations during the estrous cycle.
Infrared thermography has the potential to detect thermal fluctuations related to different
physiological states during the estrous cycle.

6.3. Important Consideration for the Use of Infrared Thermography

Implementation of infrared thermography in reproductive management requires the
consideration of some important factors that can affect its efficiency. These factors are
related to the animal under observation, environment, and operator [73].

The factors related to animals include the coloration of skin surface and hair, the den-
sity of hairs, and unwanted motions at the time of observations. Hairs provide insulation
to the skin surface affecting its emissivity [87]. Therefore, usually hairless areas of the body
such as the muzzle, eye, and vulva are preferred for thermography measurements. As far
as skin coloration is concerned, buffaloes and black-colored cattle are believed to have a
greater emissivity because of the ability of black color to absorb and emit more infrared ra-
diation compared to lighter colors [88]. Similarly, hair coloration has a corresponding effect
and dark-colored hairs have greater IRT value compared to those of lighter colors [89]. The
presence of dirt or moisture on the surface under observation can affect IRT readings [70].

From the environmental point of view, ambient temperature and humidity at the time
of observation are important factors that can influence IRT measurements [90]. Similarly,
the IRT readings can vary when taken at different times (morning, noon, temperature) on
the same day [91]. This could be due to variations in meteorological indicators (sunlight,
temperature, and humidity) or due to changes in physical activity.

In the morning, before feeding and milking, animals have minimum physical activity
compared to other times in the day when extra activity-dependent heat is generated and
emitted through the skin surface [92]. In the relevant scientific Literature, recommendations
are found to take IRT readings in the morning in the absence of sunlight and activity.
Furthermore, IRT readings taken below 30 ◦C or 20 ◦C have been reported to reduce
environmental impact [93,94].The altered physiological response of the animals at noon,
especially during hot days [95], may be the possible reason for preferring morning time
IRT recording.

Operator-dependent factors of IRT include distance and angle between the thermo-
graphic camera and emissive surface. If the animal is made to walk to bring it to the
observation place, it is better to provide an acclimatization time of about 10 min before
taking the IRT reading. It is essential because peripheral blood circulation increases during
activity, which enhances heat dissipation through the skin [75].

7. Conclusions

Different techniques of estrus detection are in place in a tool kit for estrus detection,
with well-reported advantages and limitations of each technique. Infrared thermography,
especially the computer assisted automation of IRT systems, could be helpful in generating
estrus alerts and has a potential to be added as one of the useful techniques in the tool kit
of estrus detection techniques.

Author Contributions: Conceptualization, U.R. and M.I.; writing—original draft preparation, U.R.,
M.I. and M.A.; writing—review and editing, U.R., M.I., F.A. and L.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (No. 2022 YFD1301001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Animals 2023, 13, 1425 10 of 13

References
1. OECD; FAO. OECD–FAO Agricultural Outlook 2022–2031; FAO: Rome, Italy, 2022.
2. FAO. Meat; FAO: Rome, Italy, 2021; pp. 163–177.
3. Adesogan, A.T.; Havelaar, A.H.; McKune, S.L.; Eilittä, M.; Dahl, G.E.J. Animal source foods: Sustainability problem or malnutrition

and sustainability solution? Perspective Matters. Glob. Food Secur. 2020, 25, 100325. [CrossRef]
4. Murphy, S.P.; Allen, L.H. Nutritional importance of animal source foods. J. Nutr. 2003, 133, 3932S–3935S. [CrossRef] [PubMed]
5. Davis, T.C.; White, R.R. Breeding animals to feed people: The many roles of animal reproduction in ensuring global food security.

Theriogenology 2020, 150, 27–33. [CrossRef] [PubMed]
6. Brito, L.; Bédère, N.; Douhard, F.; Oliveira, H.; Arnal, M.; Peñagaricano, F.; Schinckel, A.; Baes, C.F.; Miglior, F.J.A. Genetic

selection of high-yielding dairy cattle toward sustainable farming systems in a rapidly changing world. Animal 2021, 15, 100292.
[CrossRef]

7. Miglior, F.; Fleming, A.; Malchiodi, F.; Brito, L.F.; Martin, P.; Baes, C.F. A 100-Year Review: Identification and genetic selection of
economically important traits in dairy cattle. J. Dairy Sci. 2017, 100, 10251–10271. [CrossRef] [PubMed]

8. Ma, L.; Cole, J.B.; Da, Y.; VanRaden, P.M. Symposium review: Genetics, genome-wide association study, and genetic improvement
of dairy fertility traits. J. Dairy Sci. 2019, 102, 3735–3743. [CrossRef]

9. Adenuga, A.H.; Jack, C.; Olagunju, K.O.; Ashfield, A. Economic Viability of Adoption of Automated Oestrus Detection Technolo-
gies on Dairy Farms: A Review. Animals 2020, 10, 1241. [CrossRef]

10. Carvalho, P.D.; Santos, V.G.; Giordano, J.O.; Wiltbank, M.C.; Fricke, P.M. Development of fertility programs to achieve high
21-day pregnancy rates in high-producing dairy cows. Theriogenology 2018, 114, 165–172. [CrossRef]

11. Perez Marquez, H.J.; Ambrose, D.J.; Schaefer, A.L.; Cook, N.J.; Bench, C.J. Evaluation of infrared thermography combined with
behavioral biometrics for estrus detection in naturally cycling dairy cows. Animal 2021, 15, 100205. [CrossRef]

12. FAO. Gateway to Dairy Production and Products. Available online: https://www.fao.org/dairy-production-products/en/
(accessed on 5 March 2023).

13. Whittier, J.C.J. How we got to now in food animal agriculture: Animal science innovations that made the modern world in the
West. Transl. Anim. Sci. 2018, 2, S1–S8. [CrossRef]

14. Walsh, S.W.; Williams, E.J.; Evans, A.C. A review of the causes of poor fertility in high milk producing dairy cows. Anim. Reprod.
Sci. 2011, 123, 127–138. [CrossRef] [PubMed]

15. Snijders, S.E.; Dillon, P.G.; O’Farrell, K.J.; Diskin, M.; Wylie, A.R.; O’Callaghan, D.; Rath, M.; Boland, M.P. Genetic merit for milk
production and reproductive success in dairy cows. Anim. Reprod. Sci. 2001, 65, 17–31. [CrossRef]

16. Rearte, R.; LeBlanc, S.J.; Corva, S.G.; de la Sota, R.L.; Lacau-Mengido, I.M.; Giuliodori, M.J. Effect of milk production on
reproductive performance in dairy herds. J. Dairy Sci. 2018, 101, 7575–7584. [CrossRef] [PubMed]

17. Oltenacu, P.A.; Algers, B. Selection for increased production and the welfare of dairy cows: Are new breeding goals needed?
Ambio 2005, 34, 311–315. [CrossRef] [PubMed]

18. Giordano, J.O.; Fricke, P.M.; Wiltbank, M.C.; Cabrera, V.E. An economic decision-making support system for selection of
reproductive management programs on dairy farms. J. Dairy Sci. 2011, 94, 6216–6232. [CrossRef]

19. White, R.R.; Brady, M.; Capper, J.L.; McNamara, J.P.; Johnson, K.A. Cow-calf reproductive, genetic, and nutritional management
to improve the sustainability of whole beef production systems. J. Anim. Sci. 2015, 93, 3197–3211. [CrossRef]

20. Riaz, U.; Hassan, M.; Khan, M.I.; Farooq, U.; Ali, F.; Mehmood, K.; Shaukat, A.; Lashari, M.H.; Yang, L.J. Study on Various Luteal
Characteristics Using Doppler Ultrasonography for Early Pregnancy Diagnosis in Nili-Ravi Buffaloes. BioMed Res. Int. 2022, 2022,
3896068. [CrossRef]

21. Fesseha, H.; Degu, T.J. Estrus detection, Estrus synchronization in cattle and it’s economic importance. Int. J. Vet. Res. 2020, 3, 1001.
22. Ruane, J.; Sonnino, A.J. Agricultural biotechnologies in developing countries and their possible contribution to food security.

J. Biotechnol. 2011, 156, 356–363. [CrossRef]
23. Verma, O.; Kumar, R.; Kumar, A.; Chand, S.J. Assisted Reproductive Techniques in Farm Animal-From Artificial Insemination to

Nanobiotechnology. Vet. World 2012, 5, 5. [CrossRef]
24. Deak, F.L.G.B.; Chacur, M.G.M.; Souza, C.D.d.; Andrade, I.B.; Cornacini, G.F.; Garcia, A.R.; Gabriel, L.R.A. Effects of physiological

stage and season on infrared thermograms of different body areas of dairy cows raised under tropical conditions. J. Anim. Reprod.
2019, 16, 311–316. [CrossRef]

25. McManus, C.; Tanure, C.B.; Peripolli, V.; Seixas, L.; Fischer, V.; Gabbi, A.M.; Menegassi, S.R.; Stumpf, M.T.; Kolling, G.J.; Dias, E.J.C.;
et al. Infrared thermography in animal production: An overview. Comput. Electron. Agric. 2016, 123, 10–16. [CrossRef]

26. Lucy, M.C. Fertility in high-producing dairy cows: Reasons for decline and corrective strategies for sustainable improvement. Soc.
Reprod. Fertil. Suppl. 2007, 64, 237–254. [CrossRef] [PubMed]

27. Rutten, C.J.; Steeneveld, W.; Inchaisri, C.; Hogeveen, H. An ex ante analysis on the use of activity meters for automated estrus
detection: To invest or not to invest? J. Dairy Sci. 2014, 97, 6869–6887. [CrossRef] [PubMed]

28. Trimberger, G.W. Breeding efficiency in dairy cattle from artificial insemination at various intervals before and after ovulation.
Ph.D. Thesis, University of Nebraska, Lincoln, NE, USA, 1948.

29. Riaz, U.; Hassan, M.; Husnain, A.; Naveed, M.I.; Singh, J.; Ahmad, N. Effect of timing of artificial insemination in relation to onset
of standing estrus on pregnancy per AI in Nili-Ravi buffalo. Anim. Reprod. 2018, 15, 1231–1235. [CrossRef] [PubMed]

https://doi.org/10.1016/j.gfs.2019.100325
https://doi.org/10.1093/jn/133.11.3932S
https://www.ncbi.nlm.nih.gov/pubmed/14672292
https://doi.org/10.1016/j.theriogenology.2020.01.041
https://www.ncbi.nlm.nih.gov/pubmed/32088028
https://doi.org/10.1016/j.animal.2021.100292
https://doi.org/10.3168/jds.2017-12968
https://www.ncbi.nlm.nih.gov/pubmed/29153164
https://doi.org/10.3168/jds.2018-15269
https://doi.org/10.3390/ani10071241
https://doi.org/10.1016/j.theriogenology.2018.03.037
https://doi.org/10.1016/j.animal.2021.100205
https://www.fao.org/dairy-production-products/en/
https://doi.org/10.1093/tas/txy067
https://doi.org/10.1016/j.anireprosci.2010.12.001
https://www.ncbi.nlm.nih.gov/pubmed/21255947
https://doi.org/10.1016/S0378-4320(00)00217-7
https://doi.org/10.3168/jds.2017-13796
https://www.ncbi.nlm.nih.gov/pubmed/29803419
https://doi.org/10.1579/0044-7447-34.4.311
https://www.ncbi.nlm.nih.gov/pubmed/16092261
https://doi.org/10.3168/jds.2011-4376
https://doi.org/10.2527/jas.2014-8800
https://doi.org/10.1155/2022/3896068
https://doi.org/10.1016/j.jbiotec.2011.06.013
https://doi.org/10.5455/vetworld.2012.301-310
https://doi.org/10.21451/1984-3143-AR2017-0023
https://doi.org/10.1016/j.compag.2016.01.027
https://doi.org/10.5661/RDR-VI-237
https://www.ncbi.nlm.nih.gov/pubmed/17491151
https://doi.org/10.3168/jds.2014-7948
https://www.ncbi.nlm.nih.gov/pubmed/25242421
https://doi.org/10.21451/1984-3143-AR2017-0015
https://www.ncbi.nlm.nih.gov/pubmed/34221137


Animals 2023, 13, 1425 11 of 13

30. Rajamahendran, R.; Robinson, J.; Desbottes, S.; Walton, J.J. Temporal relationships among estrus, body temperature, milk yield,
progesterone and luteinizing hormone levels, and ovulation in dairy cows. Theriogenology 1989, 31, 1173–1182. [CrossRef]
[PubMed]

31. Bijker, I.; Christley, R.; Smith, R.; Dobson, H.J. Effect of signs of oestrus, disease stressors and cow activity on pregnancy rate
following artificial insemination. Vet. Rec. 2015, 176, 411. [CrossRef]

32. Reith, S.; Hoy, S.J. Behavioral signs of estrus and the potential of fully automated systems for detection of estrus in dairy cattle.
Animal 2018, 12, 398–407. [CrossRef]

33. Foote, R.J. Estrus detection and estrus detection aids. J. Dairy Sci. 1975, 58, 248–256. [CrossRef]
34. Drost, M.J. Bubaline versus bovine reproduction. Theriogenology 2007, 68, 447–449. [CrossRef]
35. Gokuldas, P.P.; Yadav, M.C.; Kumar, H.; Singh, G.; Mahmood, S.; Tomar, A.K. Resumption of ovarian cyclicity and fertility

response in bull-exposed postpartum buffaloes. Anim. Reprod. Sci. 2010, 121, 236–241. [CrossRef]
36. Roelofs, J.; Van Eerdenburg, F.; Soede, N.; Kemp, B.J. Various behavioral signs of estrous and their relationship with time of

ovulation in dairy cattle. Theriogenology 2005, 63, 1366–1377. [CrossRef] [PubMed]
37. Peralta, O.A.; Pearson, R.E.; Nebel, R.L. Comparison of three estrus detection systems during summer in a large commercial dairy

herd. Anim. Reprod. Sci. 2005, 87, 59–72. [CrossRef] [PubMed]
38. Saint-Dizier, M.; Chastant-Maillard, S. Towards an automated detection of oestrus in dairy cattle. Reprod. Domest. Anim. 2012, 47,

1056–1061. [CrossRef] [PubMed]
39. Williamson, N.; Alawneh, J.; Bailey, D.; Butler, K. Electronic heat detection. SIDE 2006, 2006, 6.
40. Alawneh, J.; Williamson, N.; Bailey, D.J. Comparison of a camera-software system and typical farm management for detecting

oestrus in dairy cattle at pasture. N. Z. Vet. J. 2006, 54, 73–77. [CrossRef] [PubMed]
41. Roelofs, J.; Lopez-Gatius, F.; Hunter, R.; Van Eerdenburg, F.; Hanzen, C.J. When is a cow in estrus? Clinical and practical aspects.

Theriogenology 2010, 74, 327–344.
42. Jónsson, R.; Blanke, M.; Poulsen, N.K.; Caponetti, F.; Højsgaard, S.J.C. Oestrus detection in dairy cows from activity and lying

data using on-line individual models. Comput. Electron. Agric. 2011, 76, 6–15. [CrossRef]
43. López-Gatius, F.; Santolaria, P.; Mundet, I.; Yániz, J.J. Walking activity at estrus and subsequent fertility in dairy cows.

Theriogenology 2005, 63, 1419–1429. [CrossRef]
44. Hockey, C.; Morton, J.; Norman, S.; McGowan, M.J. Evaluation of a neck mounted 2-hourly activity meter system for detecting

cows about to ovulate in two paddock-based Australian dairy herds. Reprod. Domest. Anim. 2010, 45, e107–e117. [CrossRef]
45. Thatcher, W.W.; Guzeloglu, A.; Meikle, A.; Kamimura, S.; Bilby, T.; Kowalski, A.A.; Badinga, L.; Pershing, R.; Bartolome, J.;

Santos, J.E. Regulation of embryo survival in cattle. Reprod. Suppl. 2003, 61, 253–266. [CrossRef] [PubMed]
46. Roelofs, J.; Van Eerdenburg, F.; Hazeleger, W.; Soede, N.; Kemp, B.J. Relationship between progesterone concentrations in milk

and blood and time of ovulation in dairy cattle. Anim. Reprod. Sci. 2006, 91, 337–343. [CrossRef] [PubMed]
47. Asmussen, T.J. Herd Navigator or how to benefit from frequent measurements. ICHR Techn. Ser. 2010, 2010, 291–293.
48. Piccione, G.; Caola, G.; Refinetti, R. Daily and estrous rhythmicity of body temperature in domestic cattle. BMC Physiol. 2003, 3, 7.

[CrossRef]
49. Fisher, A.; Morton, R.; Dempsey, J.; Henshall, J.; Hill, J. Evaluation of a new approach for the estimation of the time of the LH

surge in dairy cows using vaginal temperature and electrodeless conductivity measurements. Theriogenology 2008, 70, 1065–1074.
[CrossRef] [PubMed]

50. Simões, V.G.; Lyazrhi, F.; Picard-Hagen, N.; Gayrard, V.; Martineau, G.-P.; Waret-Szkuta, A.J. Variations in the vulvar temperature
of sows during proestrus and estrus as determined by infrared thermography and its relation to ovulation. Theriogenology 2014,
82, 1080–1085. [CrossRef]

51. Talukder, S.; Thomson, P.; Kerrisk, K.; Clark, C.; Celi, P.J. 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]

52. Suthar, V.; Burfeind, O.; Patel, J.; Dhami, A.; Heuwieser, W.J. Body temperature around induced estrus in dairy cows. J. Dairy Sci.
2011, 94, 2368–2373. [CrossRef]

53. Vicentini, R.R.; Montanholi, Y.R.; Veroneze, R.; Oliveira, A.P.; Lima, M.L.; Ujita, A.; El Faro, L.J. Infrared thermography reveals
surface body temperature changes during proestrus and estrus reproductive phases in Gyr heifers (Bos taurus indicus). J. Therm.
Biol. 2020, 92, 102662. [CrossRef] [PubMed]

54. Wrenn, T.; Bitman, J.; Sykes, J.F.J. Body temperature variations in dairy cattle during the estrous cycle and pregnancy. J. Dairy Sci.
1958, 41, 1071–1076. [CrossRef]

55. Clapper, J.; Ottobre, J.; Ottobre, A.; Zartman, D.J. Estrual rise in body temperature in the bovine I Temporal relationships with
serum patterns of reproductive hormones. Anim. Repord. Sci. 1990, 23, 89–98.

56. Lewis, G.; Newman, S.J. Changes throughout estrous cycles of variables that might indicate estrus in dairy cows. J. Dairy Sci.
1984, 67, 146–152. [CrossRef] [PubMed]

57. White, R.E.J. Estrogen and vascular function. Vasc. Pharmacol. 2002, 38, 73–80. [CrossRef]
58. Lammoglia, M.A.; Bellows, R.A.; Short, R.E.; Bellows, S.E.; Bighorn, E.G.; Stevenson, J.S.; Randel, R.D. Body temperature and

endocrine interactions before and after calving in beef cows. J. Anim. Sci. 1997, 75, 2526–2534.

https://doi.org/10.1016/0093-691X(89)90086-1
https://www.ncbi.nlm.nih.gov/pubmed/16726635
https://doi.org/10.1136/vr.102776
https://doi.org/10.1017/S1751731117001975
https://doi.org/10.3168/jds.S0022-0302(75)84555-3
https://doi.org/10.1016/j.theriogenology.2007.04.012
https://doi.org/10.1016/j.anireprosci.2010.06.005
https://doi.org/10.1016/j.theriogenology.2004.07.009
https://www.ncbi.nlm.nih.gov/pubmed/15725444
https://doi.org/10.1016/j.anireprosci.2004.10.003
https://www.ncbi.nlm.nih.gov/pubmed/15885441
https://doi.org/10.1111/j.1439-0531.2011.01971.x
https://www.ncbi.nlm.nih.gov/pubmed/22214367
https://doi.org/10.1080/00480169.2006.36615
https://www.ncbi.nlm.nih.gov/pubmed/16596158
https://doi.org/10.1016/j.compag.2010.12.014
https://doi.org/10.1016/j.theriogenology.2004.07.007
https://doi.org/10.1111/j.1439-0531.2009.01531.x
https://doi.org/10.1530/biosciprocs.5.019
https://www.ncbi.nlm.nih.gov/pubmed/14635940
https://doi.org/10.1016/j.anireprosci.2005.04.015
https://www.ncbi.nlm.nih.gov/pubmed/15967601
https://doi.org/10.1186/1472-6793-3-7
https://doi.org/10.1016/j.theriogenology.2008.06.023
https://www.ncbi.nlm.nih.gov/pubmed/18639924
https://doi.org/10.1016/j.theriogenology.2014.07.017
https://doi.org/10.1016/j.theriogenology.2014.11.005
https://doi.org/10.3168/jds.2010-3858
https://doi.org/10.1016/j.jtherbio.2020.102662
https://www.ncbi.nlm.nih.gov/pubmed/32888565
https://doi.org/10.3168/jds.S0022-0302(58)91053-1
https://doi.org/10.3168/jds.S0022-0302(84)81278-3
https://www.ncbi.nlm.nih.gov/pubmed/6538581
https://doi.org/10.1016/S0306-3623(02)00129-5


Animals 2023, 13, 1425 12 of 13

59. De Ruediger, F.R.; 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 tempera-
tures as determined using digital infrared thermography in buffalo. Anim. Reprod. Sci. 2018, 197, 154–161. [CrossRef]

60. Katsumata, E.; Jaroenporn, S.; Katsumata, H.; Konno, S.; Maeda, Y.; Watanabe, G.; Taya, K. Body temperature and circulating
progesterone levels before and after parturition in killer whales (Orcinus orca). J. Reprod. Dev. 2006, 52, 65–71. [CrossRef]
[PubMed]

61. Czaja, J.A.; Butera, P.C. Body temperature and temperature gradients: Changes during the estrous cycle and in response to
ovarian steroids. Psihol. Behav. 1986, 36, 591–596. [CrossRef]

62. Gianavoli, L.; Moggian, G.J.G. Body temperature increasing effect of female sex steriods. Gynaecologia 1954, 136, 129.
63. Kupperman, H.S. Studies on temperature variations in animals as influenced by the estrus cycle and the steroid hormones. Anat.

Rec. 1946, 96, 529.
64. Mosher, M.; Ottobre, J.; Haibel, G.; Zartman, D.J. Estrual rise in body temperature in the bovine II The temporal relationship with

ovulation. Anim. Repord. Sci. 1990, 23, 99–107.
65. Radigonda, V.L.; Pereira, G.R.; da Cruz Favaro, P.; Barca Júnior, F.A.; Borges, M.H.F.; Galdioli, V.H.G.; Júnior, 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]

66. Nääs, I.A.; Garcia, R.G.; Caldara, F.R.J. Infrared thermal image for assessing animal health and welfare. J. Anim. Behav. Biometeorol.
2020, 2, 66–72. [CrossRef]

67. Roberto, J.V.B.; de Souza, B.B.; Furtado, D.A.; Delfino, L.J.B.; de Assis Marques, B.A.J. Thermal gradients and physiological
responses of goats in the semiarid of Brazil using infrared thermography. J. Anim. Behav. Biometeorol. 2020, 2, 11–19. [CrossRef]

68. Schaefer, A.; Cook, N.J. Heat generation and the role of infrared thermography in pathological conditions. Thermogr. Curr. Status
Adv. Livest. Anim. Vet. Med. 2013, 2013, 69–78.

69. Cook, N.; Schaefer, A.J. Infrared thermography and disease surveillance. Thermogr. Curr. Status Adv. Livest. Anim. Vet. Med. 2013,
2013, 79–92.

70. Knizkova, I.; Petr, K.; Gürdil, G.; Pinar, Y.; Selvi, K.Ç.J. Applications of infrared thermography in animal production. Anadolu
Tarım Bilim. Derg. 2007, 22, 329–336.

71. Ghazal, M.; Basmaji, T.; Yaghi, M.; Alkhedher, M.; Mahmoud, M.; El-Baz, A.S. Cloud-Based Monitoring of Thermal Anomalies in
Industrial Environments Using AI and the Internet of Robotic Things. Sensors 2020, 20, 6348. [CrossRef] [PubMed]

72. Berz, R. The Medical Use of Infrared-Thermography History and Recent Applications. Ph.D. Thesis, Univesität Stuttgart, Stuttgart,
Germany, 2007.

73. Schaefer, A.L.; Cook, N.J.; Bench, C.; Chabot, J.B.; Colyn, J.; Liu, T.; Okine, E.K.; Stewart, M.; Webster, J.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]

74. 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]

75. Colak, A.; Polat, B.; Okumus, Z.; Kaya, M.; Yanmaz, L.E.; Hayirli, A. Short communication: Early detection of mastitis using
infrared thermography in dairy cows. J. Dairy Sci. 2008, 91, 4244–4248. [CrossRef]

76. Macmillan, K.; Colazo, M.G.; Cook, N.J. Evaluation of infrared thermography compared to rectal temperature to identify illness
in early postpartum dairy cows. Res. Vet. Sci. 2019, 125, 315–322. [CrossRef]

77. Alsaaod, M.; Buscher, W. Detection of hoof lesions using digital infrared thermography in dairy cows. J. Dairy Sci. 2012, 95, 735–742.
[CrossRef] [PubMed]

78. Montanholi, Y.R.; Swanson, K.C.; Palme, R.; Schenkel, F.S.; McBride, B.W.; Lu, D.; Miller, S.P. Assessing feed efficiency in beef
steers through feeding behavior, infrared thermography and glucocorticoids. Animal 2010, 4, 692–701. [CrossRef] [PubMed]

79. Stelletta, C.; Gianesella, M.; Vencato, J.; Fiore, E.; Morgante, M.J. Thermographic applications in veterinary medicine. Infrared
Thermograph. Tech China 2012, 2012, 117–140.

80. Kou, H.; Zhao, Y.; Ren, K.; Chen, X.; Lu, Y.; Wang, D. Automated measurement of cattle surface temperature and its correlation
with rectal temperature. PLoS ONE 2017, 12, e0175377. [CrossRef] [PubMed]

81. Sakatani, M.; Balboula, A.Z.; Yamanaka, K.; Takahashi, M.J. Effect of summer heat environment on body temperature, estrous
cycles and blood antioxidant levels in Japanese Black cow. Anim. Sci. J. 2012, 83, 394–402. [CrossRef]

82. George, W.; Godfrey, R.; Ketring, R.; Vinson, M.; Willard, S.J. Relationship among eye and muzzle temperatures measured using
digital infrared thermal imaging and vaginal and rectal temperatures in hair sheep and cattle. J. Anim. Sci. 2014, 92, 4949–4955.
[CrossRef]

83. Marquez, H.P.; Schaefer, A.; von Gaza, H.; Ambrose, D.; Cook, N.; Bench, C.J. Evaluating automated infrared thermography
and vulva exposure tracking as components of an estrus detection platform in a commercial dairy herd. Animal 2022, 16, 100585.
[CrossRef]

84. Tiwari, S.; Singh, Y.; Sirohi, R.; Yadav, B.; Singh, D.N.; Gurung, A.; Shakya, P.J.T. Infrared thermographical differentiation of estrus
and non-estrus stages of dairy animals. Pharm. Innov. 2022, 10, 24–28. [CrossRef]

85. Rajput, A.S.; Bhakat, M.; Mohanty, T.K.; Baithalu, R.K.; Mir, A.A.; Lal, G.S.; Singh, M.; Rajput, R.K.D.; Shah, N. Identification of
estrus using infrared thermography in indigenous dairy animals. Pharm. Innov. J. 2022, 2022, 1571–1575.

https://doi.org/10.1016/j.anireprosci.2018.08.023
https://doi.org/10.1262/jrd.17063
https://www.ncbi.nlm.nih.gov/pubmed/16293941
https://doi.org/10.1016/0031-9384(86)90339-2
https://doi.org/10.1007/s11250-017-1378-5
https://doi.org/10.14269/2318-1265/jabb.v2n3p66-72
https://doi.org/10.14269/2318-1265.v02n01a03
https://doi.org/10.3390/s20216348
https://www.ncbi.nlm.nih.gov/pubmed/33171714
https://doi.org/10.1016/j.rvsc.2011.09.021
https://doi.org/10.3390/ani11010071
https://doi.org/10.3168/jds.2008-1258
https://doi.org/10.1016/j.rvsc.2019.07.017
https://doi.org/10.3168/jds.2011-4762
https://www.ncbi.nlm.nih.gov/pubmed/22281338
https://doi.org/10.1017/S1751731109991522
https://www.ncbi.nlm.nih.gov/pubmed/22444121
https://doi.org/10.1371/journal.pone.0175377
https://www.ncbi.nlm.nih.gov/pubmed/28426682
https://doi.org/10.1111/j.1740-0929.2011.00967.x
https://doi.org/10.2527/jas.2014-8087
https://doi.org/10.1016/j.animal.2022.100585
https://doi.org/10.22271/tpi.2021.v10.i4Sa.5953


Animals 2023, 13, 1425 13 of 13

86. Marquez, H.P.; Ambrose, D.; Schaefer, A.; Cook, N.; 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]

87. Eddy, A.L.; Van Hoogmoed, L.M.; Snyder, J.R. The role of thermography in the management of equine lameness. Vet. J. 2001, 162, 172–181.
[CrossRef] [PubMed]

88. Stothard, P.; Choi, J.W.; Basu, U.; Sumner-Thomson, J.M.; Meng, Y.; Liao, X.; Moore, S.S. Whole genome resequencing of black
Angus and Holstein cattle for SNP and CNV discovery. BMC Genom. 2011, 12, 559. [CrossRef] [PubMed]

89. 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]
[PubMed]

90. Montanholi, Y.R.; Lim, M.; Macdonald, A.; Smith, B.A.; Goldhawk, C.; Schwartzkopf-Genswein, K.; Miller, S.P. Technological,
environmental and biological factors: Referent variance values for infrared imaging of the bovine. J. Anim. Sci. Biotechnol. 2015, 6, 27.
[CrossRef]

91. Miura, R.; Yoshioka, K.; Miyamoto, T.; Nogami, H.; Okada, H.; Itoh, T.J. Estrous detection by monitoring ventral tail base surface
temperature using a wearable wireless sensor in cattle. Anim. Reprod. Sci. 2017, 180, 50–57. [CrossRef]

92. Cramer, M.N.; Moralez, G.; Huang, M.U.; Crandall, C.G. No Thermoregulatory Impairment in Skin Graft Donor Sites during
Exercise-Heat Stress. Med. Sci. Sports Exerc. 2019, 51, 868–873. [CrossRef]

93. Turner, T.J. Thermography: A review in equine medicine. Compend. Contin. Educ. 1986, 8, 855–861.
94. Sykes, D.J.; Couvillion, J.S.; Cromiak, A.; Bowers, S.; Schenck, E.; Crenshaw, M.; Ryan, P.L. The use of digital infrared thermal

imaging to detect estrus in gilts. Theriogenology 2012, 78, 147–152. [CrossRef]
95. Idris, M.; Gay, C.C.; Woods, I.G.; Sullivan, M.; Gaughan, J.B.; Phillips, C.J. Automated quantification of the behaviour of beef

cattle exposed to heat load conditions. Animals 2023, 13, 1125. [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/10.3168/jds.2018-15221
https://www.ncbi.nlm.nih.gov/pubmed/30879824
https://doi.org/10.1053/tvjl.2001.0618
https://www.ncbi.nlm.nih.gov/pubmed/11681868
https://doi.org/10.1186/1471-2164-12-559
https://www.ncbi.nlm.nih.gov/pubmed/22085807
https://doi.org/10.1016/j.rvsc.2013.11.006
https://www.ncbi.nlm.nih.gov/pubmed/24290729
https://doi.org/10.1186/s40104-015-0027-y
https://doi.org/10.1016/j.anireprosci.2017.03.002
https://doi.org/10.1249/MSS.0000000000001883
https://doi.org/10.1016/j.theriogenology.2012.01.030
https://doi.org/10.3390/ani13061125

	Introduction 
	Issues of Estrus Expression in Cattle and Buffalo 
	Importance of Estrus Expression 
	Existing Methods of Estrus Detection 
	Visual Observation 
	Camera-Assisted Estrus Detection 
	Activity Monitors 
	Measurement of Milk Progesterone 
	Detection of Changes in Body Temperature 

	Thermal Changes during the Estrous Cycle 
	Infrared Thermography as a Tool for Estrus Detection 
	Working Principle and Application 
	Potential of Infrared Thermography for Estrus Detection 
	Important Consideration for the Use of Infrared Thermography 

	Conclusions 
	References

