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Low estrus detection rates (>50%) are associated to extended calving intervals, low economic profit and
reduced longevity in Holstein dairy cows. The objective of this study was to evaluate the accuracy of
infrared thermography and behavioral biometrics combined as potential estrus alerts in naturally (not
induced) cycling dairy cows housed in a tie-stall barn. Eighteen first lactation cows were subjected to
transrectal ultrasonography to determine spontaneous ovulation. The dominant follicle (DF) disappear-
ance was used retrospectively as an indirect indicator of ovulation, and to establish the estrus period
(48–24 h prior the DF disappearance). Raw skin temperature (Raw IR) and residual skin temperature
(Res IR) were recorded using an infrared camera at the Vulva area with the tail (Vtail), Vulva area without
the tail (Vnotail), and Vulva’s external lips (Vlips) at AM and PMmilking from Day 14 until two days after
ovulation was confirmed. Behavioral biometrics were recorded on the same schedule as infrared scan.
Behavioral biometrics included large hip movements (L-hip), small hip movements (S-hip), large tail
movements and small tail movements to compare behavioral changes between estrus and nonestrus
periods. Significant increases in Raw IR skin temperature were observed two days prior to ovulation
(Vtail; 35.93 ± 0.27 �C, Vnotail; 35.59 ± 0.27 �C, and Vlips; 35.35 ± 0.27 �C) compared to d �5
(Proestrus; Vtail; 35.29 ± 0.27 �C, Vnotail; 34.93 ± 0.31 �C, and Vlips; 34.68 ± 0.27 �C). No significant
changes were found for behavioral parameters with the exception of S-hip movements, which increased
at two days before ovulation (d �2; 11.13 ± 1.44 Events/5min) compared to d �5 (7.30 ± 1.02
Events/5min). To evaluate the accuracy of thermal and behavioral biometrics, receiver operating charac-
teristic curve analysis was performed using Youden index (YJ), diagnostic odds ratio, positive likelihood
ratio (LR+), Sensitivity, Specificity and Positive predicted value to score the estrus alerts. The greatest
accuracy achieved using thermal parameters was for Res IR Vtail PM (YJ = 0.34) and L-hip PM
(YJ = 0.27) for behavioral biometrics. Combining thermal and behavioral parameters did not improve
the YJ index score but reduced the false-positive occurrence observed by increasing the diagnostic odds
ratio (26.62), LR+ (12.47), Specificity (0.97) and positive predicted value (0.90) in a Res IR Vtail PM, S-hip
AM, S-hip PM combination. The combination of thermal and behavioral parameters increased the accu-
racy of estrus detection compared to either thermal or behavioral biometrics, independently in naturally
cycling cows during milking.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

The use of infrared thermography is prompt to optimize the
identification of estrus occurrence in dairy cows in a noninvasive
way without additional labor input. The combination of behavioral
and thermal data could be combined in one platform and create
estrus alerts more accurately than when used in isolation. Addi-
tionally, sophisticated machine-learning methodologies could
monitor thermal and behavioral data at the individual level (e.g.
individual cows) that can increase the estrus detection rates and
identify the optimum time to inseminate dairy cows. Automate
infrared platforms can be used on different housing systems (e.g.
tie-stalls, parlor, and robotic milking systems) and different herd

http://crossmark.crossref.org/dialog/?doi=10.1016/j.animal.2021.100205&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.animal.2021.100205
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:perezmar@ualberta.ca
https://doi.org/10.1016/j.animal.2021.100205
http://www.sciencedirect.com/science/journal/17517311


H.J. Perez Marquez, D.J. Ambrose, A.L. Schaefer et al. Animal 15 (2021) 100205
sizes where data can be collected consistently to generate real-
time estrus alerts.
Introduction

The incidence of falsenegatives and falsepositives in many
estrus detection methods contributes to extended artificial insem-
ination intervals, calving delays, poor economic outcomes and
decreased longevity in dairy cows (Mayo, 2015; Giordano et al.,
2015). The visual observation of cows standingtobemounted is
the most reliable estrus detection method and one of the most
commonly used (>80%; Denis-Robichaud et al., 2016) due to its
low incidence of false-positive estrus detection (Glencross et al.,
1981; Sprecher et al., 1995) in North American herds (USDA,
2007). However, estrus detection rates based on visual observation
have a low incidence of true-positive estrus alerts per cows in
estrus (37–54%; Van Eerdenburg et al., 1996; Sakaguchi, 2010).

Physiologic reasons for reduced estrus detection rates include
the reduction of estrus period duration in Holstein cows (from 18
to less than 8 h) over the last 50 year (Reames et al., 2011), nega-
tive correlations with higher milk yield (Lopez et al., 2005),
reduced estrus behavior (e.g. restlessness and mounting behavior)
in extreme ambient temperature (e.g. hot and cold temperatures;
Collier et al., 2006) negative energy balance (Grummer and
Rastani, 2003) and the differences in estrus behavior (e.g. fre-
quency and duration) between multiparous and primiparous cows
(López-Gatius et al., 2005; Chanvallon et al., 2014). The ability to
detect estrus using visual observation of cows standing to be
mounted is also significantly limited or nonexistent in tie-stall
housing environments (Felton et al., 2012) compared with free-
stalls or pasture-based herds as a result of cows being tethered
while in their stall. Further, 61 percent of dairy herds in Canada
are housed in tie-stall barns (Denis-Robichaud et al., 2016).

Good reproductive management relies on accurate monitoring
and detection of estrus cues, which are used as indicators of when
to inseminate a dairy cow. Research shows that the most cost-
efficient time to AI is from 60 to 70 days in milk for multiparous
and approximately 105 days in milk for primiparous cows (De
Vries, 2006) in order to maintain an optimal calving interval (12–
13 months; Stevenson et al., 2014). Extended calving interval leads
to an increase of $1.00 USD (primiparous) and $1.80 USD (multi-
parous) in costs for every extra day a cow remains nonpregnant.
Further, these costs increase to $6.00 USD if a cow is open during
late lactation (�160 days in milk; Meadows et al., 2005).

Advances in estrus detection rates (>50%) have been achieved
through the use of automated estrus detection devices which con-
tinuously monitor physiological and behavioral parameters to
detect estrus without additional labor input (Rutten et al., 2014).
Automated estrus detection consists of sensors and algorithms that
create estrus alerts for proper artificial insemination service. Auto-
mated estrus detection devices can be divided into activity moni-
tors (e.g. rumination time, laying bouts, walking, ear movements;
Løvendahl and Chagunda, 2010; Aungier et al., 2012), mounting
detectors (e.g. mounting counts and mounting duration; Xu et al.,
1998; Sauls et al., 2017), body core temperature loggers (e.g.
reticulo-rumen, vagina, ear and milk temperature; Fordham
et al., 1988; Fisher et al., 2008), and analysis of progesterone con-
centrations in milk (Delwiche et al., 2001; Adriaens et al., 2017).
However, most automated estrus detection devices are designed
for application in free-stall situations and often fail to detect estrus
or require additional handling such as moving cows to an outside
pen if reared in tie-stall housing. Most dairy producers have
adopted the combined use of various estrus detection methods,
usually estrus detection devices with visual observations. How-
ever, no detailed analyses have been performed to describe the
2

effect on accuracy by combining different estrus detection meth-
ods (Firk et al., 2002).

Live organisms emit electromagnetic radiation (thermal radia-
tion; Boyd, 1983) some which can be measured using infrared
thermography cameras. This energy can be emitted, reflected or
transmitted. In particular, animals and humans are susceptible to
heat loss (e.g. conduction, convection, radiation, and evaporation)
in the environment (Berz, 2007). Changes (e.g. increases or
decreases) in the amount of heat loss can indicate different physi-
ological processes. For example, infrared has been used in dairy
cattle to measure skin temperature changes to monitor udder
health status (Sathiyabarathi et al., 2016), heat stress (Daltro
et al., 2017), qualitative differences in cattle lameness (Novotna
et al., 2019), and early lactation diseases (e.g. ketosis, metritis,
and milk fever; Macmillan et al., 2019). Several studies report
increased skin temperature at the vulva associated with the estrus
period, which can serve as an estrus alert (Osawa et al., 2004;
Talukder et al., 2014; Perez Marquez et al., 2019). Further, estrus
detection using infrared cameras have been used to detect estrus
and ovulation regardless of housing type in multiparous cows
(71% in free-stalls; Talukder et al., 2014, �50% in tie-stalls; Perez
Marquez et al., 2019). Nevertheless, debris present on the animal
can potentially influence thermal radiation by masking actual ther-
mal readings (mixed results; Sykes et al., 2012). In addition, it is
difficult to standardize the conditions for the use of handheld infra-
red cameras due to variations in the angle and distance between
the camera and target, which can also affect thermal readings
(Talukder et al., 2014). Thus, whenever infrared is used, careful
consideration must be given to ensure all debris is cleaned away,
and conditions are kept standardized.

Biomechanical movements have also been reported as useful
biometric parameters to identify different physiological processes
in humans (Jain et al., 2004). Similarly, in tie-stall housed dairy
cows, changes in restless behavior as measured using <20 mm
hip movements (e.g. back – forward and left – right) prior to ovu-
lation have also been demonstrated using 3D-kinematics (Guesgen
and Bench, 2018). Infrared technology in beef cattle has also been
able to measure an individual animal’s behavioral frequencies
using an automated RFID-IR platform (Cook et al., 2016). The above
research demonstrated that behavioral frequencies could be mea-
sured by analyzing changes in thermal distribution within a ther-
mal image by comparing the thermal radiation from a target
with a colder background. Based on the above findings, the objec-
tive of the present study was to evaluate a combination of thermal
and behavioral biometrics as estrus alerts at the estimated estrus
period (48–24 h prior ovulation) in naturally cycling dairy cows
in a tie-stall housing. We hypothesized that behavioral biometrics
using the hip and tail regions combined with infrared metrics from
the vulva area would increase the accuracy compared to these
same parameters utilized in isolation as indicators of the estimated
estrus period.
Material and methods

The current study was conducted from June to October 2016
(summer-fall) at the University of Alberta’s, Dairy Research and
Technology Centre, a 146-cow tie-stall facility located at Edmon-
ton, Alberta, Canada. The study evaluated 18 naturally cycling
(not induced by hormone interventions) primiparous Holstein
cows following a hypothesis testing: two-sample inference estima-
tion of sample size and power using two means (Rollin, 2016) with
an a = 0.50 and a power = 0.90. The minimum required number of
cow was seven. However, in anticipation of excluding some cows
due to abnormal estrous cycles and postpartum disease, 18 cows
were assigned to the study. Cows were averaging 43 ± 2 days in
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milk (±SD) and producing 27.3 ± 5.63 kg (Mean ± SD) of milk per
day at the beginning of the study. During the study period, cows
were housed indoors for 31 ± 6 d continuously with no access to
an outside pen to avoid any variations in infrared measurements
associated with exposure to the outside environment. Cows were
milked twice daily (0330–0600 and 1500–1730) in-stall using a
pipeline milking system. Free access was given to water and a total
mixed ration based on NRC guidelines (National Research Council,
2001) for lactating dairy cows. The main ingredients of the total
mixed ration were alfalfa-barley silage, rolled barley-corn, grass
hay, and mineral supplements.

Experimental design

The current study followed a split-plot over time experimental
design that compared thermal and behavioral biometrics during
the proestrus stage (baseline), the expected estrus period, the
day of ovulation and two days postovulation for all eighteen cows
(n = 18). Each cow served as the experimental unit. Cows were
assigned to the study if the presence of a corpus luteum was con-
firmed by transrectal ultrasonography (ALOKA SSD-500 scanner
fitted with a 7.5 MHz linear array transducer, ALOKA Co., LTD,
Tokyo, Japan) by the same technician throughout the study. Ovar-
ian mapping was conducted every other day until corpus luteum
regression was evident followed by the disappearance of a domi-
nant follicle (DF) which indicated the occurrence of ovulation.
Once each cow ovulated (Day 0) and the presence of a new corpus
luteum was confirmed subsequently, ultrasound scanning was
resumed every other day (1700) from d 7 to d 13 and daily scans
from d 14 until confirmation of subsequent ovulation (d 0) and
the appearance of new corpus luteum (Fig. 1). Dominant follicles
and corpus luteum diameters were measured in mm using built-
in callipers and recorded for left and right ovaries to determine fol-
licular growth, monitor the presence of DF and corpus luteum
regression.

Milk sampling and estradiol assay

Milk samples were obtained directly by teat stripping, discard-
ing the first two strips during both milking times (AM and PM) fol-
lowing the same schedule of data collection from thermal and
behavioral biometrics (Fig. 1). Milk samples (10 mL) were collected
from cows at each milking into 35 mL snap-seal containers (Fisher
Scientific Company, Ottawa, ON, Canada). Samples then were
transferred to 10 mL plain Vacutainer� tubes (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA), centrifuged at 1 940 g, at
4 �C for 20 min to remove milk fat, and skim milk samples were
stored in two 5 ml plastic tubes (MCT Fisher Scientific, Waltham,
MA, USA) at �20 �C until estradiol assays were performed.

Skim milk samples (100-mL) were analyzed using an estradiol
ELISA kit (IBL America, MN, USA) in a single assay with duplicate
Fig. 1. Experimental timeline. Transrectal ultrasonography (U/S) in cows was performe
which resumed every other day from Day 7 to Day 13 to monitor ovarian dynamics. Fro
daily. Simultaneously, infrared thermography (IRT) was performed and thermal fram
maximum skin temperature and the frequency of event for hip and tail behaviors (Events/
peripheral estradiol concentrations.
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analysis. Grgurevic et al. (2016) and Snoj et al. (2017) previously
validated a direct bovine milk sample estradiol analysis in a
plasma serum ELISA kit. The estradiol assay kit had a standard
range of 3–200 pg/mL with a sensitivity of <1.399 pg/mL and
cross-reactivity with the structurally related compounds of
estrone (0.2%), estriol (0.05%) and fulvestrant (0.3%). The range
in estradiol concentration was 6.85–47.82 pg/mL with an inter-
assay coefficient of variation of 9.33% at 65.64 pg/mL and an
intra-assay coefficient of variation of 5.57% at 16.15 pg/mL.
Estradiol daily means were calculated (AM + PM samples/2) to
match ovarian structure data (e.g. corpus luteum and DF). How-
ever, estradiol concentration peaks were found individually
(e.g. each cow) if the estradiol concentration per Sample day
were greater than two SD plus the mean.
Infrared thermography

Thermal images were captured at four frames/s for a total of
5 min from a distance of 1 m perpendicular to the caudal-dorsal
side of the cows during morning (AM) and afternoon milking
(PM). To compare the expected estrus period (48–24 h before
ovulation) with the proestrus stage (baseline), thermal images
were recorded starting on d 14 of the estrous cycle until two
days after ovulation. An A310 thermal camera (FLIR Vision Sys-
tems Ltd. Burlington, ON, Canada) was used to record infrared
images of 320 � 240 pixels. The thermal sensitivity of the cam-
era was 0.05 �C at 30 �C, with a measurement range of �20 �C
to 120 �C, and accuracy of ±2 �C or 2% of the measured temper-
ature. Thermal images were collected using Vacca2 software
(Animal Inframetrics Inc. Lacombe, AB, Canada). A laptop com-
puter (ThinkPad, Lenovo Group Limited, Haidian District, Beijing,
China), with Vacca2 software and an infrared camera powered
by a 12-volt battery with a 1 000-Watt inverter (MotoMaster,
Canadian Tire Co. Toronto, ON, Canada) were placed on a
wheeled cart that could easily be moved from stall to stall dur-
ing data collection (Fig. 2). A GLM15 50ft laser measurement tool
(Robert Bosch Tool Co. IL, USA.) was used to ensure a consistent
distance between the camera and cows. Ambient temperature
(�C) and percent relative air humidity (Rh%) were recorded using
a hygrometer (Kestrel Nielsen-Kellerman Co. MN, USA.). Emissiv-
ity was set to 0.98 following manufacturers recommendations
for live tissues (e.g. cow’s skin surface).

Thermal images were processed using FLIR ResearchIR software
(FLIR Systems Ltd Burlington, ON. Canada) to determine maximum,
minimum, and average (SD) skin temperature output of each area
of interest from a selected frame per each cow sample collection.
Areas in the thermal images that defined the Vulva area with the
tail (Vtail), Vulva area without the tail (Vnotail), and Vulva’s exter-
nal lips (Vlips) were predetermined using a standardized ellipse
(Vtail and Vnotail) and a free-drawing tool (Vlips) in the FLIR
ResearchIR software and was standardized for all images (Fig. 3).
d every other day from 43 ± 2 days in milk (DIM) until the first ovulation (Day 0),
m Day 14 until two days after the second ovulation (d 0), U/S was performed once
es were recorded during morning and afternoon (AM-PM) milking to record the
5min). Additionally, milk samples were collected from Day 14 until d 0 to determine



Fig. 2. Infrared thermography cart. (A) A310 thermal camera protected in a camera case with a perpendicular angle facing the vulva area with 1 m. (B) Laptop with Vacca2
frame puller software (Animal Inframetrics) connected to the thermal camera via Ethernet cable. (C) Power source (12 volts battery with a 1 000-watt power inverter). (D)
Primiparous dairy cow at her stall.

Fig. 3. Vulva area with the cow tail (Vtail; A), Vulva area with vulva exposed (Vnotail; B) and Vulva’s external lips (Vlips; C). The ellipses (A and B), and hand draw area (C)
were consistently used to record the same number of pixels through all the thermal images to identify the maximum skin temperature for each image.
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Behavioral observations

To determine the frequency of behavioral events as ovulation
approached, behavioral biometrics were scored using thermal
frames at each milking number of Events/5 min at four frames/s.
The same person performed behavioral observations to eliminate
inter-observer variation. Behavioral frequencies were determined
during the same period as infrared scanning (d 14 until two days
after ovulation). Behavioral biometric data were categorized into
large and small movements from hip and tail. Hip smallmove-
ments (S-hip) were defined as any movements side to side (e.g.
left–right) within 10 cm from the rest position (standing still),
and hip largemovements (L-hip) were defined as any movement
beyond 10 cm from the rest position. Tail events were categorized
as a smalltail movement when the tail movement was within the
rear thermal area of the cow, and largetail movement as any tail
movement outside the cow’s thermal area of each cow (Fig. 4).
4

Statistical analysis

Behavioral and thermal biometrics were analyzed using SAS
software (SAS ver 9.4, Cary, NC, USA). Sample days were standard-
ized (d �5, d �4, d �3, d �2, d �1, d 0, d 1 and d 2) using ovulation
as d 0 to compare baseline with pre- (d �1 to d �5) and postovu-
lation (d 1 to d 2) days. Proc Univariate was used to test normality
assumptions using a Kolmogorov-Smirnov test (P > 0.05). All ther-
mal data complied with the normality assumptions, however,
behavioral data did not satisfy normality assumptions and were
found to have a Poisson distribution. Models were fitted using a
Generalized Linear Mixed Model approach (Proc Glimmix). A Bon-
ferroni separation test was used to present results in Least-Square
means, SEM and the statement of ar(1) to account for the lack of
independent and homogeneity in the data. Results were consid-
ered significant if P < 0.05, tendency if P � 0.05 and <0.10 and P val-
ues �0.10 were considered not significant. Nonsignificant fixed



Fig. 4. Hip movement frequency (A) was divided into S-hip (any event within 10 cm side to side using tail head as a middle reference point), and L-hip (all events beyond
10 cm side to side using tail head as a middle reference point). Tail movements (B) were similarly divided into S-tail (tail events inside the thermal shape of the cow within
the frame), and L-tail (tail events outside the thermal shape of the cow).
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variables were eliminated from subsequent statistical models.
Pearson correlation coefficient analysis (Proc Corr) was performed
to identify possible associations between estradiol, thermal, and
behavioral biometrics on days approaching ovulation.

Infrared thermography analysis
Maximum skin temperature was used in all data analyses to

eliminate sources of variation on the surface of the vulva (e.g.
min and average temperature). To compensate for the effect of
environmental factors on skin temperature, residual skin tempera-
ture (Res IR) was calculated following Cook et al. (2016) method-
ology by subtracting the predicted skin temperature from the
observed skin temperature (Raw IR). To the Raw IR for each cow
from Vlips, Vtail, and Vnotail as well Res, IR dependent variables
(Vlips, Vtail and Vnotail) were examined using Kolmogorov-
Smirnov test (P-value > 0.05). Thermal data were found to follow
normality assumptions, and no outliers were identified. Fixed vari-
able was Sample day relative to ovulation (d�5, d�4, d �3, d �2, d
�1, d 0, d 1, and d 2) and the model was tested using a Type 3 test
with the inverse (ilink) function specified and the statement of ar
(1) to account for the lack of independent and homogeneous data.

Behavioral data analysis
To analyze the frequency of behaviors, the fixed variables were

Sample day relative to ovulation (d �5, d �4, d �3, d �2, d �1, d 0,
d 1, and d 2) and Sample time (AM milking, and PM milking) while
Cow was identified as a random statement with a Poisson distribu-
tion specified.

Accuracy evaluation
To evaluate the performance of thermal and behavioral biomet-

rics as a potential estrus alert, receiver operating characteristics
curve analyses were performed to identify themost optimum refer-
ence value (threshold value) for each thermal and behavioral vari-
able. To evaluate each variable, the period between the presence of
a DF (>15 mm diameter) and that of a regressing corpus luteum
(<20 mm diameter; Perry et al., 2017; Burnett et al., 2018), 48–
24 h before the disappearance of theDF,was used as indirect indica-
tors of the estrus period retrospectively. To identify the optimum
reference value, a balanced proportion of Sensitivity (probability
of testingpositivewhenestrus occurred) andSpecificity (probability
5

of testing negative in the absence of estrus) were used. To summa-
rize the level of accuracy for each biometrical parameter, a Youden
J index (YJ = (True positives/(True positives + False negatives) + True
negatives/(True negatives – False negatives)) � 1) was used to give
equal weight to false- positive and false- negative values ranging
from 0 (e.g. worthless test) to 1 (e.g. perfect test). Additional evalu-
ation tools were added to the evaluation of performance such as the
positive predictive value (positive predicted value = True positives/
(True positives + False positives)) or percentage of cows with a pos-
itive test that were in estrus, the negative predictive value (negative
predictive value = True negatives/(True negatives + False nega-
tives)) or percentage of cows with a negative test that were non
estrus, and the effectiveness or proportion of all test results that
were positive results.

Parallel to receiver operating characteristics curve analyses,
estrus alerts were also evaluated by calculating the diagnostic odds
ratio to identify the odds of a positive test if the cows were in
estrus relative to the odds of a test being positive if the cow was
not in estrus (diagnostic odds ratio = (True positives/False posi-
tives)/(False negatives/True negatives)). The diagnostic odds ratio
ranges from 0 to infinity, thus a higher diagnostic odds ratio is
indicative of a higher estrus alert test performance. The diagnostic
odds ratio analyses also measured the likelihood ratio of the test,
the probability of the test to be correct (LR+ = sensitivity/1- speci-
ficity) vs the probability of the test to be negative result (LR� = 1-
sensitivity/ specificity) to identify the occurrence of a true positive
compared to the true negative test. Efficiency was calculated as the
probability that all tests are correct (Efficiency = (True positives
+ True negatives)/(True positives + True negatives + False Posi-
tives + False negatives)).

Raw IR and Res IR from Vtail, Vnotail and Vlips were evaluated
for AM and PMmilking separately due to the significant differences
between skin temperature during AM and PM results found in a
previous experiment (Perez Marquez et al., 2019). Similarly, all
behavioral biometrics were analyzed for both Sample times (AM
and PM). The test of accuracy was performed for all variables indi-
vidually, and further evaluations were performed with multiple
thermal parameters, multiple behavioral biometrics and combined
thermal and behavioral parameters. To combine multiple infrared
parameters and behavioral biometrics, the parameters were
evaluated retrospectively. The ‘True Estrus Positive alert’ was



Fig. 5. Diameter in mm (Least-square Means; LSMeans) of ovarian structures and estradiol (E2) concentrations in skimmed milk as ovulation approaches in cows. Corpus
luteum (CL) started to regress at d�4 until the lowest diameter during ovulation. Dominant follicle (DF) diameter was at its largest on d�1, however, the peak of E2 was found
until d 0. A weak negative correlation was found between the CL diameter and E2 concentrations (P = 0.05, r = �0.22); however, no significant correlations were found
between the DF diameter and E2 concentrations (P = 0.51, r = �0.06).
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determined when all variables were positive (infrared, behavioral,
and physiological) 48–24 h before ovulation (d �2 and d �1). If the
infrared and behavioral parameters flagged an estrus alert outside
the 48–24 h (d �2 and d �1) before ovulation window was defined
as a ‘False-positive estrus alert’. A True negative estrus alert was
when all variables were negative at a nonestrus period (baseline,
ovulation and postovulation). The False-Negative alert was
declared if only one or multiple parameters did not flag an estrus
alert at the expected estrus period (d �2 and d �1). The same rule
was applied for all infrared and behavioral biometrics
combinations.

Results

Physiological parameters

The average length of estrous cycles was 21.66 ± 3.09
(mean ± SD) days ranging from 17 to 31 days. Changes in the size
of the DF and corpus luteum and the concentration of estradiol over
the pre-estrus, estrus and postovulation periods are shown in
Fig. 5. Regression of the corpus luteum was confirmed after reduc-
tion of corpus luteum diameter started at d�4 (d �5:
22.9 ± 1.03 mm to d �4: 21 ± 1.03 mm), and the smallest corpus
luteum diameter was reported at d �1 (12.13 ± 1.00 mm). Domi-
nant follicle diameter was at its largest measurement during d
�1 (17.41 ± 0.64 mm) compared with d �5 (12.38 ± 0.66 mm),
which disappeared on the day of ovulation (d 0). Higher estradiol
concentrations were found in 12 cows out of 18 used, however,
only eight cows had estradiol concentration peaks during the
study; three cows at d �2, two cows at d �1, and three cows at
d 0. Mean concentrations of estradiol in skimmed milk peaked dur-
ing the AM Sample time d 0 (17.43 ± 1.76 pg/mL) compared with
the PM d 0 (15.98 ± 1.68 pg/mL) and proestrus (d �4
15.70 ± 1.67 pg/mL). However, estradiol concentrations started to
increase at d �2 (16.38 ± 1.71 pg/mL) compared with d �4
(15.70 ± 1.67 pg/mL), and d �3 (15.8 ± 1.68 pg/mL see Fig. 5). No
correlations (positive or negative) were found between estradiol
concentrations and DF diameter (P = 0.51, r = �0.06). However, a
negative correlation was found between corpus luteum diameter
(P = 0.05, r = �0.22) and estradiol concentrations.

Changes in skin temperature

The University of Alberta Dairy Research and Technology Centre
facility experienced minimal daily variation in ambient tempera-
6

ture and relative air humidity during the study period (tempera-
ture; 14.05 ± 3.06 �C, relative air humidity; 68.86% ± 6.94
(Mean ± SD)). The relationship between ambient and animal skin
temperature was an average r = 0.62 (P = 0.32).

Changes in Raw IR at the vulva resulted significant (P < 0.05) at
PM milking compared to AM milking on days leading to ovulation
(see Fig. 6A and B). Significant differences were also observed by
Sample day for Res IR results (Fig. 6C and D). Specifically, a signif-
icant increase in skin temperature was observed during d �2 PM
milking compared to baseline and ovulation day; however, no sig-
nificant interactions between Sample day and Sample time were
found (P > 0.10). An increase in skin temperature was also
observed in Res IR, with an increase at d �2 of 0.51 ± 0.23 �C com-
pared to d �5 and d 0 PM scan days (Fig. 6D). However, changes in
Res IR had less variation between vulva measurements compared
with the Raw IR (Fig. 6D). No significant correlations (positive or
negative) were found between the peak of skimmed milk estradiol
concentration and Raw/Res IR increases (r > 0.10).

Behavioral frequencies

The frequency of hip and tail movements did not differ between
AM and PM milking times. Further, there were no significant
changes in tail movements over the sampling period of d �5 to d
2 (Fig. 7A). However, S-hip and L-hip movements tended to
increase over sampling periods but only for the AM milking
(P = 0.07 and 0.06, respectively). S-hip movements significantly
increased (P < 0.01) over the sample period during the PM milking
(Fig. 7B). No significant interactions were found (P > 0.10) between
Sample day and Sample time in behavioral parameters.

Accuracy evaluation results

Optimum reference values (e.g. threshold value) with Sensitiv-
ity and Specificity level (e.g. highest value of True estrus positives
and True estrus negatives) and corresponding YJ index for all ther-
mal and behavioral parameters are presented in Table 1. Residual
IR Vtail during PM milking (YJ = 0.34) yielded the highest scores
which coincided with the highest diagnostic odds ratio score (diag-
nostic odds ratio = 4.58), LR+ (1.85), negative predictive value
(0.82), Efficiency (0.66), and was the second highest scoring test
for positive predicted value (0.50) and Specificity (0.50). Thermal
and behavioral biometrics at AMmilking did not result in the same
diagnostic performance compared with thermal and behavioral
biometrics at PMmilking (Table 1) with the exception of S-hip dur-
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ing the AM milking. Overall, changes in S-hip and L-hip movement
frequency was the most important behavioral biometric for use as
part of an estrus diagnostic test.

A total of 120 possible combinations between behavioral and
thermal parameters were evaluated at different Sample times
Fig. 6. Raw IR (AM; A, PM; C) and Res IR (AM; B, PM; D) from Vtail, Vnotail, and Vlips (see
increases were observed in both infrared thermography (IRT) measurements specific
concentrations and DF diameter. However, by accounting for ambient temperature (su
observed skin temperature), Res IR data were more consistent compared to Raw IR.
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(AM–PM) using the optimum reference value for each parameter.
However, only the 20 combinationswith the highest scores are pre-
sented in Table 2. The highest YJ score was found for Raw IR Vlips
PMRes IR Vnotail PM (YJ = 0.35) with a balanced Sensitivity (0.65)
and Specificity (0.70) but a lower diagnostic odds ratio (4.83). The
Table 1 for abbreviations) during milking as ovulation approached in cows. Thermal
ally during d �2 and significant decreases during d 0 which coincided with E2
btracting the predicted skin temperature based on ambient temperature and the



Fig. 6 (continued)

Fig. 7. Behavioral measurements followed a change in frequency of events (Events/5min, Least-square Means; LSMeans) in cows. (A) Increases in d �2 in S-hip during PM
milking time (P = 0.01) and AMmilking (P = 0.07) were observed followed by a decrease after ovulation day. Changes in L-hip AM during days relative to ovulation resulted in
a tendency (see Table 1 for abbreviations). However, PM milking did not follow a pattern relative to ovulation. (B) Changes in tail movement were observed in S-tail AM-PM
compared to L-tail, however, none of the tail frequencies of event were statistically significant (P � 0.10).
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highest diagnostic odds ratio (42.05) was observed for Res IR Vlips,
PM S-hip, AM S-hip PM and provided the highest positive predicted
value (0.94), Sp (0.99), LR+ (15.35) but a low Sensitivity (0.22) and YJ
(0.20). Greater Efficiency (0.77) was found in Res IR Vtail PM + S-hip
AM + S-hip PM with an YJ (0.32), diagnostic odds ratio (26.62), LR+
(12.47), Specificity (0.97) and positive predicted value (0.90) com-
pared to other combinations (see Table 2). Additionally, the number
8

of cows flagged in estrus with higher diagnostic odds ratio (Res IR
Vlips, PM S-hip, AM S-hip PM) was only four cows (True estrus pos-
itive) but 0 False-Positive alerts compared to Res IR Vtail PM + S-hip
AM + S-hip PM (diagnostic odds ratio = 26.62; seven cows in estrus
with 1 False-Positive alerts). In contrast, the highest YJ (Raw IR Vlips
PM + Res IR Vnotail PM = 0.35) found 12 cows in flagged estruswith
20 False-Positive alerts.



Table 1
Accuracy evaluation of thermal and behavioral biometrics as individual parameters for all primiparous cows using a receiver operating characteristics and a diagnostic of odds
ratio.

Parameter Stime Threshold Se Sp Efficiency PPV NPV YJ DOR LR+ LR�
CL – <12.06 0.37 0.97 0.84 0.78 0.85 0.34 19.54 12.71 0.65
DF – >15.90 0.89 0.61 0.67 0.39 0.95 0.50 13.22 2.29 0.17
E2 – >17.05 0.37 0.70 0.63 0.25 0.80 0.06 1.33 1.21 0.91
Vtail AM >34.16 0.76 0.27 0.44 0.36 0.7 0.02 1.27 1.03 0.91
Res Vtail AM >0.18 0.51 0.59 0.57 0.41 0.71 0.11 1.66 1.26 0.82
Vnotail AM >34.80 0.54 0.58 0.57 0.41 0.72 0.12 1.75 1.28 0.8
Res Vnotail AM >0.73 0.78 0.28 0.46 0.37 0.73 0.07 1.6 1.09 0.77
Vlips AM >34.71 0.24 0.82 0.63 0.43 0.68 0.06 1.62 1.33 0.93
Res Vlips AM >�1.67 0.81 0.29 0.46 0.37 0.74 0.09 1.66 1.13 0.68
Vtail PM >35.28 0.68 0.52 0.58 0.43 0.77 0.2 2.48 1.41 0.62
Res Vtail PM >0.14 0.73 0.61 0.66 0.5 0.82 0.34 4.58 1.85 0.45
Vnotail PM >35.00 0.62 0.56 0.59 0.44 0.75 0.19 2.31 1.42 0.67
Res Vnotail PM >�0.14 0.76 0.51 0.6 0.45 0.81 0.26 3.55 1.54 0.48
Vlips PM >34.10 0.78 0.44 0.56 0.43 0.81 0.22 3.14 1.39 0.5
Res Vlips PM >0.23 0.57 0.7 0.67 0.51 0.77 0.27 3.42 1.92 0.61
S-tail AM >33 0 0.94 0.62 0 0.65 �0.06 0 0 1.06
L-tail AM >49 0 0.94 0.62 0 0.65 �0.06 0 0 1.06
S-tail PM >13 0.22 0.83 0.62 0.40 0.67 0.05 1.38 1.3 0.94
L-tail PM >44 0.03 0.96 0.64 0.25 0.66 �0.02 0.64 0.65 1.02
S-hip PM >6 0.86 0.37 0.54 0.41 0.84 0.23 3.66 1.37 0.37
L-hip PM >38 0.44 0.83 0.7 0.57 0.74 0.27 3.87 2.59 0.67
S-hip AM >13 0.47 0.79 0.68 0.53 0.74 0.26 3.28 2.2 0.67
L-hip AM >29 0.53 0.54 0.54 0.37 0.69 0.07 1.33 1.15 0.87

Abbreviations: Stime = data collection of thermal and behavioral biometrics per day; AM = morning milking (3 AM); PM = afternoon milking (3 PM); Se = Sensitivity;
Sp = Specificity; PPV = Positive predicted value; NPV = Negative predicted value; YJ = Youden J index; DOR = Diagnostic odds ratio; LR+ = Positive likelihood ratio; LR� =
Negative likelihood ratio; CL = Corpus luteum; DF = Dominant follicle; 12E2 = Estradiol; Vtail = Skin temperature from the vulva with tail; Res = Residual; Vlips = Skin tem-
perature from the vulva’s external lips; Vnotail = Skin temperature from the vulva without tail; S-tail = Small tail movements within the rear thermal area of the cow; L-
tail = Large tail movements outside the cow’s thermal area of each cow; S-hip = Hip small movements side to side (e.g. left–right) within 10 cm from the rest position (e.g.
standing still); L-hip = Hip large movements beyond 10 cm from the rest position.

Table 2
Accuracy evaluation of combined thermal and behavioral biometrics for all primiparous cows using a receiver operating characteristics and a diagnostic of odds ratio. Only
significant results (>0.30 YJ or > 1.00 DOR) from combinations within and between thermal and behavioral biometrics.

Combined Parameters Stime Se Sp Efficiency PPV NPV YJ DOR LR+ LR�
Res IR Vtail + Res IR Vlips PM 0.73 0.56 0.63 0.47 0.81 0.29 3.84 1.67 0.48
Vlips � Res IR Vnotail � Res IR Vlips PM 0.57 0.75 0.69 0.55 0.78 0.31 4.24 2.24 0.58
Vlips � Res IR Vtail � Res IR Vlips PM 0.57 0.77 0.71 0.58 0.78 0.34 4.97 2.52 0.56
Vtail � Vlips � Res IR Vtail � Res IR Vlips PM 0.51 0.77 0.69 0.56 0.76 0.29 3.99 2.28 0.63
Vlips � Res IR Vlips PM 0.57 0.73 0.69 0.54 0.77 0.30 3.94 2.12 0.59
Vlips � Res IR Vtail PM 0.65 0.70 0.69 0.54 0.80 0.35 4.83 2.19 0.50
Vlips � Res IR Vlips PM 0.57 0.73 0.69 0.54 0.77 0.30 3.94 2.12 0.59
S-hip � L-hip AM 0.97 0.06 0.38 0.35 0.90 0.03 4.94 1.03 0.48
S-hip � S-tail AM 0.97 0.06 0.38 0.35 0.90 0.03 4.94 1.03 0.48
S-hip � L-tail AM 0.97 0.07 0.39 0.36 0.92 0.04 6.13 1.05 0.38
L-hip � L-tail AM 0.97 0.06 0.38 0.35 0.90 0.03 4.94 1.03 0.48
L-hip � S-tail AM 0.97 0.06 0.38 0.35 0.90 0.03 4.94 1.03 0.48
S-hip � L-hip � L-tail AM 0.16 0.99 0.71 0.93 0.70 0.15 30.05 11.51 0.85
Raw IR1 PM 0.54 0.62 0.60 0.44 0.73 0.16 2.09 1.42 0.74
Res IR2 PM 0.57 0.76 0.70 0.57 0.78 0.33 4.58 2.37 0.57
Res IR VtailPM � S-hipAM � S-hipPM – 0.35 0.97 0.77 0.90 0.75 0.32 26.62 12.47 0.67
Res IR VnotailPM � S-hipAM � S-hipPM – 0.35 0.96 0.76 0.84 0.74 0.31 15.74 8.32 0.68
Res IR VlipsPM � S-hipAM � S-hipPM – 0.22 0.99 0.73 0.94 0.71 0.20 42.05 15.35 0.79
VtailPM � S-hipAM-S-hipPM – 0.32 0.96 0.75 0.83 0.74 0.28 13.98 7.68 0.71
VnotailPM � S-hipAM � S-hipPM – 0.27 0.97 0.74 0.88 0.72 0.24 18.36 9.59 0.75
Vlips � S-hipAM � S-hipPM – 0.32 0.93 0.73 0.74 0.73 0.25 7.54 4.61 0.73

Abbreviations: Stime = data collection of thermal and behavioral biometrics per day; AM = morning milking (3 AM); PM = afternoon milking (3 PM); Se = Sensitivity;
Sp = Specificity; PPV = Positive predicted value; NPV = Negative predicted value; YJ = Youden J index; DOR = Diagnostic odds ratio; LR+ = Positive likelihood ratio;
LR� = Negative likelihood ratio; Raw IR = Raw skin temperature; Res IR = Residual skin temperature See Table 1 for all other abbreviations.

1 Combination between all the Raw IR parameters in a given Sample time (AM � PM).
2 Combination between all the Res IR parameters in a given Sample time (AM � PM).
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Discussion

Physiological associations with thermal radiation fluctuations

Ambient temperature and percentage of relative air humidity
were maintained consistently through the summer–spring season
inside the Dairy Research and Technology Centre barn that may
explain the nonsignificant impact of ambient parameters in infra-
9

red readings. However, this relationship was not observed in all
animals, with some animals exhibiting significant relationship
while other animals did not. This was most likely due to the envi-
ronmental monitor being placed in a fixed position in the barn and
thus the data recorded were unrepresentative of some of the cow
stalls. Furthermore, some animals were in closer proximity to air
circulation fans compared to others, which likely would have
affected. When ambient temperature and animal skin temperature
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were pooled, there was no significant effect giving the impression
that ambient temperature and relative air humidity did not affect
animal skin temperature (P > 0.10). Other studies using infrared
technology found air circulation, solar loading, camera distance,
emissivity, and percentage of relative air humidity influencing
infrared readings (Cook et al., 2016, Perez Marquez et al., 2019).

The differences in thermal data found between AM and PM
measurements could be attributed to the thermogenic effect of
the heat increment of feeding. Feeding took place at 0600 h, after
AM milking was finished and infrared images had been recorded,
which may explain the lower infrared readings found at the AM
Sample time because animals had not yet been offered fresh fed
in the morning. Similar temperature changes after feeding intake
were found by Montanholi et al. (2010), and Freetly et al. (2006).
Another factor potentially affecting infrared readings was the
lower air temperature found in the barn during the AM milking
compared to PM milking. Despite the lack of correlation between
ambient temperature and animal skin temperature, animals ther-
moregulate to their environment and thus ambient temperatures
in the PMmight have affected thermoregulation resulting in higher
thermal radiation. Another possibility is that circadian rhythms in
body core temperature have been widely reported in humans
(Costa et al., 2018), sheep (D’Alterio et al., 2011), and dairy cattle
(Berry et al., 2003) and this may be the case in dairy cows such that
the overall greater activity during the day results in higher skin
temperature in PM images. Other studies confirmed that the
increase of activity during the day could increase the volume of
blood circulating specifically at the skin level (Rahim et al., 2018;
Cramer et al., 2019), and higher infrared 48 h prior ovulation were
found during PM milking compared to AM milking in a tie-stalls
(Perez Marquez et al., 2019).

The fluctuations between d �5 and d 2 of the estrous cycle
(proestrus – estrus – ovulation – postovulation) in Raw and Res
IR coincided with greater DF diameter (>15 mm), regression of
the corpus luteum (<20 mm) and estradiol concentrations in skim
milk (17.43 pg/mL) at d �1. However, the highest increases in skin
temperature observed on d �2 did not match with the larger DF
diameter and the peak of estradiol concentrations at d �1.
Notwithstanding, the peak in skin temperature coincided with
the interaction corpus luteum (regression) – DF (development) at
d �2 (see Fig. 4). No significant correlations existed between estra-
diol and skin temperature increases. Potential explanations with
the changes in infrared during the presence of larger DF and
increases of estradiol have been related with the increase of phys-
ical activity at the onset of estrus (Oshi et al., 2006) reported in
other estrus detection studies on tie-stall herds (Kennedy and
Ingalls, 1995, Guesgen and Bench, 2018). Thermal fluctuations
may be related to the changes in endocrine profile during the fol-
licular phase (e.g. gonadotropin releasing hormone, follicle stimu-
lating hormone–luteinizing hormone, estradiol–progesterone
interaction, cortisol levels etc.) effect in skin physiology
(Frascarolo et al., 1990). Other studies suggested that the thermo-
genesis is associated to estradiol release during estrus in visceral
fat and skeletal muscle through adaptive thermogenesis (Brown
et al., 2010; Clarke et al., 2013). The increased activity that pre-
cedes the standing to be mounted and the changes in the blood
perfusion at the vaginal and vulva area had been reported as major
factors that increase temperature in the vulva (Oshi et al., 2006).
Similar results to this study have found increases in vagina temper-
ature 24 h prior to ovulation, followed by a decrease in blood flow
during ovulation (Hassan et al., 2017).

Thermal areas (Vtail, Vnotail, and Vlips) did not differ signifi-
cantly when measuring Raw and Res IR. However, even when all
the thermal areas follow similar thermal patterns (e.g. increases
and decreases), Vlips resulted in a slightly lower skin temperature
compared to Vtail and Vnotail. The low Vlips skin temperatures can
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be attributed to the presence of feces, and urine in the outer lips of
the vulva, which creates a moisture environment as the tail does
not allow the lips to dry-off. Note: The vulva’s outer lips were
not clean or dry-off in the current study, as it would not be feasible
under barn conditions. Additionally, the maximum skin tempera-
tures were found in pixels around the vulva area, which explains
why Vtail and Vnotail were able to identify the changes in skin
temperature similarly as Vlips.

Behavioral changes during the expected estrus period

Behavioral data were continuously recorded using an ‘all-
occurrence sampling’ at AM and PM milking times to identify tem-
poral changes in events (Lehner, 1996) in the days leading to ovu-
lation. In the current study, we did not find differences between
milking times in the frequency of any of the behavioral events. In
a previous study, we found increases in restless behaviors before
milking compared to during and after milking (Perez Marquez
et al., 2019), which can be an indication of discomfort, or in antic-
ipation to milking (Metz-Stefanowska et al., 1992).

On the other hand, S-hip movements were found to be signifi-
cantly higher at the d �2 compared to the proestrus period and
ovulation day at the PM milking, and there was a tendency for S-
hip during AM milking to be higher (P = 0.07). Changes in S-hip
movements at the PM milking may be related to the increase in
activity during the estrus period in dairy cows. Restless behavior
(such as number of steps and shifting of weight shifting between
legs) has been reported with the potential use to detect differences
in standing comfort and as a response to lameness (Chapinal et al.,
2009). Similar to the present study, Guesgen and Bench (2018)
identified micro-movements in the pelvis 24 h before ovulation
in naturally cycling dairy cows in tie-stall housing using 3D kine-
matic analysis. However, in other studies (Valenza et al., 2012;
Burnett et al., 2018), the interval from increased activity to ovula-
tion was approximately 24 h. The different intervals in the increase
of activity to ovulation may be due to the differences in data collec-
tion periods such as the 24 h window between ultrasonography in
the current study vs 12 h window between ultrasonography in
Burnett et al. (2018), different behaviors, and housing type (e.g.
tie-stalls vs free-stalls). Additionally, behavioral data collection in
the present study only occurred during milking compared with
other studies in which activity bouts, for example, were assessed
using activity monitors on cows housed in free-stalls (during
nonmilking time). Other behaviors such as small-tail movement
and large-tail movement did not differ as ovulation approached.
Some of the factors that may have affected our results were the
potential for miscalculation of tail movements due to the velocity
of tail movements being faster than could be captured by the frame
rate of the camera, (4 frames/s) and the inter- and intra-cow vari-
ation. Other factors that may affect the overall tail movements can
be related to the presence of flies during the months of summer
and early fall at the study location. Frantz et al. (2019) reported
changes in tail movement caused by fly population and this was
associated with footstep movements, which indicates that the tail
frequency of tail movements may not be entirely attributed to the
restless behavior at the estrus period. However, the presence of
flies was mitigated in the present study by placing flytraps inside
the barn.

Individual estrus alerts vs combined estrus alerts

Estrus alerts were constructed using the changes in Raw IR, the
Res IR, and changes in the frequencies of hip and tail movements
during milking. The evaluation of accuracy for thermal data identi-
fied differences between AM and PM Sample times, with a higher
score obtained during PM scanning. The observation of significant
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changes in skin temperature of the vulva as ovulation approach is
consistent with a previous study reporting the same response in
synchronized multiparous cows (Perez Marquez et al., 2019). The
YJ index resulted in a positive test to identify estrus for thermal
data. However, the positive test balances the proportion of false-
positive and false-negative occurrence as well (e.g. high true-
positive estrus alerts have high false-positive proportions). This
means that optimum reference values can be adjusted depending
on the objective of the diagnostic test (e.g. cost per artificial insem-
ination relative to pregnancy cost). Furthermore, by comparing
Raw IR and Res IR, we observed that Res IR had higher scores
(Table 1). Residual IR accounted for thermal regulation to ambient
temperature, which may have resulted in a closer approximation
to thermal radiated attributed to physiological process such as
the estrus period. Further, the combination of infrared parameters
increased the YJ index (�0.30) during PM scanning. One reason for
this is that the more parameters used in an estrus alert reduced the
error rate attributed to the false-positive and false-negative estrus
occurrence. Mainly, Res IR Vtail, Res IR Vlips, Raw IR Vlips PM and
Raw IR Vtail PM Res Vlips were found with the highest YJ index for
all combinations which means that infrared parameters are partic-
ularly better to identify estrus with a balance sensitivity and speci-
ficity. However, the balanced proportion of sensitivity and
specificity often results in adding a proportion of false negative
and false positive that should have to be tested in practical circum-
stances (e.g. cost per arterial insemination relative to cost of preg-
nancy). Additionally, the accuracy of the infrared camera (±0.45 �C)
could influence the occurrence in false-positive alerts and explain
the unknown increase in raw and residual skin temperature during
the project; nevertheless, the use of a black body during infrared
recording can help to estimate the error rate in a particular scan-
ning session. Regardless of a higher YJ index in infrared combina-
tions, the diagnostic odds ratio analyses did not show higher
results (3.84–4.97) probably for the balanced Sensitivity and Speci-
ficity, which in estrus detection, the number of true negative estrus
has heavier weight since estrus occurred once in the 21-day
estrous cycle.

Behavioral biometrics did not show considerable differences
between AM and PM evaluation of accuracy results, which may
be, explained by the lack of significant differences in behavioral
frequencies between milking schedules. Higher accuracy scores
were achieved for hip movements during AM and PM milking.
The lack of significant differences in tail movements can be related
to the lack of tail movement during milking time while Perez
Marquez et al. (2019) reported an increase in tail movement as
milking time approached, tail movements tended to decrease or
be absent during milking. The combination of behavioral biomet-
rics did not improve the YJ score or diagnostic odds ratio with
the exception of S-hip, L-hip, large-tail movement with a higher
diagnostic odds ratio and positive predicted value. The combina-
tion of these three behaviors correctly identified the total of true
negative occurrence and false positive, however, the Sensitivity
was low.

The combinations between thermal and behavioral biometrics
resulted in higher Efficiency, positive predicted value, diagnostic
odds ratio and in some cases YJ index. The explanations to these
results may be the complementary information as parameters
are added (true positives can be confirmed if more than one
parameter coincided), for example; the highest combinations con-
sisted of higher scores from individual evaluations (behavioral and
thermal) which decrease the error rate. Similar results were found
by Hoffmann et al. (2013), by looking at activity monitor estrus
detection methods combined with visual observations. The addi-
tive effects of using multiple methods in a diagnosis reduces the
error rate by eliminating the number of false positives and increas-
ing the identification of true negative occurrence.
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The current study objective was to compare and contrast the
combined thermal and behavioral biometrics as estrus alerts at
an estimated estrus period. Our null hypothesis states that no
changes in the accuracy were expected between estrus alerts
using thermal and behavioral biometrics individually, compared
to combined thermal-behavioral estrus alerts. We rejected the
null hypotheses since adding behavioral parameters to thermal
estrus alerts reduced the number of both false positive and false
negative tests. Additionally, residual thermal measurements
were found to be more accurate compared to raw thermal mea-
surements for estrus detection from the vulva area. Infrared
thermography from Vtail, Vnotail and Vlips followed the same
patterns of fluctuation on the days leading up to ovulation.
The resolution in small hip movements was important to distin-
guish the estrus period from the proestrus stage and ovulation
day compared to large hip movements in a tie-stall. The data
suggest that the use of multiple parameters has utility as an
estrus detection method by combining infrared data from the
vulva and smallhip movements during milking in primiparous
cows housed in a tie-stall barn.
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