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Abstract

Digital infrared thermography has the potential for use as a diagnostic tool to assess the health and welfare of horses in many

different ways such as lameness, joint inflammation and pain evaluation. However, many factors affect the surface temperature of

horses that are poorly quantified when we use this technology. Unless we quantify these variations and account for these variations

while assessments are performed, the reliability of this technology will remain low. In this study, surface temperatures of four dif-

ferent Regions of Interest (head, trunk, front limb and gluteus) of 8 horses were studied in indoor (range 202C to 242C) and outdoor

conditions (range 192C to 222C). Both the left and right sides of the trunk and gluteal region surface temperatures of horses were

measured to determine thermal symmetry. The surface temperature of horses varied significantly depending on the Region of Inter-

est when animals were in outdoor conditions, whereas it remained similar under indoor conditions. Stability of skin temperatures

was observed between the left and right side of regions (thermal symmetry) even under outdoor conditions. Moreover, digital infra-

red thermography performed in a controlled environment provides more reliable estimates of surface temperature. If animals are

exposed to the outdoor environment before thermography, adequate equilibration time should be provided for the surface tempera-

ture to revert to normal surface temperatures.
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Introduction

Skin temperature, as measured by digital infrared thermogra-
phy (DT), can be used effectively for diagnostic purposes, when
all the factors which affect the skin temperature measurements
are quantified. Energy is emitted through the skin of an animal,
and when measured as skin temperature varies depending upon
surface temperature, surrounding environmental factors, and the

surface characteristics of the object being imaged [1]. Outdoor fac-

tors such as sunlight, humidity, ambient temperature [2] and wind
speed [3] may also have an effect on skin temperature measured.
The technique used by the operator affects outcomes including dis-
tance from the target, viewing angle and motion. Factors associated
with the animal itself and its individual response to the surround-
ing environment may also influence the qualitative or quantitative
data generated by DT. These include the level of activity prior to as-
sessment [4], the physiological state of the animal (e.g. pregnancy)
[5], the length and density of the hair coat [6], any concurrent pain
or stress [7,8] and disease status [9]. Endogenous animal factors

may be difficult to compensate for in DT data analysis, but it is hy-
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pothesized that the techniques can be standardized if environmen-
tal factors are understood and accounted for in the interpretation

of results.

In human medicine, thermography is often used as a diagnos-
tic tool under controlled environmental conditions [10]. However,
in veterinary medicine, it is often difficult to control the environ-
ment in which thermographic images are taken [4,9]. Some of the
published work reporting on the use of DT with horses under out-
door conditions suggests that it may be used successfully in such
circumstances. One group of researchers used DT on horses to
examine cold tolerance in different seasons in a riding arena [5].
However, in a subsequent study, problems were reported in accu-
rately determining heat loss patterns with DT at very cold tempera-
tures (-21°C), particularly when snow was present on the animal’s
body surface [10]. Another study that examined the reliability and
repeatability of skin temperatures measured by DT found that the
skin temperature patterns in horses were reproducible for up to
seven days when environmental conditions were similar, suggest-

ing that there may not be a need for an equilibration time [6].

The development of DT as a semi-quantitative tool has the po-
tential as a reliable tool to detect stress, pain and subclinical or
non-visible injuries. To achieve this goal, understanding the opera-
tor and animal-related factors that affect skin temperature mea-
sured by DT under different environmental conditions is important

for its use in the evaluation of animal welfare in field conditions.

Objective of the Study

The objective of this study was to examine in clinically normal
horses at rest, and evaluate the effects of the following on skin tem-

peratures as measured by DT:

e  Variation of the distance from which reliable thermograph-
ic images may be expected to be obtained under field condi-

tions;

e  Variations in skin temperatures among anatomic regions of
interest (ROIs);

e Rightversus left-sided thermal symmetry; and

e  Environmental conditions (indoor versus outdoor).

Materials and Methods
Animals

Eight clinically healthy Standardbred horses (five mares and
three geldings) between 5 and 22 years of age (median 11 years)

10
were used following the approval of the Animal Care Committee at

the University of Prince Edward Island (UPEI).

DT image acquisition

Digital infrared thermography data was obtained for each horse
in standardized indoor and outdoor locations at UPEI with an in-
frared thermographic camera (ThermaCAM SC 2000 thermograph-
ic camera, FLIR system Inc., Wilsonville, OR 97070). All indoor im-
ages were taken during a single week when the animals were at
rest and normally housed indoors in the Atlantic Veterinary Col-
lege premises (temperature range 20 to 242C; humidity range 20
to 58%). All outdoor images were obtained when the same animals
were at rest in an immediately adjacent small paddock measuring
7m? (temperature range 19 to 22°C; humidity range 40 to 53%)
on a different week (four weeks apart). The environmental tem-
perature, relative humidity - measured using a hygrometer (Mag-
na-Temp RH%, Canadian Tire, Toronto, ON) and distance between
camera and the horse were measured using a laser distance me-
ter (Master craft® Hawk eye laser, Model no: LM04CN, Canadian
Tire, Toronto, ON) during the capture of each DT image. The DT
image with the correlated temperature data map generated by the
camera hardware were saved and downloaded on to a computer
equipped with software for image evaluation (ThermaCAM Re-
searcher Professional 2.8 SR-3 software, FLIR system Inc., Wilson-
ville, OR 97070). Skin temperature readings were adjusted using
this software for an object parameter emissivity value of 0.95 [7],
distance between the horse and camera, environmental tempera-

ture and relative humidity.

To evaluate the effect of the distance from the horse (an opera-
tor factor) on DT based skin temperature measurements, thermo-
graphic images were obtained for each horse under indoor and
outdoor conditions for the following ROI's: anterior view of the
head region at 4 and 5 metres; left lateral view of the trunk region
at 5 and 6 metres; right lateral view of the trunk region at 5 and
6 metres; left lateral view of the left front limb (carpus to hoof)
at 1 and 2 metres, and; posterior view of the buttock region at a
distance of 4 metres. Distances were chosen based on the field of
vision attainable using the DT camera, and on expected field condi-
tions anticipated at slaughter plants processing horses where close

proximity to the horse is usually not be possible.

Data and statistical analysis

Mean skin temperature was calculated for each image from

DT data points over a straight line drawn between two anatomic
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points, for each anatomic region. The thermography software was
used to calculate the mean skin temperature by selecting sample
temperature at several points (depending on the image pixel den-
sity) along the anatomical line chosen. The mean temperature of
each head image was obtained over a line drawn from the mid-eye
level to the middle of the bridge of the nose between the external
nares (Figure 1a and 1b). The mean temperature of each trunk im-

age was obtained over a line drawn from the highest point of the

1la: DT image at a distance of five metres.

11
withers to the lowest point of the flank (Figure 2a and 2b). The
mean frontlimb temperature was measured over a line drawn from
the mid-carpus level to the mid-fetlock joint (Figure 3a and 3b).The
mean temperature of each image of the gluteal/caudal thigh region
was obtained over a line drawn between the level of tuber ischium
(buttock) downwards to the lower thigh (where the semimembra-

nosus and gracilus muscles intersect) (Figure 4).

1b: DT image at a distance of four metres.

Figure 1a and 1b: Digital infrared thermographic images of the frontal head region at four and five metres, and the line between

selected anatomical landmarks (mid-eye level to mid-point between the external nares) over which mean skin temperatures

were calculated.

2a: DT image at a distance of six metres.

-

2b: DT image at a distance of five metres.

Figure 2a and 2b: Digital infrared thermographic images of the lateral trunk of a horse taken from a distance of five and six metres. The

line shows the span between selected anatomical landmarks (highest point of withers to the lowest point of the flank) over which mean

temperatures were calculated.
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3a: DT image at a distance of two metres.

3b: DT image at a distance of one metre.

Figure 3a and 3b: Digital infrared thermographic images of the left lateral limb of a horse taken from a distance of one and two metres.

The line drawn between two anatomical landmarks (mid carpus and fetlock joint) shows the landmarks over which mean temperatures

were calculated.

Figure 4: Digital infrared thermographic image of the posterior
gluteal/caudal thigh region of a horse taken from a distance of
four metres. The line drawn between the two anatomical land-
marks (level of tuber ischium to the level where the semimem-

branosus and gracilus muscles intersect (lower thigh) shows the

landmarks over which mean temperatures were calculated.

The mean skin temperatures measured under different con-
ditions were calculated. The effects of the camera distance from
the horse, environmental conditions (indoor and outdoor), left or
right sides (symmetry) and ROI were first evaluated uncondition-
ally, and then modelled together in a multiple regression model
to understand the interactive effects of each variable on the mean
skin temperature measured. To account for repeated measures, a
mixed model regression analysis approach was employed, with the
animal (subject) as a random effect [8]. Nonsignificant effects (P >

0.05) were dropped in the final model and for the others parameter

estimates and predicted medians were obtained. To meet model
assumptions (residuals to be normally distributed), the outcome
(skin temperature) was log-transformed after subtraction of an
offset value (232C) determined by a Box-Cox type analysis [9]. Re-
siduals of the model were checked for normal distribution and het-
eroskedasticity using graphical methods. Post estimation pairwise
comparison of temperatures was performed between indoor and
outdoor conditions for each ROI The significance was set at P <
0.05. Statistical analyses were carried out using the software (Stata
12.1, StataCorp, 4905 Lakeway Drive College Station, Texas 77845,
USA.), except for the Box-Cox analysis which utilized the MASS li-
brary for R software (R Foundation, Vienna, http://www.r-project.

org/).

Results and Discussion

The median and interquartile range of skin temperatures with
respect to distance, ROI, symmetry and environmental conditions
are listed in table 1. Descriptive statistical mean skin temperatures
calculated and statistical estimates from the model for ROI's un-
der outdoor conditions were highest in the trunk region, followed
by gluteal/caudal thigh regions, limb and frontal head regions as
illustrated in table 1 and figure 5 respectively. The ROI's selected
and environmental conditions significantly affected mean skin
temperatures as measured by DT (Table 2). Skin temperatures
under outdoor conditions were significantly different among the
ROI's examined except between the head and limb regions. How-
ever, there were no significant differences in the skin temperatures

among different ROI’s under indoor conditions.
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S— ol - Median skin temperature (interquartile range)2C
Indoor Outdoor
Distance (m)
1 Limb 8 32.3(30.1-32.9) 32.5(31.2-34.8)
2 Limb 8 32.4 (29.6-32.9) 31.8 (29.9-34.6)
4 Head 8 31.8(30.1-32.9) 31.5(31.2-32.4)
5 Head 8 31.9 (30.6-32.8) 31.9 (31.0-32.3)
4 Gluteus | 16 32.6 (30.4-33.3) 35.3 (34.3-36.8)
5 Trunk 16 31.7 (30.3-31.7) 36.3 (35.4-41.4)
6 Trunk | 16 31.9 (30.2-32.6) 36.3 (34.7-40.9)
Symmetry
Left Trunk 16 31.7 (30.2-32.6) 35.8 (34.9-39.8)
Right Trunk | 16 31.7 (30.1-32.7) 37.4 (35.1-41.1)
Left Gluteus 8 32.6 (30.3-33.0) 35.3 (34.3-36.4)
Right Gluteus 8 32.7 (31.7-33.4) 35.6 (33.9-36.9)
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Table 1: The median and interquartile ranges of skin temperatures measured at four regions of interest (ROI) on eight resting healthy

horses by digital infrared thermography tabulated by distance, region of interest (ROI), symmetry and environmental conditions.

n*=no. of DI images, m=metre/s, C= Celsius.

T — Parameter estimates (log)
(eQ) SE P-Value
ROI -Indoor Head ref n/a n/a
Trunk -0.01 0.05 ns
Gluteal/caudal thigh 0.07 0.06 ns
Limb 0.01 0.06 ns
Environment Indoor environment ref n/a n/a
Outdoor environment 0.04 0.06 ns
Head x outside ref n/a n/a
ROI Trunk x outside 0.52 0.07 <0.001¢
x Environment Gluteal x outside 0.31 0.08 <0.001%
Limb x outside 0.09 0.08 ns
Constant 2.1 0.06 <0.001

Table 2: The parameter estimates with standard errors of the coefficients (SE) and the P values for the mixed model regression analysis
between log-transformed skin temperature measurements using DT and predictor: region of interest (ROI) and environment. The over-
all model significance by Wald test was P < 0.001.
ref = Reference level in the model; ns = Not significant; x = Interaction term; 1 Significant interaction at the level of P < 0.05; n/a = Not
applicable.
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Skin temperature in Celcius

32

30

Indoor environment outdoor environment

Figure 5: The model based predicted median and confidence
interval of temperatures for each region (H= head, T= trunk,
G= gluteal/caudal thigh, L=limb) under indoor and outdoor

environments. The estimates were back-transformed to the origi-

nal scale (°C) from the modelled data summarized in table 2.

The distance at which DT imaging was performed did not have
a significant effect on skin temperatures as measured by DT at
the ranges compared. Thermal symmetry (left or right side of the
body) did not have any significant effect on the skin temperatures
calculated using DT. There were significant interactions between
ROI's and whether thermography was performed indoors or out-
doors. Pairwise comparisons of each ROI's (4 groups) between in-
door and outdoor environments (2 groups) showed that all regions
except the head had significantly higher temperatures when DT
was performed under outside conditions (Figure 5).

Previous studies of DT in cattle and dogs have indicated that dif-
ferent ROIs of the same animal can have varying skin temperatures
as measured by DT [2,10]. In the current study under indoor con-
ditions, the posterior gluteal/caudal thigh region had an elevated
mean skin temperature compared with other regions, even though
this was not statistically significantly different (Table 1). This el-
evated mean skin temperature was not unexpected. There are sig-
nificant variations in skin thickness and subcutaneous vasculature
among regions, resulting in areas where the outer skin surface is in
close proximity to blood vessels, producing higher mean skin tem-
peratures [11]. Different parts of the body may also respond dif-
ferently to the sympathetic nervous system stimulation, resulting
in varying amounts of vasoconstriction and vasodilatation, subse-

quently affecting local blood flow, and thereby the DT determined
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skin temperatures of ROIs [10]. However, in this study, the lack of
significant differences in skin temperature among three regions
(head, trunk and limbs) in the indoor environment indicated that
the interaction with the environment may be a more critical deter-

minant of skin temperature variability [2].

The lack of significant regional skin temperature differences in
normal horses using DT under indoor conditions has not, to the
authors’ knowledge, been reported previously. However, a simi-
lar study in healthy humans under indoor conditions resulted in
similar findings among mean skin temperatures for the trunk and
cheek regions [12]. However, the extremities of human body (the
feet) had different skin temperatures that were attributed to differ-
ences in circulation and tissue metabolism [12]. Recording of stable
mean skin temperatures in different ROIs of healthy horses using
DT under indoor conditions in this study supports the use of this
tool for evaluation of pathologies that may increase surface tem-

perature, such as infection, inflammation, pain and stress [13,14].

The use of DT in an outdoor environment affected skin tem-
peratures measured by DT in this study. This supports the findings
of others, where heat loss from different regions, for example the
neck region versus the trunk region, has been shown to differ sig-
nificantly in outdoor conditions [5,15]. Higher temperatures in the
trunk region are reflective of greater rates of heat loss under out-
door conditions [5]. Although the horses in the current study were
stationary when evaluated by DT, it should also be noted that mus-
cular activity may be greater when animals have the opportunity
to move around, resulting in greater heat production by muscle as
a by product of increased metabolic activity [16]. Increased heat
production in muscles increases the body’s core body temperature.
In this situation, heat generated in the muscles may be transported
to skin by blood [17], thereby increasing DT temperature readings.
For this reason, the authors suggest that optimally, horses should
be provided with a period of rest or equilibration prior to assess-

ment in outdoor environments [18].

Another plausible factor that has been suggested to account for
regional differences in skin temperature is exposure to direct sun-
light [19] in outdoor environments. However, under the temperate
environmental conditions of the study, there was no evidence of
thermal asymmetry that may have otherwise supported a role for
this factor in the study environment. This finding was in agreement
with the work of others [20] where the left and right side buttock

skin temperature measurements were not significantly different.
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This is an important finding with respect to finding pathologies
in different body parts of the animal, where one side may usefully

provide the basis of comparison for the other side.

The ambient temperature has been known to affect skin tem-
peratures measured under outdoor conditions in cattle and horses
[2,5,15]. However, in one study, no changes in skin temperature
were recorded when the air temperature dropped by 3.1°C, but a
significant response was found when the air temperature dropped
by 6.5°C [21]. In the current study, the difference between the am-
bient temperature of the indoor and outdoor conditions was mini-
mal (<32 C). The outdoor and indoor temperature range during this
study was within the thermo-neutral zone of horses unaccustomed
to winter weather (5 - 252C) where a minimal change in metabolic

rate would be anticipated due to ambient temperature [22].

Mean skin temperatures measured using DT at different dis-
tances of different regions (1m, 2m, 4m, 5m and 6m) did not dif-
fer significantly. The distances evaluated were chosen for practical
considerations with the view that these reflected the variability
that might be experienced while attempting to utilize DT under
field conditions encountered (e.g. in slaughter plants). Such con-
ditions may include an auction yard sale, slaughter plant or large
animal diagnostic situation. The power of infrared radiation is in-
dependent of the distance (P =Y, [A (T* - T %), where P = net radi-
ated (infrared) power, Y. = emissivity; [ = Stefan-Boltzmann con-
stant 5.6703 x 10°® W/m?K*; A = radiating area; T* = temperature
of radiator; T *= temperature of surroundings), but attenuation
may occur as a result of atmospheric absorption of radiation, par-
ticularly in situations of high humidity [23]. In the current study,
the degree of humidity appeared to have minimal impact on the
data, and the variation in distances was apparently insufficient for
the thermographic camera to record a significant difference in tem-
perature. Larger discrepancies may occur with larger differences in
distances from the target of interest, due to the finite pixel density
of the camera’s infrared sensor, and changes in the relative area be-
ing assessed with respect to the Stefan-Boltzman equation. In such
circumstances, each pixel represents the average temperature of
a greater focal area of the target as the distance between camera
and horse increases. The use of the camera at close quarters may
be associated with a reduction in the impact of outliers by measur-
ing the skin temperature of a larger zone rather than a spot tem-
perature measurement. However, under field conditions, proximity
to the horse may increase the risk of injury to the operator, and

stress on the horses due to the approach of unfamiliar personnel.
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The thermal camera and proprietary software used has inbuilt pro-
visions to adjust the skin temperature measured according to the
distance from which the images are taken, and it appears that the
experimental conditions of the current study did not exceed this

capacity.

In this study, mean skin temperature of a vector across the ROIs
was utilized rather than spot skin temperature measures. Record-
ing mean skin temperature of a larger area of a particular region
may provide more useful information than spot temperature, par-
ticularly when DT is used for the detection of bruising ante-mortem
in livestock before slaughter. For example, a single spot measure of
temperature may miss a smaller lesion in a particular ROI, whereas
the mean skin temperature of the whole ROl may detect the lesion
with more sensitivity. However, the drawback in using mean skin
temperature is that any outlier values for temperature would be
less apparent as they will be averaged out. This drawback may be
mitigated by using maximum and minimum skin temperature val-

ues, standard deviation or confidence interval of skin temperature.

One practical challenge experienced during this study related to
usage of DT was the inconvenience of manually recording environ-
mental temperature, humidity and distance during the process of
obtaining each DT capture. The authors suggest that the incorpora-
tion of an inbuilt distance measuring tool, environmental tempera-
ture and humidity measuring capabilities would help operators to
detect thermal changes with significant ease. This would enhance
the handling of DT and make it a simpler and more user friendly

diagnostic tool under outdoor conditions.

Conclusion

In conclusion, within the conditions of the study, the reliabil-
ity of DT based skin temperature measurements was better under
controlled indoor conditions than under outdoor conditions. To
use DT to detect injuries under outdoor conditions more controlled
studies at a greater range of ambient temperatures should be con-
ducted. Significant differences in skin temperature among ROI’s
was noticed when DT was performed under outdoor conditions.
However, the stability of skin temperatures was observed between
left and right side of regions (thermal symmetry) even under out-
door conditions. This stability is useful when attempting to detect
asymmetric thermal indicators of pathology. The differences in DT
results between indoor and outdoor conditions of the study were
not unexpected. This work sought to develop a means to quantita-

tively assess them under the conditions of the study, and to identify
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where these differences might most critically impact on objective

thermographic detection of abnormalities in the future application

of this modality.
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