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Abstract

Background An animal's metabolic rate, or energetic expenditure, both impacts and is impacted by interactions
with its environment. However, techniques for obtaining measurements of metabolic rate are invasive, logistically dif-
ficult, and costly. Red—green-blue (RGB) imaging tools have been used in humans and select domestic mammals to
accurately measure heart and respiration rate, as proxies of metabolic rate. The purpose of this study was to investi-
gate if infrared thermography (IRT) coupled with Eulerian video magnification (EVM) would extend the applicability of
imaging tools towards measuring vital rates in exotic wildlife species with different physical attributes.

Results We collected IRT and RGB video of 52 total species (39 mammalian, 7 avian, 6 reptilian) from 36 taxonomic
families at zoological institutions and used EVM to amplify subtle changes in temperature associated with blood flow
for respiration and heart rate measurements. IRT-derived respiration and heart rates were compared to ‘true’ measure-
ments determined simultaneously by expansion of the ribcage/nostrils and stethoscope readings, respectively. Suf-
ficient temporal signals were extracted for measures of respiration rate in 36 species (85% success in mammals; 50%
success in birds; 100% success in reptiles) and heart rate in 24 species (67% success in mammals; 33% success in birds;
0% success in reptiles) using IRT-EVM. Infrared-derived measurements were obtained with high accuracy (respiration
rate, mean absolute error: 1.9 breaths per minute, average percent error: 4.4%; heart rate, mean absolute error: 2.6
beats per minute, average percent error: 1.3%). Thick integument and animal movement most significantly hindered
successful validation.

Conclusion The combination of IRT with EVM analysis provides a non-invasive method to assess individual animal
health in zoos, with great potential to monitor wildlife metabolic indices in situ.
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Background

An animal’s survival and reproductive success depends
on the individual’s ability to efficiently manage energy
stores despite large scale intra- and inter- annual envi-
ronmental variation [1]. Metabolic rate is modulated by
intrinsic factors such as body size, activity levels, and
shifts in circulating hormone levels, as well as extrinsic
environmental variables that influence thermoregula-
tory costs, and/or prey and resource availability [2]. Tra-
ditional methods for measuring metabolic rate (directly
or indirectly) through respirometry or isotope dilution
techniques are invasive, logistically difficult, require
large time commitments, and are costly. Simpler indices
such as heart rate (HR) [3, 4] and respiration rate (RR)
[5] that are tightly correlated with energetic expenditure
across taxa are thus used as common indices of animal
health. Even so, the use of simpler metrics (RR and HR)
as proxies of energetic expenditure in wild animals still
requires that animals be physically or chemically immo-
bilized [6-8], which comes with inherent risk. Advances
in the biotelemetry field allow for longer HR records in
free ranging animals through loggers attached to the skin
or surgically implanted, however these too are expen-
sive and can be invasive [6], making them impractical for
widespread monitoring. Obtaining vital sign measure-
ments using non-invasive imagery would broaden the
reach of monitoring efforts, but methodological devel-
opment is necessary to discern subtle physiological sig-
nals of interest to make such animal health assessments
possible.

Technological and analytical advancements provide
promising avenues for application to wildlife and exotic
species. For example, Eulerian video magnification
(EVM) can be used to amplify and visualize subtle sig-
nals. First, a spatial decomposition is applied to videos
such that variation in pixel color at a given location can
then be amplified using temporal filtering [9]. EVM of
red—green—blue (RGB) video has been successfully used
to measure HR in humans [9], primates [10], axolotls,
and zebrafish [11]; all have large areas of the body with-
out fur or are translucent.

Diagnostic tools have also been developed using infra-
red thermography (IRT), the measurement of infrared
radiation emitted from an object to capture thermal
information. In humans, IRT has been used to screen
travelers for fever [12], identify physiological distress via
breathing dynamics [13], and accurately measure heart
rate [14]. IRT has also been used as a non-invasive tool
to promote livestock welfare by detecting lesions and
fever in pigs [15] and recognizing increased tempera-
ture associated with stress or disease in the dairy and
beef industries [16—18]. As the implementation of IRT
has gained popularity, it has been useful in measuring
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a broad range of physiological variables in animals such
as shifts in body temperature associated with reproduc-
tion [19], hibernation [20, 21], disease [22], and heat flux
[23, 24]. IRT has been used to monitor animal vital signs
during immobilization by measuring body temperature
in dogs [25] and wearable near-IR spectroscopy devices
used to measure oxygen saturation in seals [26]. IRT has
also been used to monitor vital rates in cetaceans in the
wild [27], however because the animals were free-living,
these measurements could not be validated. There is also
a growing list of studies that use IRT to measure body
temperature across taxa (reviewed in [28, 29]).

Although the use of non-contact IRT imaging for
obtaining physiological measurements in humans and
livestock is well documented, its use in zoo animals
and wildlife is primarily limited to the measurement
of body temperature and it has yet to be determined
whether vital sign measurements could be readily trans-
lated across taxa. IRT may make fine-scale changes in
heat associated with pulsation more apparent in non-
domestic and exotic species that have subcutaneous fat
or a thick pelage that would otherwise obscure fluctua-
tions in skin surface coloration by RGB imaging. In this
study, we tested whether IRT-derived RR and HR meas-
urements accurately reflected ‘true’ measurements across
a range of species, and whether certain physical features
of exotic animals (variation in body size and shape, pres-
ence of fur/feathers/subcutaneous fat, thick integument)
that alter emissivity would impact utility. The addition
of EVM processing could make vital sign measurements
with IRT broadly applicable across taxa. Confirming that
IRT coupled with EVM analysis can accurately describe
animal physiological status will allow it to be used as a
non-invasive, time efficient method to measure basic
metrics of health and metabolism for animals both in
human care and in the wild.

Results

To test whether EVM analysis of IRT imagery can be
broadly applied as a non-invasive tool to measure animal
vital signs, 58 individuals across 36 families (28 mam-
mals, 4 birds, 4 reptiles) and 52 species (39 mammals,
7 birds, 6 reptiles) were imaged at the Cincinnati Zoo
and Botanical Garden in Cincinnati, OH (n=44), the
Louisville Zoo in Louisville, KY (#=11), the Columbus
Zoo and Aquarium in Columbus, OH (n=2), and the
Salisbury Zoo in Salisbury, MD (n=1) (Table 1). Infra-
red images and videos were recorded using a FLIR T540
camera (30 Hz image frequency, 464 x 348 pixel IR reso-
lution) with a 24° lens (Teledyne FLIR, Wilsonville, OR)
placed on a tripod. A GoPro Hero 4 (GoPro, San Mateo,
CA) was attached to the tripod and recorded red—green—
blue (RGB) color video simultaneously. To determine
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which point locations on the subjects’ bodies would be
most useful for non-invasive vital rate measurements,
multiple videos were taken across the body at areas with
relatively high thermal signatures and the least amount of
movement.

RGB & IRT video analysis

First, FLIR Research Studio (Teledyne FLIR, Wilsonville,
OR) software was used to identify IRT videos of adequate
quality to analyze. A scoring system of 0—8 was devel-
oped to reflect video quality (see Methods), with 8 being
the highest quality videos, so videos of low quality could
be excluded from analysis.

To magnify small changes in thermal energy associated
with blood flow, Eulerian video magnification (EVM) was
performed using Lambda Vue (Quanta Computer, Tai-
wan) software that uses amplification algorithms devel-
oped in Wu et al. 2012 and was adapted from Lauridsen
et al,, 2019 (Fig. 1). Nine second segments of video were
used to reduce unmanageable processing, as recom-
mended by Lauridsen et al. 2019. First, a wide passband
encompassing 0.1 — 3.5 Hz was used to amplify changes
in colored pixels (at 40 x magnification), and extracted
signals were normalized. Fourier transformation was
used to decompose the signal from each video into its
component frequencies. A normalized intensity plot
was used to identify the dominant peak intensity, which
always corresponded closely with ‘true’ RR, determined
by the observation of ribcage expansion and/or nostril
flaring from the (RGB) color video.

On the same video, EVM analysis was then repeated.
The dominant frequency (taken to be RR) was excluded
and a narrower passband ranging 1 Hz in width was
used for EVM, to focus on secondary peak intensities.
For example, if the dominant peak of the wide pass-
band showed RR was 0.6 Hz, then a narrow passband of
1-2 Hz was used to focus on secondary intensities (as in
Fig. 1). The peak frequency from the narrow passband
was taken to be HR and was compared to ‘true’ values
obtained using a stethoscope (3 M Littmann CORE digi-
tal stethoscope, Eko Health, Oakland, CA), ultrasound,
manual palpation, or veterinarian’s electrocardiogram
(ECQ). These true measurements were taken near-simul-
taneously (within ~ 30 s), as animal movement and other
logistics sometimes prevented the stethoscope measure-
ment and infrared imaging to occur at the exact same
time.

The analysis workflow developed during this study
resulted in two normalized signal intensity plots and
peak frequencies (wide passband corresponding with RR,
and narrow passband corresponding with HR) for each
video (see narrow passband in Fig. 1). An imaging session
was considered successful if the video analysis produced
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a clear peak frequency and that peak frequency was com-
parable to the ‘true’ measurement of either HR or RR.

Imaging sessions

“True’ RR and/or HR were successfully measured in 44
imaging sessions out of 58, which included 44 individu-
als and 40 species (30 mammals, 6 birds, 4 reptiles) and
were used for comparison to IRT-derived measurements.
Eighteen of these imaging sessions occurred while the
animal was immobilized (45%) and 26 imaging sessions
were conducted while the animal voluntarily remained
still (65%). Seven individuals were imaged through bar-
riers causing some obstruction via bars or mesh grates,
while 37 were imaged with no obstruction.

Use of infrared thermography versus RGB for vital rate
measurements

To identify when IRT was superior to RGB imagery for
obtaining vital measurements, EVM analysis was also
conducted on recorded color video. A dominant peak
for RR could also be extracted using EVM of RGB videos
in 27 of the 40 species (67.5%) imaged. Peak frequencies
could not be identified after EVM analysis to identify HR
in any species using RGB video. This demonstrates that
using IRT was necessary to measure animal HR, and this
could not be accomplished using RGB video.

Accuracy and precision of IRT-derived physiological
measurements

Non-invasive IRT provided an accurate means with
which to measure animal vital rates. Of the 40 different
species, broad bandpass frequency EVM analysis of IRT
video yielded a prominent peak associated with RR in 36
individuals (81.8%) and 32 species (80%) (see Table 1).
This included all species that RR was observed via
ribcage expansion or nostril flaring from the RGB videos,
and RR could be measured in an additional 5 species with
IRT by measuring the change in temperature around the
nostrils: Long tailed chinchilla (Chinchilla lanigera), har-
bor seal (Phoca vitulina), minilop rabbit (Oryctolagus
cuniculus minilop), California sea lion (Zalophus cali-
fornianus), Tawny frogmouth (Podargus strigoides); see
Table 1. Using temperature changes around the nostrils
facilitated RR measurements in these additional species,
either because animal movement had made it difficult
to observe ribcage expansion or the animal had signifi-
cant subcutaneous fat, fur or plumage. Image analysis
provided accurate measurements of RR (from ‘true’
measurements mean absolute error: 1.9 b ,pm; average
percent error: 4.4%), and there was no significant differ-
ence between RR values obtained using IRT and ‘true’ RR
measurements (£ =-0.810, p =0.424).
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(See figure on next page.)
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Fig. 1 A representative example of Eulerian Video Magnification image processing of a gray seal (Halichoerus grypus) infrared video. Ai. In the raw
infrared video without magnification, there is no visible temporal variation in thermal signatures, as demonstrated by the spatiotemporal slices
(Aii.). Aiii. Signal intensity did not vary over time nor was there a peak frequency intensity. Bi. When the infrared video was magnified 40 x with a
0.1-3.5 Hz passband, there was substantial variation in signal intensity through time (Bii.). Biii. The frequency domain had a clear peak at 0.63 Hz
which is assumed to be RR, and 0.63 Hz= 38 breaths per minute (b,pom). The ‘true’ RR was 40 b,pm. To ensure the narrow passband is not dominated
by the RR peak, the narrow passband will be chosen to exclude 0.63 Hz. Ci. The infrared video was magnified 40 x with a 1-2 Hz passband,
resulting in variation across spatiotemporal slices (Cii.), the frequency domain had an obvious peak at 1.64 Hz which is assumed to be HR (Ciii.), and
1.64 Hz=98.4 beats per minute (bpm). The ‘true’HR via stethoscope was 104 bpm

In 24 individuals (54.5%) and 22 species (55%), the nar-
row bandpass frequency analysis yielded a prominent
peak representative of HR (see Table 1) and were also
highly accurate (from ‘true’ measurements mean absolute
error: 2.6 bpm; average percent error: 1.3%); these were
statistically indistinguishable from ‘true’ values (¢=1.068,
p=0.297). The most common point locations on the
body with high thermal signatures for HR measurement
were temples and inner legs. Figure 2 demonstrates the
importance of measuring HR at areas with high thermal
signatures.

Precision of vital rate measurements derived

from non-invasive imagery

To demonstrate that the IRT-derived measurements are
precise, RR and HR were measured in different parts of
the individual in videos from a subset of imaging ses-
sions. RR was measured in more than one location on
an animal’s body (nostrils, abdomen, chest) in ten vid-
eos and HR was measured in more than one location in
seven videos (Tables 2, 3). Vital rate measurements were
statistically similar across the body (paired t-test—RR:
t=0.190, p=0.8534; HR: t=1.162, p =0.2894; Table 1).

Characteristics that make an animal a good candidate
for using IRT
Video quality, immobilization status, taxa, thickness of
integument, and subcutaneous fat influenced the suc-
cess of the IRT-derived measurement while animal color,
ambient temperature, and humidity did not impact meas-
urements (Table 1). Accurate RR measurements were
more robust to animal movement, with no differences in
measured RR from immobilized or voluntary animals (X
2=1.024, p=0.312), and physical features of the animal
(fur, scales, or feathers) (X 2=3.902, p=0.142). However,
HR measurements (i.e., a peak frequency was identi-
fied after EVM analysis) were more likely to be obtained
when imagery was collected from immobilized animals
(X 2=4.860, p=0.027) and from mammals compared to
birds and reptiles (X 2=6.525, p=0.038).

Successful extraction of physiological signals (RR:
X 2=6.200, p=0.013; HR: X 2=4.385, p=0.036) was
more likely in animals with thin than thick integument.

Similarly, animals without significant subcutaneous fat
were more likely to have a successful RR (X 2=4.141,
p=0.042) and HR validation (X 2=25.615, p<0.00001).
Video quality also significantly affected the ability to
obtain RR (X 2=13.974, p=0.0002) and HR measure-
ments (X 2=13.424, p=0.0003), with high quality videos
(score of 6—8) more likely to produce a clear RR and HR
signal.

Effects of species physical characteristics on accuracy

of IRT measurements

IRT-derived vital rate measurements and ‘true’ values
were highly correlated for both RR (Table 3, Fig. 3A;
all taxa combined (n=36): y=1.0146x+0.0386,
R?=0.96; mammals only (1=29): y=1.0494x — 0.6931;
R?=0.9349) and HR (Table 3, Fig. 3B; all taxa com-
bined (1=25): y=0.856x — 10.431, R>=0.93; mam-
mals only (n=23): y=1.0018x — 0.7602, R*=0.9917),
and the slopes did not differ from one. However, some
of the species’ physical features contributed to errors in
IRT-derived physiological metrics (Fig. 4). The errors in
IRT-derived RR relative to ‘true’ RR measurements were
higher in animals with thick integument, fur, or scales
compared to animals with thinner integument/pelage
(Table 3). The accuracy of IRT-derived HR also differed
among taxa, with greatest accuracy in mammals (Table 3,
Fig. 4).

Successful vs. failed use of IRT and characteristics

that played a part in errors in RR and HR

Because the majority of animals participated voluntar-
ily, not all stayed still long enough to capture videos > 9s,
and as a result IRT did not provide a clear enough sig-
nal for RR in 8 of 40 species or HR in 18 of 40 species
(Table 4). There were 6 species for which neither IRT-
derived RR nor HR could be measured (African crested
porcupine (Hystrix cristata), prehensile-tailed porcu-
pine (Coendou prehensilis), King penguin (Aptenodytes
patagonicus), blue penguin (Eudyptula minor), Magel-
lanic penguin (Spheniscus magellanicus), slender-tailed
meerkat (Suricata suricatta)). These imaging sessions
produced videos of low quality due to movement of the
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Table 2 Successful  respiration rate  and  heart rate
measurements differed by sedation status, taxa, integument and
fat thickness, and video quality. Percentages refer to successfully
extracting a signal for vital rate measurements for that group.
Percentages labeled with the same letter are not significantly
different from one another, while different letters denote
significant differences (p <0.05)

Successful RR Successful HR

measurement  measurement

Sedation status

Immobilized (h=18) 88.9%* 72.2%

Voluntary (n=26) 76.9%? 38.5%"
Taxa

Mammal (n=33) 84.8%° 66.7%°

Bird (n=6) 509%° 33.3%°

Reptile (n=15) 100%° 0%"
Thick vs. thin

Thick integument (n=21) 66.7%° 38.1%°

Thin integument (n=23) 95.7%" 69.6%"
Quality of video

Low quality (<5,n=14) 50%° 14.3%2

High quality (=6, n=30) 96.7%" 74.3%°
Subcutaneous fat

Sig. subcutaneous fat (n=10) 60%° 40%°

No sig. subcutaneous fat (1=34)  88.2%" 58.8%°

animal or background ‘noise’ (i.e., movement) that inter-
fered with EVM analysis and provided no clear peak
frequency.

For a subset of animals, ‘true’ HR measurements could
not be obtained due to the difficulty of using a stetho-
scope on animals with thick scales or skin (African
elephant (Loxodonta africana), hippopotamus (Hippo-
potamus amphibius), gopher tortoise (Gopherus polyphe-
mus), ostrich (Struthio camelus), radiated tortoise
(Astrochelys radiata)), eating while imaging (causing
the stethoscope to pick up mastication and/or degluti-
tion and not heart rate), or logistical issues in placing the
stethoscope on the animal through the enclosure (brown
bear (Ursus arctos), lesser kudu (Tragelaphus imberbis))
(see Additional file 2, Table S2). While these cannot be
directly compared to true values, IRT analyses yielded RR
and HR values comparable to previous studies in a subset
of these animals (Table 5).

The successful validation of measuring vital rates
with IRT allows for its use to measure RR and HR in a
range of species, with the potential to address larger
ecological questions. For example, the non-invasive
IRT-derived measurements had similar relation-
ships with animal body mass, when compared with
‘true’ measurements that required animal training or
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Table 3 Best-fit general linear mixed-effect (GLMM) models showing the relationship between ‘true’and IRT-derived RR and HR values
with species ID as a random effect to account for any species where multiple individuals were imaged. Fixed effects were added to
investigate the role of physical characteristics in IRT-EVM errors. Models are ordered by AlCc, with best models at the top of the table;
the base model is included. See Additional file 1, Table S1 for additional model information

RR models

Base model: true RR x IRT RR + species ID (random effect)
Added fixed effect

Thickness of integument

Base model

Immobilized or voluntary

Taxa

Significant presence of subcutaneous fat

Integument
HR models

Base model: true HR x IRT HR + species ID (random effect)
Added fixed effect

Taxa

Integument

Base model

Thickness of integument

Significant presence of subcutaneous fat

Immobilized or voluntary

AlCc R? adjusted
183.17 0.9836
185.41 0.9647
186.47 0.9663
189.32 0.9664
187.95 0.9649
192.40 0.96640
AlCc R? adjusted
175.87 0.9573
17948 0.9573
185.00 0.9284
187.67 0.9300
187.84 0.9295
188.13 0.9287

immobilization, demonstrating the applicability of this
method in comparative studies (Fig. 5; A. ‘true’ RR:
y=-1.659In(x) +28.749; IRT RR: y=-1.916In(x) + 30.323;
‘true. HR:  y=-164In(x)+154.32; IRT  HR:
y=-7.907In(x) + 120.82).

Discussion

This study demonstrates the efficacy of using IRT to
obtain metabolic indices in a wide range of species. The
validation of new technological and analytical tools (IRT
coupled with EVM processing) for accurate vital rate
measurements will allow for the expansion of its use in
zoo and wildlife studies. When adequate signal intensi-
ties could be extracted from IRT videos, these appeared
to accurately reflect the animal’s ‘true’ RR (range in error:
0 — 12 brpm) and HR (range in error: 0 — 4.6 bpm; bird
outlier: 50 bpm). This demonstrates that while IRT-EVM
analysis did not yield adequate signals to measure meta-
bolic indices in every species, it importantly did not ‘pull-
out’ false signals.

This study also highlights the characteristics that make
an individual or species a good candidate for obtain-
ing IRT-derived measurements. We found that not only
did IRT technology provide accurate animal vital rates,
but the use of imagery is more time effective, logisti-
cally easier, and less invasive than other methods like
respirometry or isotope dilution [6, 7]. Most imaging ses-
sions lasted <3 min, including imaging multiple areas of

the body, since only a 9 s video is required to accurately
calculate most RR and HR values. Slightly longer videos
(15 — 30 s) may be necessary to accurately calculate very
low rates. This study identified locations on the body
with high thermal signatures, and a priori knowledge the
best areas to image (inner leg, temple, groin) would likely
shorten imaging times for future applications. Using IRT
is logistically simple with limited equipment needed, and
because imaging does not require animal immobiliza-
tion or restraint, it is significantly less invasive than other
methods of obtaining metabolic rate, or even just HR.

Because it is non-invasive, IRT-derived RR and HR may
also be more likely to be true baseline measurements,
whereas handling stress associated with traditional meth-
ods are more likely to increase RR and HR [37-39].

The error between ‘true’ and IRT-derived measure-
ments was typically small (<5%), but there was some
variability. This may be the result of changing RR and
HR throughout an imaging session, as not all videos and
‘true’ measurements could be taken at the exact same
time in every imaging session. Sedatives can also cause
abrupt changes in HR [40-42], which may also explain
some of the variation in individuals immobilized during
imaging. Beyond IRT, it is not uncommon to have vari-
ation between methods of obtaining HR, as there have
been significant differences between HR via stethoscope
and HR via EKG [43]. There can also be slight but non-
significant discrepancies between manual and electronic
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stethoscopes [44]. Some animals in this study did not tol-
erate the stethoscope, or the stethoscope/ultrasound did
not pick up a heartbeat or pulsation through their thick
skin or scales. For some of those same individuals, IRT
imaging provided a clear dominant peak in a frequency
similar to HR measured in previous studies. This suggests
that IRT may provide a means to measure HR in ani-
mals that will not tolerate applying pressure for stetho-
scope, EKG reads or palpation, and further highlights the
advantage of the non-invasive nature of IRT imaging.
Although some vital rate measurements can be
obtained with an RGB camera in humans or animals with
no (or limited) pelage [9, 11], this study shows that using

infrared thermography makes it possible to measure RR
in many species, and was always necessary when meas-
uring HR in exotic species. The IRT determination of RR
via change in temperature around the nostrils was often
essential when the animal was moving, and it was difficult
to distinguish ribcage movement associated with RR. We
had no success in extracting peak intensities (assumed
to be HR) from RGB GoPro videos. This suggests that
applicability of RGB for vital sign measurements may be
limited in less controlled settings with voluntary partici-
pation of animals in human care or free-ranging animals.

IRT-derived measurements matched ‘true’ meas-

urements in many species, however, there were
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Table 4 Failed validations. Species for which there were no peak frequencies extracted related to RR and/or HR are listed here. An X’
in the Validation Failed column indicates which measurement was not obtained via IRT. A suspected reason for failure is listed for each

species
Species Validation Failed Suspected reason for failure
RR HR
African crested porcupine X X Too much animal movement
Andean bear X Thick fur, face covered by anesthesia mask
Blue penguin X X Too much animal movement, feathers, subcutaneous fat, wet
California sea lion X Too much animal movement, wet
Long tailed chinchilla X Thick fur,> 1 m from camera
Chuckwalla X Too much animal movement, thick scales
Dabb spiny tailed lizard X Too much animal movement, thick scales
Dromedary camel X Tail movement and moving shadow on thermal windows
Harbor seal X Too much animal movement, thick blubber, wet
King penguin X Too much animal movement, feathers, subcutaneous fat, wet
Magellanic penguin X Too much animal movement, feathers, subcutaneous fat, wet
Minilop rabbit X Thick fur,> 1 m from camera
Prehensile-tailed porcupine X X Too much animal movement, unstable camera
Red footed tortoise X Too much animal movement, thick skin/scales
Red panda Too much animal movement
Slender-tailed meerkat X Bag breathing (immobilized), background movement
Southern rockhopper penguin X Feathers, subcutaneous fat (immobilized so not due to movement)

Table 5 Species for which IRT-derived RR and HR were measured, but no true values could be measured to allow for comparison

Species IRT RR RR values from other studies IRT HR HR values
from other
studies

African elephant 10 4-12[30] 282 25—301(31,32]

Brown bear 12 6-10[33] 60 65 [34]

79 [35]

Lesser kudu 19 21 (from RGB video in this study) 84.6 n/a

Ostrich 14 6-12[36] 84 80 [36]

characteristics of certain animals that made it difficult to
successfully obtain their HR and RR. When an imaging
session was unsuccessful, it was most likely a combina-
tion of animal movement and physical characteristics
like subcutaneous fat, scales, or feathers. For this reason,
both moving birds and reptiles were more difficult to suc-
cessfully image compared to moving mammals. Immobi-
lized animals not only had limited movement, but areas
with higher thermal signatures such as the stomach and
groin were easier to image while the individuals were
supine. However, these sites of the body were very dif-
ficult to image when the individuals were upright and
mobile. Most of the animals that participated voluntarily
in this study were receiving positive reinforcement and
eating while being imaged, resulting in some movement,
especially in the face which often offers the best ther-
mal windows for IRT. If free-ranging animals are imaged

while resting or hauled out, movement will be greatly
reduced compared to some of the animals in managed
care settings.

Caveats of IRT-derived measurements

While IRT-derived physiological measurements were
successfully acquired with low errors in many species,
this study also highlights the caveats of this technol-
ogy. Successful HR measurements were made primar-
ily in mammals, especially those with thin fur or skin,
and fewer HR measurements were obtained in reptiles
and birds, potentially due to limited ability to detect
internal temperature changes in ectotherms [45] or
thick plumage in birds [46]. The presence of water/
liquid on the animal can also substantially affect the
analysis of the infrared video [47] and in the few indi-
viduals in this study (California sea lion (Zalophus
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californianus), harbor seal (Phoca vitulina), gray seal
(Halichoerus grypus)) that had recently hauled-out
from a pool in their enclosure, it was more difficult to
locate a thermal window from which to extract a HR
signal. This may limit applicability of the method to
terrestrial and/or semi-aquatic animals when hauled-
out and dry on land. Additionally, animal movement
is a major limitation in the application of IRT-derived
RR and HR. Successful RR and especially HR

measurements require stillness from the animal, pref-
erably for nine seconds or more. This may make imag-
ing difficult with captive animals that are not trained
to remain still and may limit applicability to wild ani-
mals when at rest.

Current software allows for real-time visualization
of amplified video; however selection of an ROI and
extraction of peak frequencies does require user time
investment. Video analysis to extract vital rates took
approximately 7 min per video in this study.



Rzucidlo et al. BMC Biology (2023) 21:61

Future directions

Further investigation of camera specificity (frames per
second, pixels, etc.) to identify the minimum IRT reso-
lution required for EVM analysis in RR and HR meas-
urements may also help make this method more easily
accessible if cameras requiring lower financial invest-
ment could be utilized. In this study, a standardized
distance (~1 m) was used to test the feasibility of IRT-
EVM analysis. After demonstrated success within close
proximity, future studies testing the range and distances
from which IRT video can be collected and still yield
accurate vital rates would facilitate application of IRT-
EVM in less controlled settings such as in the field with
free-ranging animals. Both environmental conditions and
animal behavior are likely to be more variable and may
impact the camera’s ability to detect small fluctuations
in temperature. If IRT-derived measurements are accu-
rate in the field, this would greatly broaden the reach of
these imaging methods for measurements of metabolic
indices in a much larger sample size than if animals had
to be restrained or immobilized for physical measure-
ments. That IRT-EVM analysis would provide a power-
ful tool towards addressing broader ecological questions
is also demonstrated by the remarkably similar relation-
ships found between ‘true’ and IRT-derived metabolic
indices, with animal mass. Application to large numbers
of animals may be simpler if measurements could be
made in real time, by leveraging machine learning analy-
sis tools [13]. Along these same lines, if pairing motion
tracking software with IRT allowed thermal windows
to be tracked while moving, this may help to overcome
the observed limitations of animal movement in method
application and/or simplify the analysis that is currently
done manually [48, 49].

Conclusions

This is the first study to demonstrate that prominent
signals corresponding to RR and HR can successfully be
extracted from infrared videos coupled with EVM anal-
ysis in a variety of species. The combination of IRT and
EVM provides a novel tool for both animal care staff in
zoological institutions and wildlife researchers. These
results suggest that this approach is best suited for mam-
mals and individuals without thick skin or subcutaneous
fat but could be applied to some of these species provided
an adequate thermal window was observed. Using IRT to
obtain metabolic data in the field and zoo setting is both
non-invasive and logistically simple, yielding accurate
results while avoiding inherent risks (to researchers and
animals) associated with animal capture for traditional
hands-on techniques. Many veterinarians and zoos have
access to infrared cameras, making IRT-EVM image
analysis a promising means to monitor animal health and
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can be promptly implemented and expanded to addi-
tional species. Application of such non-invasive methods
can help tailor animal husbandry protocols, and address
knowledge gaps in wildlife health that are essential for
effective conservation management.

Methods

Study animals

Fifty-eight individuals across 52 species (39 mammals,
7 birds, 6 reptiles) were imaged at the Cincinnati Zoo
and Botanical Garden in Cincinnati, OH (n=44), the
Louisville Zoo in Louisville, KY (z=11), the Columbus
Zoo and Aquarium in Columbus, OH (n=2), and the
Salisbury Zoo in Salisbury, MD (#=1). Individuals were
either immobilized as part of the zoo’s annually sched-
uled wellness examinations (#=18), or animals volun-
tarily participated (n=40) through operant conditioning
with positive reinforcement (Table 1). Characteristics
about the individual (fur length, fur color, integument or
blubber thickness, reproductive status, immobilized or
imaged voluntarily, mass) and the imaging session (ambi-
ent temperature, humidity, through enclosure/barrier
or free contact) were recorded to identify if physical or
environmental factors impacted the success of obtaining
accurate IRT-derived RR and HR.

Fifteen individuals had masses recorded the day of
imaging and when a mass estimate wasn’t available, one
was used from within 7 days (#=27). All procedures
were approved by the Cincinnati Zoo and Botanical Gar-
den and Woods Hole Oceanographic Institution Insti-
tutional Animal Care and Use Committees (IACUC)
(#21-167; BI25044.03 respectively) and approved by
management at collaborating institutions.

RGB & IRT video analysis

IRT videos were obtained using the FLIR T540 (30 Hz
image frequency, 464 x 348 pixel IR resolution with a
24° lens; Teledyne FLIR, Wilsonville, OR) on a tripod. A
scoring system was developed to determine video quality.
One point was given for each attribute that constituted
a high-quality video, for a score up to 8: a steady cam-
era; an area of high thermal signature was visible; little to
no movement of the animal; little or no movement in the
background; the animal was dry; there were no shadows
across the animal; the subject was 1 m (or closer) to the
camera; and all those factors are true for>9 s. Videos
with a score of 3 or less were excluded from the analy-
sis. Once videos with a score of 4 or higher were identi-
fied, all videos were trimmed to a consistent length of 9 s.
This length was chosen to encompass most expected HR
and RR frequencies while limiting unmanageable data
[11]. The video length was extended to 30 s only if no
signal was extracted to ensure very low vital rates could
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be identified. All IRT videos were exported with a black-
and-white color palette for consistency.

A standardized amplification procedure was used
to perform Eulerian video magnification (EVM) using
Lambda vue (https://lambda.qrilab.com/product/appli
cation/, v. 1.0.12, Quanta Computer, Taiwan). For IRT
videos, 40 x color magnification was used because pul-
sation caused a change in temperature, and therefore
changes in color. RGB videos were analyzed once with
200 x color magnification and once with 200 x motion
magnification to attempt to identify pulsation either by
movement within blood vessels or changes in skin color.
Higher magnification was used for RGB videos relative
to IRT videos because changes in color are more subtle
and require more magnification in RGB videos. A region
of interest (ROI) was positioned on the area of high-
est thermal signature to reduce noise from surrounding
movement. Two rounds of EVM were applied to each
video, with one wide passband and one narrow passband,
as described in the results. Frames from the magnified
videos were extracted with FFmpeg software and saved
as.jpg image sequences. ImageJ 1.8 (National Institutes of
Health, USA) was used to extract signals from the frames.
The extracted signals were normalized by subtracting the
average signal intensity of the entire video clip from the
signal intensity at any one time. Fourier transformation
was used to decompose the signal from each video into
its component frequencies. As explained in the results,
dominant peak and secondary peak intensities were iden-
tified as RR and HR, respectively.

Statistics

Analyses were performed in R 4.0.2 using RStudio 1.3
(R Core Team, 2020). True measurements were com-
pared to RGB or IRT-derived measurements using
paired two-tailed t-tests. To examine the relationship
between true measurements, IRT-derived measure-
ments, and characteristics of the individual, general
linear mixed effect models (GLMMs) were run with
physical characteristics; taxa, presence of fur, scales,
feathers, or skin (integument), fur color, thick integu-
ment (defined as>1 cm) and significant subcutaneous
fat (defined as > 2 cm [50, 51], as well as characteristics
of the imaging session; if the animal was immobilized
or volunteered, ambient temperature, and humidity.
To visualize the effect of taxa and physical character-
istics on the accuracy of IRT-derived vs. true measure-
ments, residuals from both the RR and HR regressions
were compared across taxa, integument, immobiliza-
tion status, and subcutaneous fat. Because more than
one individual was imaged for some species, species ID
was included as a random effect. Due to multicollinear-
ity, taxa and the presence of fur, scales, or feathers were
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never used in the same model. The relationship between
a successful imaging session and physical characteris-
tics were determined using chi-squared tests. Results
were considered significant at p <0.05, and all models
were examined to ensure homoscedasticity.

Abbreviations

IRT Infrared thermography

EVM Eulerian video magnification
HR Heart rate

RR Respiration rate

RGB Red-green-blue

ROI Region of interest

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-023-01555-9.

Additional file 1: Table S1. Generalized Linear Models.
Additional file 2: Table S2. Unable to get true RR or HR measurements.

Acknowledgements

We would like to thank the veterinary and animal care staff at the Cincin-
nati Zoo and Botanical Garden, the Louisville Zoo, the Columbus Zoo and
Aquarium, and the Salisbury Zoo for their help with this project. We would
also like to thank Henrik Lauridsen for his help with EVM video analysis.

Authors’ contributions

CLR, EC, and MRS designed the study and collected the data. CLR analyzed
data and images and wrote the manuscript. All authors read and contrib-
uted to manuscript preparation. The authors read and approved the final
manuscript.

Funding
This research was funded by NSF I0S-2130584, an INTERN supplement to
award 10S-1853377 and the WHOI Ocean Ventures Fund.

Availability of data and materials

The datasets used and analyzed during the current study are available on
Dryad Digital Repository and can be accessed at https://doi.org/10.5061/
dryad.r4xgxd2j2.

The Lambda vue software used to for Eulerian Video Magnification can be
found at https://lambda.qgrilab.com/product/application/.

Declarations

Ethics approval and consent to participate

All procedures were approved by the Cincinnati Zoo and Botanical Garden
and Woods Hole Oceanographic Institution Institutional Animal Care and Use
Committees (IACUC) (#21-167; BI25044.03 respectively) and approved by
management at collaborating institutions.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'MIT-WHOI Joint Program in Oceanography/Applied Ocean Science & Engi-
neering, Woods Hole and Cambridge, MA, USA. 2Bio\ogy Department, Woods
Hole Oceanographic Institution, Woods Hole, MA, USA. >Center for Conserva-
tion and Research of Endangered Wildlife (CREW), Cincinnati Zoo & Botanical
Garden, Cincinnati, OH, USA.


https://lambda.qrilab.com/product/application/
https://lambda.qrilab.com/product/application/
https://doi.org/10.1186/s12915-023-01555-9
https://doi.org/10.1186/s12915-023-01555-9
https://doi.org/10.5061/dryad.r4xgxd2j2
https://doi.org/10.5061/dryad.r4xgxd2j2
https://lambda.qrilab.com/product/application/

Rzucidlo et al. BMC Biology

(2023) 21:61

Received: 19 September 2022 Accepted: 27 February 2023
Published online: 29 March 2023

References

1.

Young RA. Fat, energy, and mammalian survival. Am Zool. 1976;16(4):699—
710. https://doi.org/10.1093/icb/16.4.699.

Mueller P, Diamond J. Metabolic rate and environmental productiv-

ity: Well-provisioned animals evolved to run and idle fast. P Natl A Sci.
2001;98(22):12550-4. https://doi.org/10.1073/pnas.221456698.

Ainslie P, Reilly T, Westerterp K. Estimating human energy expenditure: a
review of techniques with particular reference to doubly labelled water.
Sports Med. 2003;33(9):683-98. https://doi.org/10.2165/00007256-20033
3090-00004.

Green JA. The heart rate method for estimating metabolic rate: review
and recommendations. Comp Biochem Physiol A. 2011;158(3):287-304.
https://doi.org/10.1016/j.cbpa.2010.09.011.

Ramanathan NL. Reliability of estimation of metabolic levels from respira-
tory frequency. J Appl Physiol. 1964;19(3):497-502. https://doi.org/10.
1152/jappl.1964.19.3.497.

Butler PJ, Green JA, Boyd IL, Speakman JR. Measuring metabolic rate in
the field: the pros and cons of the doubly labelled water and heart rate
methods. Funct Ecol. 2004;18(2):168-83. https://doi.org/10.1111/].0269-
8463.2004.00821 x.

Drown MK, DeLiberto AN, Crawford DL, Oleksiak MF. An Innovative Setup
for High-throughput Respirometry of Small Aquatic Animals. Front Mar
Sci. 2020;7. https://doi.org/10.3389/fmars.2020.581104.

Fahlman A, Brodsky M, Wells R, McHugh K, Allen J, Barleycorn A, Sweeney
JC, Fauquier D, Moore M. Field energetics and lung function in wild
bottlenose dolphins, Tursiops truncatus, in Sarasota Bay Florida. Roy Soc
Open Sci. 2018;5(1):171280. https://doi.org/10.1098/rs0s.171280.

Wu HY, Rubinstein M, Shih E, Guttag J, Durand F, Freeman W. Eulerian
Video Magnification for Revealing Subtle Changes in the World. ACM T
Graphic. 2012;31(4): https://doi.org/10.1145/2185520.2185561.

Froesel M, Goudard Q, Hauser M, Gacoin M, Ben HS. Automated video-
based heart rate tracking for the anesthetized and behaving monkey. Sci
Rep. 2020;10(1):17940. https://doi.org/10.1038/541598-020-74954-5.

. Lauridsen H, Gonzales S, Hedwig D, Perrin KL, Williams CJA, Wrege PH,

Bertelsen MF, Pedersen M, Butcher JT. Extracting physiological informa-
tion in experimental biology via Eulerian video magnification. BMC Biol.
2019;17(1):103. https://doi.org/10.1186/512915-019-0716-7.

Sun G, Matsui T, Kirimoto T, Yao Y, Abe S. Applications of Infrared Ther-
mography for Noncontact and Noninvasive Mass Screening of Febrile
International Travelers at Airport Quarantine Stations. In: Ng E., Etehad-
tavakol M. (Eds) Application of Infrared to Biomedical Sciences. Series in
BioEngineering. Springer, Singapore. 2017. https://doi.org/10.1007/978-
981-10-3147-2_19.

Pereira CB, Yu X, Czaplik M, Rossaint R, Blazek V, Leonhardt S. Remote
monitoring of breathing dynamics using infrared thermography. Biomed
Opt Express. 2015;6(11):4378-94. https://doi.org/10.1364/BOE.6.004378.
Bennett SL, Goubran R, Knoefel F. Adaptive eulerian video magnification
methods to extract heart rate from thermal video. IEEE International
Symposium on Medical Measurements and Applications (MeMeA).
2016;2016:1-5. https://doi.org/10.1109/MeMeA.2016.7533818.
Soerensen DD, Pedersen LJ. Infrared skin temperature measurements for
monitoring health in pigs: a review. Acta Vet Scand. 2015;57(1):5. https://
doi.org/10.1186/513028-015-0094-2.

Stewart M, Webster JR, Schaefer AL, Cook NJ, Scott SL. Infrared ther-
mography as a non-invasive tool to study animal welfare. Anim Welfare.
2005;14(4):319-25.

Schaefer AL, Cook NJ, Church JS, Basarab J, Perry B, Miller C, Tong AKW.
The use of infrared thermography as an early indicator of bovine respira-
tory disease complex in calves. Res Vet Sci. 2007;83(3):376-84. https://doi.
0rg/10.1016/j.rvsc.2007.01.008.

Néas IA, Garcia RG, Caldara FR. Infrared thermal image for assessing
animal health and welfare. J Anim Behav Biometeorol. 2014;2(3):66-72.
https://doi.org/10.14269/2318-1265/jabb.v2n3p66-72.

Hilsberg-Merz S. Infrared thermography in zoo and wild animals. In:
Flower ME, Eric Miller R, editors. Zoo and wild animal medicine current
therapy, 6. Saunders, Elsevier: St. Louis; 2008. p. 20-33.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Page 18 of 19

Phillips PK, Heath JE. Comparison of surface temperature in 13-lined
ground squirrel (Spermophilus tridecimlineatus) and yellow-bellied
marmot (Marmota flaviventris) during arousal from hibernation. Comp
Biochem Physiol A. 2004;138(4):451-7. https://doi.org/10.1016/j.cbpb.
2004.06.005.

Hodges MR, Tattersall GJ, Harris MB, McEvoy SD, Richerson DN, Deneris
ES, Johnson RL, Chen ZF, Richerson GB. Defects in breathing and ther-
moregulation in mice with near-complete absence of central serotonin
neurons. J Neurosci. 2008;28(10):2495-505. https://doi.org/10.1523/
JNEUROSCI.4729-07.2008.

Dunbar MR, MacCarthy KA. Use of infrared thermography to detect
signs of rabies infection in raccoons (Procyon lotor). J Zoo Wildl Med.
2006;37(4):518-23.

Codde SA, Allen SG, Houser DS, Crocker DE. Effects of environmental
variables on surface temperature of breeding adult female north-

ern elephant seals, Mirounga angustirostris, and pups. J Therm Biol.
2016;61:98-105. https://doi.org/10.1016/j.jtherbio.2016.09.001.

Walcott SM, Kirkham AL, Burns JM. Thermoregulatory costs in molting
Antarctic Weddell seals: impacts of physiological and environmental
conditions. Conserv Physiol. 2020;8(1): https://doi.org/10.1093/conphys/
coaa02.

Vainionpda M, Salla K, Restitutti F, Raekallio M, Junnila J, Snellman M,
Vainio O. Thermographic imaging of superficial temperature in dogs
sedated with medetomidine and butorphanol with and without MK-467.
Vet Anaesth Analg. 2013;40(2):142-8. https://doi.org/10.1111/j.1467-2995.
2012.00768x.

Bonnelycke E-MS, Hastie GD, Bennett KA, Kainerstorfer JM, Milne R, Moss
SEW, Ruesch A, Wu J, McKnight JC. Wearable Near-Infrared Spectroscopy
as a Physiological Monitoring tool for Seals under Anesthesia. Remote
Sens. 2021;13(18). https://doi.org/10.3390/rs13183553.

Horton TW, Hauser N, Cassel S, Klaus KF, Fettermann T, Key N. Doctor
Drone: Non-invasive Measurement of Humpback Whale Vital Signs Using
Unoccupied Aerial System Infrared thermography. Front Mar Sci. 2019;6.
https://doi.org/10.3389/fmars.2019.00466.

Tattersall GJ, Cadena V. Insights into animal temperature adaptations
revealed through thermal imaging. Imaging Sci J. 2010;58(5):261-8.
https://doi.org/10.1179/136821910X12695060594165.

Cilulko J, Janiszewski P, Bogdaszewski M, Szczygielska E. Infrared thermal
imaging in studies of wild animals. Eur J Wildlife Res. 2013;59(1):17-23.
https://doi.org/10.1007/510344-012-0688-1.

Schmitt DL. Proboscidea (Elephants). In: Fowler ME. and Miller RE. (Eds)
Z00 and Wild Animal Medicine. New York, USA: Elsevier Science; 2003. p
541-550.

Benedict FG, Lee RC. The heart rate of the elephant. P Am Philos Soc.
1936;76(3):335-41.

Kock MD, Martin RB, Kock N. Chemical immobilization of free-ranging
African elephants (Loxodonta africana) in Zimbabwe, using etorphine
(M99) mixed with hyaluronidase, and evaluation of biological data col-
lected soon after immobilization. J Zoo Wildl Med. 1993;24(1):1-10.
Rogers LL. The ubiquitous American black bear. In: Parker and Nesbitt
(Eds), North American Big Game. Washington DC, USA: Boone And Crock-
ett Club; 1977. p 28-32.

Blanchet L, Fuchs B, Steen OG, Bergouignan A, Ordiz A, Laske TG, Arnemo
JM, & Evans AL. Movement and heart rate in the Scandinavian brown
bear (Ursus arctos). Anim Biotelemetry. 2019;7(1). https://doi.org/10.1186/
s40317-019-0181-7.

Fuchs B, Yamazaki K, Evans AL, Tsubota T, Koike S, Naganuma T, Arnemo
JM. Heart rate during hyperphagia differs between two bear species. Biol
Letters. 2019;15(1):20180681. https://doi.org/10.1098/rsbl.2018.0681.
Stewart JS. Ratites. In Ritchie BW, Harrison GJ, Harrison LR. (Eds), Avian
Medicine: Principles and Applications. Lake Worth, FL, USA: Wingers
Publishing; 1994. p 1286-1290.

Cabanac A, Cabanac M. Heart rate response to gentle handling of frog
and lizard. Behav Process. 2000;52(2-3):89-95. https://doi.org/10.1016/
50376-6357(00)00108-x.

Price S, Sibly RM, Davies MH. Effects of behaviour and handling on heart
rate in farmed red deer. Appl Anim Behav Sci. 1993;37(2):111-23. https://
doi.org/10.1016/0168-1591(93)90104-W.

Kramer K, van de Weerd H, Mulder A, van Heijningen C, Baumans V, Remie
R, Voss HP, van Zutphen BFM. Effect of Conditioning on the Increase of
Heart Rate and Body Temperature Provoked by Handling in the Mouse.


https://doi.org/10.1093/icb/16.4.699
https://doi.org/10.1073/pnas.221456698
https://doi.org/10.2165/00007256-200333090-00004
https://doi.org/10.2165/00007256-200333090-00004
https://doi.org/10.1016/j.cbpa.2010.09.011
https://doi.org/10.1152/jappl.1964.19.3.497
https://doi.org/10.1152/jappl.1964.19.3.497
https://doi.org/10.1111/j.0269-8463.2004.00821.x
https://doi.org/10.1111/j.0269-8463.2004.00821.x
https://doi.org/10.3389/fmars.2020.581104
https://doi.org/10.1098/rsos.171280
https://doi.org/10.1145/2185520.2185561
https://doi.org/10.1038/s41598-020-74954-5
https://doi.org/10.1186/s12915-019-0716-7
https://doi.org/10.1007/978-981-10-3147-2_19
https://doi.org/10.1007/978-981-10-3147-2_19
https://doi.org/10.1364/BOE.6.004378
https://doi.org/10.1109/MeMeA.2016.7533818
https://doi.org/10.1186/s13028-015-0094-2
https://doi.org/10.1186/s13028-015-0094-2
https://doi.org/10.1016/j.rvsc.2007.01.008
https://doi.org/10.1016/j.rvsc.2007.01.008
https://doi.org/10.14269/2318-1265/jabb.v2n3p66-72
https://doi.org/10.1016/j.cbpb.2004.06.005
https://doi.org/10.1016/j.cbpb.2004.06.005
https://doi.org/10.1523/JNEUROSCI.4729-07.2008
https://doi.org/10.1523/JNEUROSCI.4729-07.2008
https://doi.org/10.1016/j.jtherbio.2016.09.001
https://doi.org/10.1093/conphys/coaa02
https://doi.org/10.1093/conphys/coaa02
https://doi.org/10.1111/j.1467-2995.2012.00768.x
https://doi.org/10.1111/j.1467-2995.2012.00768.x
https://doi.org/10.3390/rs13183553
https://doi.org/10.3389/fmars.2019.00466
https://doi.org/10.1179/136821910X12695060594165
https://doi.org/10.1007/s10344-012-0688-1
https://doi.org/10.1186/s40317-019-0181-7
https://doi.org/10.1186/s40317-019-0181-7
https://doi.org/10.1098/rsbl.2018.0681
https://doi.org/10.1016/s0376-6357(00)00108-x
https://doi.org/10.1016/s0376-6357(00)00108-x
https://doi.org/10.1016/0168-1591(93)90104-W
https://doi.org/10.1016/0168-1591(93)90104-W

Rzucidlo et al. BMC Biology

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2023) 21:61

Altern Lab Anim. 2004,32:177-81. https://doi.org/10.1177/0261192904
03201s29.

Marano G, Grigioni M, Tiburzi F, Vergari A, Zanghi F. Effects of isoflurane
on cardiovascular system and sympathovagal balance in New Zealand
white rabbits. J Cardiovasc Pharmacol. 1996;28(4):513-8. https://doi.org/
10.1097/00005344-199610000-00006.

Picker O, Scheeren TWL, Arndt JO. Inhalation anaesthetics increase

heart rate by decreasing cardia vagal activity in dogs. Br J Anaesth.
2001;87(5):748-54.

Saha DC, Saha AC, Malik G, Astiz ME, Rackow EC. Comparison of cardio-
vascular effects of tiletamine-zolazepam, pentobarbital, and ketamine-
xylazine in male rats. J Am Assoc Lab Anim Sci. 2007;46(2):74-80.

Luong, DH, Cheung, PY, O'Reilly, M, Lee, TF, & Schmolzer, GM. (2018).
Electrocardiography vs. Auscultation to Assess Heart Rate During Cardiac
Arrest With Pulseless Electrical activity in Newborn Infants. Front Pediatr.
2018,6. https://doi.org/10.3389/fped.2018.00366.

Oktivasari P, Haryanto F, Hamidah Salman A, Riandini R, Suprijadi S. A
Real-Time Heart Rate Signal Detection using an Electronic Stethoscope
with Labview. J Biomed Phys Eng. 2020;10(3):375-82. https://doi.org/10.
31661/jbpe.v0i0.1183.

Barroso FM, Carretero MA, Silva F, Sannolo M. Assessing the reliability of
thermography to infer internal body temperature of lizards. J Therm Biol.
2016;62:90-6. https://doi.org/10.1016/j jtherbio.2016.10.004.

McCafferty DJ, Moncrieff JB, Taylor IR. The effect of wind speed and wet-
ting on thermal resistance of the barn owl (Tyto alba). I. Total heat loss,
boundary layer and total resistance. J Therm Biol. 1997,22:253-64.
McCafferty DJ, Gilbert C, Paterson W, Pomeroy PP, Thompson D, Currie

JI, Ancel A. Estimating metabolic heat loss in birds and mammals by
combining infrared thermography with biophysical modelling. Comp
Biochem Physiol A. 2011;158(3):337-45. https://doi.org/10.1016/j.cbpa.
2010.09.012.

Pereira TD, Aldarondo DE, Willmore L, Kislin M, Wang SS-H, Murthy M,
Shaevitz JW. Fast animal pose estimation using deep neural networks. Nat
Methods. 2019;16(1):117-25. https://doi.org/10.1038/541592-018-0234-5.
Su L, Wang W, Sheng K, Liu X, Du K, Tian Y, Ma L. Siamese Network-Based
All-Purpose-Tracker, a Model-Free Deep Learning Tool for Animal Behav-
ioral Tracking. Front Behav Neurosci. 2022;16:759943. https://doi.org/10.
3389/fnbeh.2022.759943.

Hind AT, Gurney WS. The metabolic cost of swimming in marine homeo-
therms. J Exp Biol. 1997,200(3):531-42. https://doi.org/10.1242/jeb.200.3.
531.

Mellish JE, Horning M, York AE. Seasonal and Spatial Blubber Depth
Changes in Captive Harbor Seals (Phoca vitulina) and Steller's Sea Lions
(Eumetopias jubatus). ) Mammal. 2007,88(2):408-14. https://doi.org/10.
1644/06-MAMM-A-157R2.1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1177/026119290403201s29
https://doi.org/10.1177/026119290403201s29
https://doi.org/10.1097/00005344-199610000-00006
https://doi.org/10.1097/00005344-199610000-00006
https://doi.org/10.3389/fped.2018.00366
https://doi.org/10.31661/jbpe.v0i0.1183
https://doi.org/10.31661/jbpe.v0i0.1183
https://doi.org/10.1016/j.jtherbio.2016.10.004
https://doi.org/10.1016/j.cbpa.2010.09.012
https://doi.org/10.1016/j.cbpa.2010.09.012
https://doi.org/10.1038/s41592-018-0234-5
https://doi.org/10.3389/fnbeh.2022.759943
https://doi.org/10.3389/fnbeh.2022.759943
https://doi.org/10.1242/jeb.200.3.531
https://doi.org/10.1242/jeb.200.3.531
https://doi.org/10.1644/06-MAMM-A-157R2.1
https://doi.org/10.1644/06-MAMM-A-157R2.1

	Non-invasive measurements of respiration and heart rate across wildlife species using Eulerian Video Magnification of infrared thermal imagery
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	RGB & IRT video analysis
	Imaging sessions
	Use of infrared thermography versus RGB for vital rate measurements
	Accuracy and precision of IRT-derived physiological measurements
	Precision of vital rate measurements derived from non-invasive imagery
	Characteristics that make an animal a good candidate for using IRT
	Effects of species physical characteristics on accuracy of IRT measurements
	Successful vs. failed use of IRT and characteristics that played a part in errors in RR and HR

	Discussion
	Caveats of IRT-derived measurements
	Future directions

	Conclusions
	Methods
	Study animals
	RGB & IRT video analysis
	Statistics

	Anchor 24
	Acknowledgements
	References


