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Brief research report:
Photoplethysmography pulse
sensors designed to detect
human heart rates are ineffective
at measuring horse heart rates

Samantha G. Naughton, Claire B. Gleason, Caroline M. Leeth
and Robin R. White*

School of Animal Sciences, Virginia Tech, Blacksburg, VA, United States

This study sought to evaluate the accuracy of a PPG (photoplethysmography)
sensor designed to measure human heart rates in monitoring the distal limb
pulse of healthy adult horses. We hypothesized that the PPG sensor is sensitive to
placement location and orientation, and that measurement accuracies depend
on placement and orientation on the limb. To evaluate this hypothesis, a
completely randomized block design with a factorial treatment structure was
used. Horses were considered as the block. Limb type (right front, left front, right
hind, and left hind) and position of sensor (medial or lateral) were treatments,
with levels arranged in a complete (4x2) factorial design. Data were collected by
placing the PPG sensor on the limb of each horse (n = 6), with placement
location according to the treatment (limb type and location) combination, and
taking pulse readings for 60 seconds. Manual heart rates were collected
concurrently using a stethoscope. Data were analyzed by calculating root
mean square errors (RMSE) for the PPG measurements with the manual heart
rates as a gold standard. Variation in RMSE associated with limb and location of
sensor were evaluated using a general linear model with fixed effects for limb and
location and a random effect for horse. Our results indicated that the PPG sensor
was ineffective at measuring horse heart rates, and that the device was insensitive
to placement location and orientation. Future work should focus on developing
alternative analytics to interpret the data from PPG sensors to better reflect horse
heart rates.
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1 Introduction

The application of wearable technologies in animal health
management is gradually increasing in popularity (Halachmi
et al., 2019; Neethirajan and Kemp, 2021). These sensor devices,
if designed well and implemented properly, can help detect
physiological alterations that could indicate disease, potentially
decreasing economic loss for owners and producers. Unlike
manual measurements which are labor-intensive and may vary in
accuracy due to the evaluator’s training or lack thereof, an ideal
sensor technology should provide reliable, continuous, and real-
time data reflecting the physiological condition of an individual
animal (Neethirajan, 2017). Sensor technology has shown to be
successful in helping improve the welfare of poultry (Zhuang et al.,
2018), pigs (D’Eath et al., 2018), and sheep (McLennan and
Mahmoud, 2019). Useful applications of sensor technology have
also been demonstrated in detecting gait abnormalities and
disruptions in eating behavior of dairy cows (Beer et al., 2016;
Alsaaod et al., 2019; Eckelkamp, 2019). Despite these successes in
livestock species, wearable technologies for the equine industry are
still comparatively limited. This may be due, in part, to challenges
with the practical applicability of sensor technologies, which can
include insufficient sample sizes, technical or equipment issues, and
high sensitivity to external factors (e.g., weather variables, presence
of hair, and between-day variation) (Egan et al., 2019).
Alternatively, the slow adoption could be because horses are still
largely managed as individuals that are (typically) handled and
visually evaluated by their owners or other personnel on a daily
basis. Therefore, the perception may exist that sensor technologies
would be fairly unnecessary in this type of management situation.

One area where sensor technology may be particularly useful to
the equine industry is in heart rate detection. This is because heart
rates are not easily observed visually, and rapid fluctuation of
physiological importance may occur in the short hours between
human interaction. Examples of beneficial applications include
monitoring of recovery from physical exertion (Flethoj et al,
2016) and detecting responses to physical or emotional stress
(von Borell et al, 2007). Heart rate monitoring technologies for
horses exist; however, they typically are focused on core heart rate
determination through sensors attached to equipment leveraged
during exercise (Nery et al., 2018; Williams et al., 2019). The Polar
Equine heart rate monitor has been validated during exercise and at
rest (McDuftee et al., 2019; Frippiat et al., 2021); however, it is fairly
expensive and requires the horse to wear a band around the thorax
much like a girth. Although the majority of currently available
technologies work well for exercise investigation, besides the Polar
system, they are not feasible for long-term, continuous heart rate
monitoring. Photoplethysmography (PPG) technology has been
used to create small, simple, and affordable heart rate sensors that
are well-suited to this continuous monitoring application in cattle
(Salzer et al., 2022), sheep (Cui et al., 2019), and pigs (Youssef et al.,
2020). Since fitness is important in the equine industry, a
continuous heart rate monitor may also be useful in exercise
settings, much like its use in humans for fitness tracking during
workouts as well as day-to-day monitoring. These PPG sensors
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typically use visual and infrared light in the wavelength range of
around 600 to 900 nm to measure blood volume changes in tissue
beds to determine heart rate and pulse oximetry (Tamura et al,
2014; Vilisuo, 2015). Unlike electrocardiograms (ECG) that use
electrodes on patient chests, PPG technology is non-invasive and
low-cost. As such, evaluation of the opportunities to leverage PPG
technology for equine heart rate detection is needed to understand
how placement and preparation of equine PPG sensors may
influence the accuracy of this technology in detecting horse
pulse rates.

The objective of the study was to assess the ability of a wearable
PPG-based sensor originally designed for human heart rate
detection to accurately monitor the distal limb pulse of healthy
adult horses. We hypothesized that the PPG sensor would be
sensitive to placement location and orientation, and that
measurement accuracies would depend on sensor placement
and orientation.

2 Materials and methods
2.1 Animals, husbandry, and data collection

All procedures in this study were approved by the Virginia Tech
Institutional Animal Care and Use Committee. Six randomly
selected horses were used from Virginia Tech’s collegiate
equestrian program herd. Horses ranged in age from 9 to 22. The
sample of horses included geldings (n=5) and a mare (n=1) of
various breeds including two thoroughbreds, two appendix quarter
horses, one warmblood, and one Morab. Prior to enrollment, all
horses in the study were determined to be clinically healthy with no
known or observed signs of cardiac abnormalities. All animals were
housed in Virginia Tech barn facilities, were given water ad libitum,
and offered diets comprised of commercial grain mixes, grass hay,
and grass pasture that were formulated to meet or exceed
requirements (NRC, 2007).

One research assistant attached the PPG-based heart rate sensor
on each given experimental day to avoid inconsistencies in
technique. Evaluations were conducted between the hours of 0900
h and 1500 h in the facility where the horses were housed over a
period of 10 days. During data collection, each horse was restrained
by cross ties to restrict large amounts of movement. Prior to data
collection, all horses had an acclimation period during which a
fetlock exercise boot was placed around their limb. This exercise
boot was similar in size and attachment method to the PPG-based
heart rate sensor and was used to discourage the horses from
reacting excessively to the PPG-based sensor, allowing for more
consistent data collection. The PPG sensor device was positioned
just above the fetlock on the lateral or medial side of each limb
(Figure 1) in order to measure the distal limb pulse for the duration
of data collection. Hair on the horses’ limbs was left unshaved. Eight
readings were taken per horse per day: one reading for the medial
and lateral side of each leg. Each reading was taken for 60 seconds.
Over the course of 10 days, each horse was subjected to a total of 80
readings: 20 readings per limb with 10 readings on each side of the

frontiersin.org


https://doi.org/10.3389/fanim.2023.1103812
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Naughton et al.

FIGURE 1

The PPG-based heart rate sensor attached to a hind limb during
data collection. (A) M5Stack GRAY kit (M5Stack, Guangdong, China),
which has an ESP-32 core and integrated OLED screen used for
data integration and visualization. (B) Attachment of the sensor to
the horse using flexible neoprene with a Velcro strap. (C) USB
charging cable connected to an external battery source.

limb. The heart rate measured by the sensor was compared with the
heart rate measured by a trained technician with a stethoscope at
concurrently with each sensor recording.

2.2 Sensor description

To avoid a rigid structure that could interfere with capillary
pressure, our monitoring system (Figure 1) was constructed using
flexible neoprene with Velcro attachments. This made the PPG
sensor system lightweight, compact, and sturdy. The tightness of
application was industry standard for a boot, and was as close to
uniform as possible among animals. We used a MAX30101 (Maxim
Integrated, San Jose, California) health sensor platform with optical
elements, photodetectors, internal LEDs, and low-noise electronics
with light rejection for PPG sensing. This platform utilizes a triple-
wavelength PPG sensor with green (537 nm), red (660 nm), and
infrared (880 nm) emission wavelengths (Maxim Integrated, 2020).
The sensor operates by emitting light from the LEDs which is
altered by blood pulsation under the skin. The reflected light wave is
then captured by the photodetectors and translated into an
electrical charge (Brazhnikova et al., 2022). Greater blood volume
would cause more light scattering, which would result in a
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proportionally greater voltage output (Vilisuo, 2015). In this
study, the electrical signals obtained from the sensor were
integrated, analyzed, and displayed using an M5Stack GRAY kit
(M5Stack, Guangdong, China), which has an ESP-32 core and
integrated OLED screen used for data integration and
visualization, respectively. Data was stored directly to an SD card.

2.3 Statistical analysis

All data were analyzed in R version 4.1.2 (R Core Team, 2021).
Accuracy of the sensor in estimating heart rate was assessed by way
of the root mean square error (RMSE) and RMSE-observations
standard deviation ratio (RSR) that are given as follows:

1 N
RMSE = \/NE E (HRPPG(k) - HRstethoscope(k))2

RMSE

RSR=
STDEVstethoscope

where N is the total number of observations, and HRppg(k) and
HRqjetoscope (k) are the estimated heart rates measured by the heart
rate sensor and stethoscope, respectively. Both the overall RMSE
and RSR, as well as RMSE and RSR for individual limb and position
measurement units were evaluated. Variation in RMSE associated
with limb and location of sensor was evaluated using a general
linear model with fixed effects for limb and location and a random
effect for horse. Significance was declared at P< 0.05.

To better evaluate whether the sensor system was effective at
classifying horse heart rates (e.g., low, normal, high), we classified
both the measured and sensed heart rates based on whether they fell
within the normal range of 28 to 40 beats per minute (Scott and
Martin, 2016), above, or below the normal range using a random
forest algorithm (Liaw and Wiener, 2002). A confusion matrix was
generated to evaluate these responses using the caret package
(Kuhn, 2022) and five metrics were calculated per class to
evaluate the quality of the sensor classification. These metrics are
given as follows:

N B TP + TN
U = P L IN + FP+ EN
FP + FN
Missclassification = *
TP+ TN + FP + FN
TP
Precision = ———
TP + FP
S itivit L
nsitivity = ————
ISV = TP EN

TN
Speciﬁc lty = m

where TP is the number of true positives, TN is the number of
true negatives, FP is the number of false positives, and FN is the
number of false negatives.

frontiersin.org


https://doi.org/10.3389/fanim.2023.1103812
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Naughton et al.

3 Results and discussion

We evaluated the accuracy of a wearable PPG sensor designed
to detect human heart rates in terms of its ability to detect heart
rates of adult horses. The sensor system leveraged was designed to
be non-invasive, compact, and low-cost. The current costs for the
MAX30101 health system platform ($5.00) and M5 Stack GRAY kit
used for data integration and visualization ($45.00) show promise
for the future application of these devices to be affordable to a range
of consumers. Despite the potential promise in terms of
affordability, however, the PPG-based sensor was ineffective at
measuring horse heart rates (Table 1). This demonstrates that
although similarly designed PPG heart rate sensors have been
applied in other species like cattle (Jun et al., 2013) and swine
(Youssef et al., 2020), using this technology in the equine industry
will require further work. In particular, specific tailoring of the
algorithms to interpret voltage readings from the PPG sensor in
terms of actual pulses of blood though horse capillary beds will be
necessary to enhance the effectiveness of this technology for equine
subjects. The poor coherence between the sensor readings and the
measured heart rates is underpinned by our global RMSE (69.3%),
which suggested the sensor had high error compared with measured
value. In addition to the challenges associated with interpreting
sensor signals in a species-specific manner, some studies indicate
that poor accuracy when using PPG sensors on animals could be
attributed to the inability to keep good contact between the sensor
and animal (Youssef et al., 2020). Improvements on sensor
attachment for horses could therefore also be an important future
research objective to consider.

In addition to poor overall coherence with measured heart rates,
the accuracy of our PPG sensing device was not sensitive to lateral
or medial placement on the limb (Table 2). Sensor-measured and
manually-measured heart rates averaged by sensor orientation and
limb are located in Supplementary Table SI. Although we had
postulated that PPG sensing would be sensitive to placement, our
results suggest that the sensor was ineffective at determining heart

TABLE 1 Descriptive statistics for the comparison of sensor-measured
heart rates and heart rates determined manually.

Measurement’ Value

n 480
Mean observed, bpm 34.6
Mean predicted, bpm 383
RMSE, bpm 19.6
RMSE, % 69.3
Mean Bias, % MSE 10.4
Slope Bias, % MSE 85.5
RSR 4.44

'n, number of observations; bpm, beats per minute; RMSE, root mean squared error of PPG
measurements versus ground truth observations (higher values are undesirable); MSE, mean
squared error of PPG measurements versus ground truth observations; and RSR, RMSE-
observations standard deviation ratio (values > 1 are undesirable).

Frontiers in Animal Science

10.3389/fanim.2023.1103812

rates even when placed in different orientations on the limb. Given
that PPG sensors are difficult to apply in environments that are not
controlled, it was expected that the sensor readings, and thereby
sensor accuracy, would be sensitive to external factors such as
placement location and limb type (i.e., front versus hind). However,
it is possible that the sensitivity of the sensor to these factors was
masked by the poor overall accuracy of the readings and the high
variability among sensor measurements. Other studies of the use of
PPG sensors on non-anesthetized and anesthetized animals help to
further describe this finding. For example, sensors used on
anesthetized pigs in controlled environments had less motion
artifacts in heart rate data compared to those not anesthetized
(Youssef et al., 2020). As such, the high variability among readings
observed in this study could be partially due to motion of the non-
anesthetized horses, which do fidget frequently, even when calmly
standing during restraint. Accounting for variability induced by
horse motion is a challenge that must be addressed by further
research if PPG technology is going to be used as a viable heart rate
monitoring strategy for these animals. Successes in heart rate
monitoring during exercise, both in human technologies
leveraging PPG sensing, and in existing horse technologies,
suggest that with improved data analytics, there will be
opportunity to address this challenge (Hebenbrock et al.,, 2005;
Weiler et al., 2017).

Although prediction of exact heart rates is an ideal goal for PPG
sensing, a minimum viable performance level would require the
ability to identify when a horse’s heart rate extends outside the
normal range. For example, sensing that the heart rate is 85 beats
per minute may be only marginally more useful than being able to
determine that the horse’s heart rate is elevated. We therefore
additionally evaluated whether the heart rate classifications (low,
normal, high) by the sensor had improved coherence with
measured values. Unfortunately, a high error rate was associated
with the sensor’s attempts to distinguish between low, normal, and
high heart rates (Table 3). As such, the precision, accuracy, and
sensitivity of heart rate classification data were poor (Table 4). The
classification-based analysis suggested that the PPG sensor, in its
current form, was not able to reliably classify heart rates as normal,
low, or high. This finding further supports the need for more horse-
specific analytics to interpret and understand PPG data obtained
from equines. PPG sensors for humans are designed to measure
through skin layers that average 1.2 mm (Southwood, 1955). Unlike
humans, horse skin layers are much thicker and can be up to 7.0
mm (Wakuri et al., 1995). This increase in thickness, and the
addition of a hair layer, may dampen the absorbance of light
occurring with capillary bed filling, meaning that the signals
obtained by the PPG sensor readings in horses may be decreased
compared to humans. Other studies indicating high accuracy with
PPG sensor technology on animals may be due to more anatomical
and physiological similarities of their subjects to humans. For
instance, it has been reported that the orientation, thickness, and
vessel distribution in the porcine dermis is like that of humans
which could contribute to better measurement accuracy in pigs (Nie
et al., 2020).

The readings within this study were, on average, higher than
those obtained with the stethoscope (Table 1), suggesting more
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TABLE 2 Fit statistics for the comparison of sensor-measured heart rates and heart rates determined manually when stratified by limb and positioning
on the limb*.

RMSE (%) Slope Bias (% of MSE) Mean Bias (% of MSE)
Lateral Medial Lateral Medial Lateral Medial

LF 93.1 712 58.0 67.8 39.9 30.5
LH 70.1 48.1 69.6 793 27.1 17.7
RE 156.8 1349 442 539 539 445
RH 129.8 107.9 49.1 58.8 488 39.4
SE 364 36.4 402 402 10.6 10.6
P-value

Limb 0.26 0.25 0.32

Side 0.51 0.30 0.33

'RMSE, root mean square error of PPG measurements versus ground truth observations (higher values are undesirable); MSE, mean squared error of PPG measurements versus ground truth
observations.
2LF, left front; LH, left hind; RF, right front; RH, right hind; SE, standard error.

TABLE 3 Confusion matrix for classification of heart rate data given as numbers of observations obtained from a sensor classified into categorical
Low”, and “High” heart rates.

responses reflecting “Normal”,

Prediction
Measurement Class Error, %
Low
Normal ‘ 135 55 22 36.0
Low ‘ 82 43 12 68.0
High 29 11 3 93.0

'Class error, percent error of PPG measurements versus ground truth observations.

TABLE 4 Confusion matrix metrics summary for heart rate data obtained from a sensor classified into categorical responses reflecting “Normal”,
“Low”, and “High” heart rates®.

Measurement Precision Sensitivity Accuracy Misclassification Specificity
Normal 54.9 63.7 52.0 48.0 383
Low 39.5 35.8 59.2 40.8 74.1
High 7.00 8.10 81.1 18.9 88.7

"Precision, proportion (%) of true positives to total positives predicted; Sensitivity, proportion (%) of true positives to total real positives; Accuracy, proportion (%) of correct classifications;
Misclassification, proportion (%) of incorrect classifications; Specificity, proportion (%) of true negatives to total negatives in the data.

peaks within the data being identified as heart beats than were readings resulted in greater residual error for some horses
actually occurring. This elevated number of peaks could reflect  compared to others (Supplementary Table S2). High between-
higher variability due to motion, sensor movement or slippage, or ~ animal variation has been encountered with heart rate sensors in
variability induced by the thicker skin and presence of hair (dos Reis  equines previously (von Borell et al., 2007). Larger sample sizes for
and White, 2022). Future work should isolate these factors and  future work would be advisable, but more meaningful improvement
attempt to train better analytics to convert PPG readings to reliable  of the PPG sensor performance in horses will likely occur through
and robust measurement of equine heart rates. better adaptation of the technology itself for this species. A major

While our experiment was modeled after successful evaluations ~ aim of the present study was to highlight that the manufacturer
of heart rate sensors in other species that utilized 1 to 6 animals (Cui  algorithms used by the PPG sensor are insufficient for application in
etal, 2019; Youssef et al., 20205 Salzer et al.,, 2022), the sampling size ~ horses. Because we were only able to access the heart rate data post-
used (n = 6) may be considered as a limitation of this work. When  hoc, analysis of the raw data generated by the sensor would be a
examined on a per animal basis, it was observed that the sensor  beneficial next step in this investigation.
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4 Conclusions

This study evaluated an inexpensive human heart rate sensor in
terms of its ability to detect heart rates of healthy adult horses at
rest. Although simplistic, practical, and affordable, the designed
sensor was ineffective in accurately measuring horse heart rates.
This could be due, in part, to challenges with the practical
applicability of sensor technologies, including sensitivity to
environmental noise and animal movements. The differences in
horse anatomy compared with humans and other similar livestock
species could also have contributed to the sensor’s poor
performance. Future endeavors of designing PPG sensors that can
accurately detect horse heart rates should focus on better and more
robust data analytics to translate PPG signals obtained from horse
measurements into heart rate observations.
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