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Abstract

The growing popularity of wearable devices has
enabled individuals to monitor their health and
offers potential benefits for remote patient monitoring.
However, the reliability of diagnoses provided by
these non-approved medical devices remains uncertain.
This study addresses the problem of assessing the
measurement accuracy of heart rate recordings from
wearable devices in both controlled and uncontrolled
environments.  Previous research has focused on
evaluating accuracy in controlled settings, neglecting
the impact of external factors on device performance.
We conducted a comparative study with ten healthy
individuals, recording heart rates during indoor cycling
and outdoor activities. Participants wore two out of
three tested smartwatches (Apple Watch Ultra, Garmin
Enduro 2, Polar Pacer Pro) alongside a Polar HI0
chest strap as a reference device. Our findings provide
evidence that the Apple Watch Ultra and the Garmin
Enduro 2 are particularly resistant to external factors
that can occur during regular cycling activities.
Keywords: Wearable Devices, Measurement
Accuracy, Heart Rate, Comparative Study

1. Introduction

In recent years, the number of connected wearable
devices has increased rapidly and surpassed the
one-billion-device mark for the first time in 2022
(Research and Markets, 2023). So far, there are
numerous manufacturers on the market whose devices
are designed to record and monitor a wide range of vital
signs (Dunn et al., 2018; Khan et al.,, 2016). These
devices not only provide users with valuable insights
into their health status, but also enable medical staff to
monitor their patients more closely and more frequently
from a distance (Hall et al., 2014; Weenk et al., 2017).
Applications range from simple biosensors to detect
alcohol use disorder to highly complex smartwatches
capable of accurately detecting complicated diseases
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such as atrial fibrillation or COVID-19 through their
multitude of measurement metrics (Ates et al., 2021;
Davis-Martin et al., 2021; Mishra et al., 2020; Perez
et al., 2019). Nevertheless, since most of these devices
are not approved medical devices, the reliability of their
diagnoses is unclear so far.

In recent years, research has thoroughly investigated
the measurement accuracy of various wearable devices,
especially smartwatches. In addition to examining
the accuracy of the step counter as well as the
energy expenditure, the main focus is on evaluating
the measurement accuracy of the heart rate recording
of these devices (Germini et al., 2022; Henriksen
et al., 2018). The experimental setup is always
structured similarly, such that the devices are worn and
subsequently evaluated in a variety of situations and
at different physical stress levels for the test person
(e.g. sitting, walking, jogging, cycling, etc.). In
particular, various versions of the Apple Watch stand out
in many studies due to their high measurement accuracy
(Germini et al., 2022; Gillinov et al., 2017; Hajj-Boutros
et al., 2023; Montalvo et al., 2022).

While these studies provide valuable insights into
the accuracy of the devices under controlled conditions,
they fail to account for the real-world variability
and complexities of everyday life situations. They
were all conducted under controlled conditions where
participants performed steady-state aerobic exercises
on machines like treadmills, stationary bicycles, or
elliptical trainers (Martin-Escudero et al., 2023).
Therefore, they may not accurately reflect the reliability
of the devices in real-life scenarios and fail to
generalize. To the best of the authors’ knowledge,
no study has specifically investigated how external
factors encountered in everyday life can impact the
measurement accuracy of wearable devices.  For
example, when wearing a wrist-worn device during
outdoor biking, factors like bumps in the road or hand
signals in traffic can disrupt the optimal position of the
device on the skin. As these devices are used during
various types of exercise, motion artifacts can introduce
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unwanted interference or noise into the captured signal
(Fine et al., 2021; Martin-Escudero et al., 2023).
It is important to consider these factors to obtain a
comprehensive understanding of the performance of
wearable devices.

In this study, we tackle this research problem
by evaluating the measurement quality of heart
rate recordings from different wearable devices in
a controlled environment against recordings in an
uncontrolled environment while trying to answer the
research question:

To what extent do external factors that occur in
everyday situations influence the accuracy of heart rate
measurement by wearable devices?

We recorded and evaluated the heart rate of ten
healthy individuals (four female, six male) while cycling
indoor on a stationary bike, as well as outdoor in
public traffic. For each recording, the test persons were
equipped with two out of three tested smartwatches
(Apple Watch Ultra, Garmin Enduro 2, Polar Pacer Pro),
as well as a Polar H10 chest strap, which was used as a
reference device.

We found that the Apple Watch Ultra has the highest
overall measurement accuracy, with an agreement of
over 0.998, followed by the Garmin Enduro 2 and
the Polar Pacer Pro. Our results show evidence that
especially the Apple Watch Ultra and the Garmin
Enduro 2 are very robust to external factors that occur
during daily cycling activities. Combining findings
from both controlled and real-world studies, allows
for a more generalizable evaluation of the reliability
and accuracy of these devices. This multidimensional
approach helps to bridge the gap between laboratory
research and real-life application.

2. Related Work

The investigation of the measurement accuracy of
wearable devices has occupied the research community
for several years. Germini et al. (2022) list various
publications in their literature review that deal with the
evaluation of the step counter, the heart rate sensor
and the energy expenditure of various wrist-wearable
activity trackers. Of the 65 studies examined,
however, only nine dealt with the evaluation of heart
rate measurement accuracy. Among the 15 devices
from seven different manufacturers examined, the
performance of the Apple Watch stands out as the best
device with a Mean Absolute Percentage Error (MAPE)
between one and seven percent.

Among the nine studies are those by Dooley et al.
(2017) and Gillinov et al. (2017). The latter investigated
the measurement quality of the heart rates of an Apple

Watch, Garmin Forerunner 225 and Fitbit Blaze in their
study. In addition to a standard electrocardiogram,
they also used a Polar chest strap. Depending on
the type of exercise (treadmill, stationary bicycle or
elliptical trainer), the accuracy varied. The Apple Watch
performed best, followed by the Garmin and the Fitbit
watch, with all watches performing best on the treadmill
and worst on the elliptical trainer.

Dooley et al. (2017) similarly examined the heart
rate measurement accuracy of an Apple, Fitbit,
and Garmin smartwatch among 62 participants (58%
female) from different ethnic populations. The test
persons’ heart rates were evaluated during a 10-minute
seated period, 4 minutes of treadmill exercise at
light, moderate and high intensity level, and another
10-minute seated recovery period against a Polar T31
chest strap. Again, the Apple Watch performed best
with a MAPE between 1.14% and 6.70% followed by
the Fitbit with 2.38% and 16.99% and the Garmin with
7.87% and 24.38% depending on the intensity level.
Furthermore, the Apple Watch tended to underestimate
the heart rate in general while the Garmin Watch showed
a higher heart rate in particular. Several other studies
also found significant differences in the measurement
accuracy of the respective smartwatches at different
intensity levels (Hajj-Boutros et al., 2023; Kim et al.,
2022; Martin-Escudero et al., 2023; Nissen et al., 2022).

However, all of the mentioned studies have
been performed in a controlled environment (e.g.
treadmill, stationary bicycle or elliptical trainer).
Nevertheless, a study by Cosoli et al. (2022) investigates
the measurement accuracy of wearable devices of
swimming athletes. In their study, they evaluated
the effect of movement artifacts and water on the
heart rate measurement accuracy. They examined two
smartwatches (Polar Vantage V2 and Garmin Venu Sq)
against a Polar H10 chest strap during dry conditions
on a treadmill and in the water while swimming. Their
results show that arm movements during swimming,
as well as the water itself, have a significant impact
on the accuracy of the smartwatches. In fact, the
average deviation per measurement point was -18 bpm
for the Polar watch and -57 bpm for the Garmin watch.
However, the influence of everyday disturbance factors
on the measurement accuracy of wearable devices
remains unclear so far.

3. Approach
3.1. Participants

Ten (four female, six male) healthy individuals
consented to participate in this study (see Table 1).
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All test persons are non-smokers and physically fit.
In addition, none of the participants are known to
be taking any medications regarding cardiovascular
diseases. Furthermore, all persons are right-handed,
so wearing the device on the left wrist is considered
as non-dominant wrist and while the right wrist is
considered as dominant wrist.

Table 1. Participants Characteristics.

Characteristic uto Value Range
Age (Years) 32.80 + 15.03 [21; 58]
Height (cm) 170.80 £ 8.13 [160; 190]
Weight (kg) 68.20 + 15.73 [48; 103]

3.2. Procedure

This study aims to assess the accuracy of
heart rate measurements obtained from three distinct
smartwatches.  Each participant underwent a total
of six 20-minute recordings. Three recordings were
conducted indoor on a stationary bike, while the other
three took place outdoor on a conventional bike. To
ensure comparability, given the slight variations in the
duration of participants’ rides, we standardized the data
by extracting a precise 20-minute segment from each
participant’s recording. The end time of such a segment
is always 60 seconds before the recording was stopped
on one of the devices. Accordingly, the start time is
determined to be 20 minutes before the defined ending
of the respective segment. Additionally, this method
effectively eliminates transitional periods, specifically
those occurring right after the devices were attached to
the participant, and just before the devices were removed
from them. In this way, we ensured that 100% of the
examined time window was recorded during the actual
ride.

During one of the recordings, the participants wore
two smartwatches (one on the left wrist and one on the
right wrist) in addition to the Polar H10 chest strap,
serving as a reference device. The smartwatches were
worn alternately, ensuring that exactly two indoor as
well as two outdoor recording sessions were available
for each smartwatch from each participant. For each
of these two recordings, the respective smartwatch was
worn once on the dominant wrist and once on the
non-dominant wrist. In this way, we could analyze
the effect of the hand dominance on the performance
of the smartwatch by comparing the accuracy and
efficiency of the data collected from both wrists. Prior
to a recording, the age, gender, height and weight of
the participants was specified in the settings of the
watches, as well as the wrist on which the watch was

worn during the recording. To establish a realistic
scenario, participants were given no specific instructions
regarding the direction or speed of their outdoor cycling
sessions.

In our study, while we did evaluate wearable devices
that track heart rates, our research design and protocol
ensured that there was no personal or identifiable
information collected from the participants. The devices
were used solely to capture anonymous heart rate
data. Furthermore, participants were informed about
the purpose of the study, and their involvement was
purely voluntary. No interventions or treatments were
applied, making the risk to participants negligible. We
designed our study according to the WMA Declaration
of Helsinki (World Medical Association, 2022).

3.3. Devices

We choose an Apple Watch Ultra, a Garmin
Enduro 2 and a Polar Pacer Pro as our testing
devices. All three watches are from different
manufacturers in the wearable devices market segment
and represent the latest generation of commercially
available smartwatches. While the Apple Watch Ultra
and the Garmin Enduro 2 are high-priced watches, the
Polar Pacer Pro is in the lower to mid-price segment. In
addition, Apple is considered the market leader with a
share of around 30% of global smartwatch shipments,
while Garmin is listed as the fifth largest smartwatch
manufacturer and Polar is relegated to the back of the
market (Counterpoint Research, 2023). To the best of
the authors’ knowledge, no other study has examined
any of these three devices at the time of conducting this
study.

As a reference device we use the Polar H10 chest
strap. It is considered and used as a benchmark in
many studies (Cosoli et al., 2022; Hajj-Boutros et al.,
2023; Montalvo et al., 2022). For all participants, we
attached the chest belt according to the manufacturer’s
recommendations and slightly moistened the electrodes.
All recordings of the corresponding smartwatches have
been evaluated against the recording of the chest strap,
where the heart rate recorded by the Polar H10 was
treated as benchmark.

Reasons for this include the precise heart rate
measurement accuracy of the chest strap, which has
been demonstrated in several studies: Gilgen-Ammann
et al. (2019) investigate in their study the RR interval
signal quality of an electrocardiogram Holter monitor
and a Polar H10 chest strap at rest and during activities.
They observed that the signal quality of the Holter
monitor decreased significantly with increasing activity
level while that of the chest strap remained constantly
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Figure 1. Excerpt of a sample indoor recording (Apple Watch Ultra left, Polar Pacer Pro right).

very high, which is why they recommend the use of such
a chest strap as a reference device for future research. In
their research, Montalvo et al. (2022) came to similar
conclusions and also advocated the use of the Polar
HI10 chest strap if no electrocardiogram is available.
Furthermore, Delgado-Gonzalo et al. (2015) provide
evidence that the measurement accuracy of the chest
strap is also robust enough for outdoor applications.

4. Results
4.1. Data Preparation

To evaluate the accuracy of each device’s heart rate
measurement, the agreement of each smartwatch with
the Polar H10 chest strap was measured using several
metrics. Since the Apple Watch is the only device
that does not record the heart rate every second, we
adjusted the benchmark of the chest strap to the Apple
Watch for the evaluation. In doing so, we determined
the average heart rate of the chest strap between the
previous measurement of the Apple Watch and the
current measurement for each measured value of the
Apple Watch: If there is an Apple Watch measurement
at time ¢, then the chest strap measurement against
which we evaluate the Apple Watch is

1 s—1
X; = ggxt,i7
P

where s is the number of seconds that have passed
since the last Apple Watch measurement and X;_; is the
Polar H10 chest strap measurement ¢ seconds ago. On
average, the interval between two measurements is five
seconds.

4.2. Evaluation

Since we compare the measurements of the other
two smartwatches on a second-by-second basis with
the chest strap, about five times more data points are
evaluated for the Garmin and Polar watch than for the
Apple Watch. Adjusting the two watches to the same
level as the Apple Watch did not show a significant
difference. An excerpt of a sample recording is depicted
in Figure 1.

To determine the level of agreement between a
watch and the Polar H10 chest strap, we calculated
Lin’s Concordance Correlation Coefficient (CCC) and
performed a Bland and Altman (1986) analysis.
Furthermore, we assess the agreement by the CCC
according to McBride (2005) in four categories: Almost
perfect (CCC > 0.99), substantial (0.95 to 0.99),
moderate (0.90 to 0.95) and poor (CCC < 0.90).

Overall, the Apple Watch Ultra has the highest
agreement with the reference device. Both indoors
and outdoors, it achieves an almost perfect correlation
regardless of the side of the wrist on which it is worn
(see Table 2).

The performance of the Garmin watch is similar to
that of the the Apple Watch, but slightly inferior. The
correlation with the chest strap is also almost perfect.
Nevertheless, the dispersion is noticeably higher than
that of the Apple Watch (see Figure 3 (a) and (b)). For
example, the average difference of the Apple Watch is
0.01 and that of the Garmin Watch is -0.45. The standard
deviation upwards and downwards is also significantly
higher than that of the Apple Watch.

The Polar Pacer Pro performs significantly worse
than the other two devices. Following the definition
of McBride (2005) the performance can be classified
as “substantial”. Especially during the tests while the
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Table 2. CCC between the three smartwatches and the Polar H10 chest strap in dependence of the
different scenarios. Cells with a green background highlight high values, while yellow to red color
schemes indicate a lower level of agreement.

Device Indoor Outdoor Overall
Left Right Left Right

Apple Watch Ultra 0.999 0.994 0.998 0.999 0.998

Garmin Enduro 2 0.997 0.996 0.993 0.992 0.995

Polar Pacer Pro 099 | 0863 0989 0.968 0.957
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Figure 2. CCC overall agreement of the different smartwatches to the Polar H10.
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Figure 3. Overall Bland-Altman analysis. Solid line represents the mean heart rate difference while
dashed lines indicate the 95% confidence interval.

participants were sitting on a stationary bike, there are
large differences in the measurements with regard to
wearing the watch on the dominant or non-dominant
wrist across all persons, such that the measurement
accuracy on the dominant wrist can be described as poor.
This effect can also be observed in a weakened form
in the outdoor environment. Although the measurement
accuracy of the Polar watch can generally be classified
as “’substantial”, it still has an average deviation of one
beat per minute per measurement and also a significantly
increased variance. Especially in the range of low heart
rates between 90 and 120 beats per minute, deviations
of up to 70 beats occurred. Moreover, it was observed
that strong deviations occurred particularly frequently
during the first minute after the start of recording.

Except for the outdoor measurements of the Apple
Watch, we find that the watches tend to perform worse
(although usually only insignificantly) on the dominant
wrist than on the non-dominant arm. This might be
due to increased motion artifacts in the dominant arm
(Fine et al., 2021), since the test persons were not
prohibited from taking their hands off the handlebar
during their ride, for example to take a drink or wipe

their sweat with a towel. Since these movements occur
more easily and more frequently on the stationary bike
than outdoor in road traffic, this also explains why this
effect is observed more strongly with the Polar Pacer
Pro indoor than outdoor. Furthermore, other disturbing
factors, such as bumps in the asphalt experienced when
cycling outdoors, do not seem to have a significant effect
on the watches’ measurement accuracy.

5. Discussion and Conclusion

The purpose of this study was to assess the
measurement accuracy of heart rate recordings from
different wearable devices in both controlled and
uncontrolled environments, with a specific focus on
external factors encountered in everyday life situations.
By conducting a comparative study with ten healthy
individuals and evaluating heart rate recordings during
indoor and outdoor cycling, we aimed to bridge the gap
between laboratory research and real-life application of
these devices.

Our findings provide valuable insights into the
measurement accuracy of these devices under real-world
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conditions. The Apple Watch Ultra and Garmin Enduro
2 demonstrated high correlation during regular cycling
activities, both indoors and outdoors. These two
smartwatches exhibited an almost perfect agreement
with the reference chest strap, indicating their reliability
in capturing accurate heart rate measurements. The
Polar Pacer Pro also performed reasonably well,
although it showed slightly lower agreement compared
to the Apple Watch Ultra and Garmin Enduro 2. These
results are consistent with previous studies that have
highlighted the accuracy of Apple Watches in controlled
settings.

While the Apple Watch Ultra and Garmin Enduro 2
boast commendable accuracy, their higher cost presents
a significant barrier to their widespread adoption in
clinical settings. Given that cost-effectiveness is often
a priority in medical environments, medical staff may
hesitate to use these devices for routine heart rate
monitoring, especially when budget constraints are
present. The Polar Pacer Pro, despite its marginally
lower performance, might be perceived as a more
viable option due to its presumably more affordable
price point. Clinicians and decision-makers should
weigh the trade-offs between the accuracy of heart rate
measurements and financial feasibility when selecting
wearable devices for patient care.

Importantly, our study contributes to the current
literature by considering real-world variability and
complexities that could affect the measurement accuracy
of wearable devices. By incorporating outdoor activities
with potential motion artifacts, such as bumps in the
road or hand signals during cycling, we provide a more
comprehensive evaluation of these devices. Our results
suggest that unobserved factors that may occur during
outdoor cycling activities and affect the accuracy of
the devices by interfering with the optimal position
of the device on the skin did not significantly affect
the accuracy of the Apple Watch Ultra and Garmin
Enduro 2. This finding suggests that these devices can
be reliable options for individuals engaging in outdoor
sports or activities with similar motion patterns.

Our results highlight the importance of conducting
studies in real-life scenarios to obtain a comprehensive
understanding of the performance of wearable devices.
While controlled experiments provide valuable insights
into device accuracy, they do not capture the variability
and complexities of everyday life situations. Our
study addresses this gap by evaluating devices in both
controlled and uncontrolled environments, providing a
more generalizable assessment of their reliability.

Our study is not free of limitations: Primarily, the
utilization of a notably small sample size may lack
the necessary statistical power to identify significant

findings. Furthermore, although our study centered
on heart rate recordings during cycling, it does not
encompass a variety of everyday situations. As we
did not explicitly measured external factors, we cannot
ensure that our data encompass the full spectrum of
variations that might affect heart rate measurement
accuracy. For example, since we have recorded our
data on warm summer days, it only includes a narrow
temperature range. This limitation means that our
findings may not reflect all possible everyday situations
and should be taken with caution. Future research
would benefit from examining additional activities and
explicitly measuring a variety of external factors such as
motion artifacts, ambient temperature, hydration levels,
individual fitness levels, and even emotional states and
analyzing their correlation with the accuracy of heart
rate measurement from such wearable devices. This
would contribute to provide a more holistic picture of the
impact of external factors on the heart rate measurement
accuracy of wearable devices.

In conclusion, this study highlights the importance
of evaluating wearable devices in real-life situations
to assess their measurement accuracy and reliability.
Our findings show that both the Apple Watch Ultra
and the Garmin Enduro 2 exhibited near-perfect
performance during cycling activities. It is worth
noting that such activities might plausibly introduce
motion artifacts, even though they were not directly
measured in this research. These devices, therefore,
present a viable option for individuals aiming for
accurate heart rate monitoring during outdoor sporting
engagements. Furthermore, researchers might consider
these devices as potential platforms for the development
of state-of-the-art innovations in health applications,
such as early detection of epileptic seizures or panic
attacks. As wearable technology continues to advance,
further research and development efforts should focus
on addressing the limitations identified in this study to
enhance the overall performance and usability of these
devices in various real-life contexts.
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