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Abstract: The market for wrist-worn devices is growing at previously unheard-of speeds. A conse-
quence of their fast commercialization is a lack of adequate studies testing their accuracy on varied
populations and pursuits. To provide an understanding of wearable sensors for sports medicine,
the present study examined heart rate (HR) measurements of four popular wrist-worn devices,
the (Fitbit Charge (FB), Apple Watch (AW), Tomtom runner Cardio (TT), and Samsung G2 (G2)),
and compared them with gold standard measurements derived by continuous electrocardiogram
examination (ECG). Eight athletes participated in a comparative study undergoing maximal stress
testing on a cycle ergometer or a treadmill. We analyzed 1,286 simultaneous HR data pairs between
the tested devices and the ECG. The four devices were reasonably accurate at the lowest activity level.
However, at higher levels of exercise intensity the FB and G2 tended to underestimate HR values
during intense physical effort, while the TT and AW devices were fairly reliable. Our results suggest
that HR estimations should be considered cautiously at specific intensities. Indeed, an effective
intervention is required to register accurate HR readings at high-intensity levels (above 150 bpm). It
is important to consider that even though none of these devices are certified or sold as medical or
safety devices, researchers must nonetheless evaluate wrist-worn wearable technology in order to
fully understand how HR affects psychological and physical health, especially under conditions of
more intense exercise.

Keywords: heart rate; wearables; physical exertion; exercise prescription; digital health; monitoring;
photopletismography; accuracy; medical devices

1. Supporting Information

Figure S1 represents the HR measurements provided by the four wrist-worn devices,
the Fitbit Charge (FB), Apple Watch (AW), Tomtom runner Cardio (TT), and Samsung G2
(G2), for the eight athletes compared to the reference ECG data in the two different tests
on the treadmill and the cycle ergometer at all exercise intensities. In all the graphs, the
reference curve is the black one, related to the ECG data, which is considered the benchmark
of the test. The blue and green lines correspond to the tested devices. The differences with
the ECG data have been marked by error bars.

Bioengineering 2023, 10, 254. https://doi.org/10.3390/bioengineering10020254 https://www.mdpi.com/journal/bioengineering

https://www.mdpi.com/article/10.3390/bioengineering10020254?type=check_update&version=1
https://doi.org/10.3390/bioengineering10020254
https://doi.org/10.3390/bioengineering10020254
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0000-0003-1431-8493
https://orcid.org/0000-0003-2800-150X
https://orcid.org/0000-0001-9853-6257
https://orcid.org/0000-0002-5177-1441
https://orcid.org/0000-0003-4671-6242
https://doi.org/10.3390/bioengineering10020254
https://www.mdpi.com/journal/bioengineering


Bioengineering 2023, 10, 254 2 of 4

a) b)

c) d)

e) f)

g) h)

Figure S1. Wristband measurements for the 8 athletes compared to the reference ECG data in the two
different tests: a) and b) treadmill; c), d), e), f), g), and h) cycle ergometer.

The HR rises steadily according to the athlete´s increasing effort intensity during the
test. The accuracy root mean square (Arms) is calculated for all devices. Panel a) shows
the performance of the FB and the TT in the treadmill test for the volunteer 00. It can be
seen that the accuracy of the TT is higher that the FB, with Arms values of 3.15 and 7.87,
respectively. Panel b) displays the performance of the FB and AW for volunteer 07. In this
case, the accuracy of the FB is higher than the AW, with Arms values of 15.65 and 18.34,
respectively. This difference can be caused by motion artifacts and different positions of the
device in the dominant or nondominant wrist during the test on the treadmill.

The performances of the FB and TT in the cycle ergometer test for volunteer 01 are
shown in panel c). As in panel a), the accuracy of the TT is higher than FB, with Arms values
of 3.51 and 36.31, respectively. Let us also remark that, as other studies have reported, the
FB device is quite sensitive to motion artifacts in a cycle ergometer test [1]. The AW and
FB in the cycle ergometer test are compared in panels d), e), and h) for volunteers 02, 03,
and 06. In all three cases, the AW demonstrated a higher accuracy than FB with lower Arms
values.
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The AW and G2 are compared in panels f) and g) for volunteers 04 and 05. In both
cases, the AW again demonstrated higher accuracy than the G2. The low performance of
the G2 device is particulary remarkable, as it shows quite high values of the Arms, especially
at the end of the tests with higher HRs.

a) b)

c) d)

e) f)

g)

Figure S2. Scatterplots showing simultaneous HR measurements from ECG (x-axis) compared with
each device (y-axis) in the different tests. The Spearman’s rank correlation, R, is shown for each case.

For a deeper analysis of the differences between each device and the ECG, Figure
S2 displays scatterplots showing simultaneous HR measurements from the ECG (x-axis)
compared with each device (y-axis). In order to compare the different tests and devices,
the Spearman’s rank correlation, R, has been calculated for each device and test. As can
be seen, the AW and TT present the highest R values for each test. The FB presents a low
correlation with R=0.77 in the cycle ergometer test, while G2 shows a negative and very
low correlation with R=-0.11.
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Abbreviations
The following abbreviations are used in this manuscript:

HR Heart Rate
bpm beats per minute
ECG electrocardiogram
FB Fitbit Charge
AW Apple Watch
TT Tomtom runner Cardio
G2 Samsung G2
Arms accuracy root mean square
R Spearmean’s rank correlation
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