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monitoring tool for establishing important information for
patients and their doctors.” However, they have also pointed
out that results should be attested by experienced health care
providers. As single-lead ECGs are somewhat concordant but
do not become 100% close to the 12-lead medical standard,
those recordings are not able to replace the visit at the doctor’s
office, especially in patients with preexisting cardiovascular
illness [41].

Furthermore, the aspect of manageability should also be
addressed at this point. In about 5% (4/81) of the trials, we had
a few problems when recording an ECG with the Apple Watch,
so the measurements failed. In significantly more cases (12/81,
15%), difficulties occurred when lying down to find an adequate
arm position in which the ECG is not triggered by action
potentials of muscle contractions. Again, it is advisable to carry
out the measurement at a table in a seated position in order to
provide support for the arms. Contrary to the Kardia Mobile,
the Apple Watch can record the ECG without a smartphone
connection. The visual representation on the watch is simple
and easy to understand.

The question of whether the measurement error of the compact
ECGs increases with increasing heart rate cannot be denied in
total. For all parameters, both for the Kardia Mobile and for the
Apple Watch, we found negative correlations with a weak effect.
Except for the QTcF time of the Kardia Mobile, the results were
also significant. However, it should be kept in mind that most
of the participants were young and athletic, which can have an
impact on their heart rate.

Overall, compact single-lead ECG devices, for example, for the
smartphone or the smartwatch, seem to be a good alternative
to the previous standard 12-lead ECGs in terms of algorithmic
detection of atrial fibrillation and imaging of the ECG wave
[42,43]. Furthermore, the advantage is that the ECG recording
need not take place in the doctor’s office. Further, it can easily
be sent as a PDF file via an email requesting for evaluation by
a specialist personnel. While AliveCor has already conducted
few studies regarding the validity of their ECG products, less
is known about the Apple Watch’s validity for ECG recording.
For example, on the website of AliveCor, a clinical research
section with various peer-reviewed papers is available [44]. The
problem with many of these studies, however, is that they refer
to an “AliveCor device,” which is often not specified in more
detail. AliveCor has several ECG-enabled devices on the market
such as the Kardia Mobile, the Kardia Mobile 6L, or the Kardia
Band for the Apple Watch. Thus, it is unclear in which study
which of the devices were proven for their accuracy and
usability. As described above, the only validation study of the
Apple Watch’s ECG was sponsored and commissioned by Apple
[40]. To our knowledge, another representative validation of
the device in its ECG function is not available. Thus, further
empirical research is needed.

Given the fact that the available consumer technology is
proceeding rapidly, the number of smartphone apps and gadgets
for recording, visualizing, and evaluating physical performance
as well as health data is constantly growing. The greatest effort

of such smart devices as the ones used in this study is that they
are innovative, reliable, and time- and cost-efficient. Although
the mobile compact ECGs seem not to fulfill the validity criteria
as medical or clinical diagnostic device, they have a high
practical usage potential. The most beneficial or practical use
of this new health technology is to be found in home-based
health care, especially in terms of cardiovascular disease
prevention and health monitoring in everyday life. This is in
line with the findings of the increasing number of studies
examining the effects of mobile health interventions [45,46].
Finally, some could assume that the role of artificial intelligence
systems in health technology (such as the QTc Tracker app used
here) will also be greatly increased in the future [47].

Limitations
There are some constraints limiting our study. As only healthy
and mainly young adults took part in this study, the results might
be to some extent limited and not generalizable. Further, we
assessed the individuals’ ECGs comprehensively but did not
include parameters such as the P- or T-wave in our analysis.
Therefore, future studies should investigate these parameters
as well as the measurement error in dependence on the pulse
rate. Further, clustering participants according to a pulse range
or to age groups would be interesting. We validated the mobile
ECGs in a lying, resting position. Regarding their practical
usability, comparable measurements during or after exercising
are required. Finally, from a methodological perspective, it
should be mentioned that the observed correlations and their
statistical significance are limited. Although high correlations
are positive findings, they do not necessarily indicate high test
accuracy. In line with previous research, we relied on Cohen
classification, but his suggestions on acceptable correlations
and effect sizes were based on his research in the social sciences,
that is, when assessing physiological functions or bioelectrical
signals where the value of correlations is discussable.
Furthermore, there is a potential bias from multiple comparisons.
The most useful and informative data to rely on when
determining acceptability of the testing mechanisms rather seem
to relate to the Bland-Altman plots. Thus, with regard to a
comprehensive methodological and analytical approach as well
as in order to strengthen the measurements’ concordance, the
combination of correlative or regressive with Bland-Altman
analyses is recommended.

Conclusions
In medicine and science, 12-lead ECGs are the gold standard
for cardiovascular diagnostics. As their usability is quite
extensive and, beyond that, the technological progress offers
smart time- and cost-efficient tools, consumers prefer mobile
ECGs in nonclinical conditions. In this study, we thus validated
the single-lead ECGs of the Kardia Mobile and the Apple Watch
4. Besides single-digit deviation from the 12-lead reference,
concordant ECGs were recorded. To conclude, mobile compact
ECGs are an innovative and reliable approach, especially in
terms of cardiovascular disease prevention and health monitoring
in everyday life. However, to date, they seem not to fulfill the
validity criteria as a medical or clinical diagnostic device.
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