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Introduction: This study evaluates the accuracy of iECGs in comparison to the gold standard ECG in adult
patients with congenital heart disease and recommends the appropriate iECG derivation based on the
patient's characteristics.
Methods: In 106 adults (51 female, 55 male) with congenital heart disease, a gold standard 12-lead ECG
was recorded, followed by three iECGs with the Apple Watch series 4, which correspond to Einthoven
leads I, II, and III. Two experienced and independent cardiologists analyzed the time intervals, ampli-
tudes, and polarities of the ECG parameters as well as the rhythm type and correlated the patient
characteristics with the iECG parameters.
Results: The iECG parameters of all three iECG leads correlate strongly with those of the gold standard
ECG, with exception of the P and T wave durations. We demonstrated that the informative value of the
individual iECGs was independent of the patient's characteristics, in particular the heart axis, anatomy,
and situs, even if the quality of the Einthoven III-like derivation was partially inadequate. The automatic
rhythm analysis of the Apple Watch and the heart rhythm classification of a standard ECG analyzed
manually by a cardiologist corresponded in 77%.
Conclusion: iECG recordings of adults with congenital heart disease provide comparable results with
Einthoven recordings I, II, and III of the 12-lead ECG and current data encourage the use of the Apple
Watch not only in patients with structurally normal hearts but also in patients with congenital heart
disease.
© 2022 Indian Heart Rhythm Society. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adult patients with congenital heart disease are at increased
risk for atrial and ventricular arrhythmias [1] due to intense scar-
ring after cardiac surgery that results in macro-reentry tachycardia
[2]. In addition, there is often an early connective tissue disease due
to stretching or chronic pressure or volume load in the presence of
residual lesions [2]. The presence of arrhythmias has been reported
with increased morbidity and mortality in congenital heart disease
patients [3,4].
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Current guidelines recommend regular cardiac follow-up for
these patients [5] including: an assessment of the patient's he-
modynamic status, an electrocardiogram (ECG), and a regular 24-h
Holter ECG [6]. Since these patients are particularly susceptible to
the development of supraventricular arrhythmias and also suffer
from significant morbidity in their presence, early detection and
treatment of these arrhythmias seem to be of particular importance
[7].

The Apple Watch offers a single-channel iECG function in adults
with structurally normal hearts [8e10]. With the increasing spread
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Fig. 2. Principles of electrocardiogram assessment [15].
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of smartwatches such as the Apple Watch [12], recording an Apple
Watch ECG (iECG) in the event of suspected arrhythmia or palpi-
tations can help to provide the doctor with information; the patient
avoids hospital contact and the treatment can be promptly
adjusted.

While the Apple Watch iECG has FDA approval (Food and Drug
Administration) for healthy adults [8e10], there is no data on its
use in patients with congenital heart disease although there are
case reports of cardiac patients who have used their AppleWatches
as an out-of-hospital monitoring facility for cardiac events [5,11].
Adult patients with congenital heart disease represent a very het-
erogeneous patient population in terms of cardiac anatomy
(including single ventricle hearts, right or left heart predominance,
and various degrees of cardiac axis or thoracic situs anomalies) and
the standard recording of an iECG, which is similar to an Einthoven
lead I recording, may not present the optimal recording lead in
some of these patients. In addition, bundle branch block is also
commonly seen in these patients and aggravates the ECG analysis
[13,14].

This study aimed to evaluate if the Apple Watch iECG is inter-
pretable in this patient group and to identify the optimal recording
position with regard to the individual patient's anatomy. A high-
quality iECG would enable adult patients with congenital heart
disease to use such a smartwatch as an event recorder.

2. Methods

This prospective, single-armed study included 106 adult pa-
tients with congenital heart disease, who had presented them-
selves to the outpatient clinic of the Leipzig Heart Center
Department for Congenital Heart Defects for their routine exami-
nation, were eligible to participate and had to give their informed
consent. Patients' privacy was fully respected throughout the study
and their data were treated and analyzed in anonymized coded
form. The ethics committee of the University of Leipzig fully
approved the research project. Patients with mental or motor im-
pairments that would limit their cooperation in the ECG recording
were excluded from the study.

The patient characteristics including age, gender, body mass
index, medical history, andmedicationwere recorded. Medical staff
took a conventional 12-lead ECG of at least 8 s with the GE MAC
5500 HD device (recording speed of 50 mm/s, low-pass filtering of
0.32 Hz, and high-pass filtering of 150 Hz) and immediately after-
ward three iECGs with the Apple Watch 4.1 (WatchOS 5.2.1).

Starting with the Einthoven I-like iECG measurement, the Apple
Watch was placed on the patient's left wrist and the index finger of
the patient's right hand was placed on the button of the Apple
Watch for 30 s, as described in Ref. [10] and shown in Fig. 1. For the
Einthoven II-like iECG measurement, the patient placed the
smartwatch on the lower left quadrant of the abdomen and again
touched the Apple Watch button with the right index finger for
30 s; for the Einthoven III-like recordings the patient placed the
Fig. 1. The positioning of the Apple Watch Series 4 for obtaining leads I, II, and III using the
crown and the positive electrode is on the back crystal of the watch [15].
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smartwatch in the lower left abdomen area again and this time
placed the left index finger on the button of the Apple Watch for
30 s, as shown in Fig.1. All iECGswere saved as PDF files and printed
on A4 size paper for analysis with a recording speed of 25 mm/s.

In all three iECGs and the Einthoven leads I, II, and III of the 12-
lead, two cardiologists from the Department of Pediatric Cardiol-
ogy, who are trained in the analysis and interpretation of ECGs of
congenital heart diseases, classified the heart rhythm and analyzed
the specific parameters of an ECG as shown in Fig. 2.

While the heart rhythm analysis of the iECG was based merely
on the one lead position the strip was recorded, the classification of
heart rhythm from 12-lead ECGwas based on all 12 leads. The heart
rates weremeasuredmanually in the 12-channel ECG and the three
iECG printouts by averaging the cycle length of 5 RR intervals. This
manual determination of the heart rate was chosen for all patients
including three patients who presented with atrial fibrillation. ECG
and iECG recordings were presented to the investigators in a ran-
domized order. The aim was to analyze the amplitude and polarity
of the P wave, the QRS complex and the T wave as well as the in-
dividual times of the P wave, PR interval, QRS complex, QT interval,
and the T wave.

These measurements were made blind from the patient's data.
After the ECG interpretation, demographic data and the medical
history were evaluated.

Statistics: The statistical analysis was carried out with R 4.0.3
including the BlandAltmanLeh 0.3.1 package, IBM SPSS Statistics
(Version 27 für Mac, IBM Corporation, Somers, NY, USA). Mean,
standard deviation, and range were calculated for continuous var-
iables. The individual times, amplitudes, and polarities of the three
iECGs were compared with the respective Einthoven I, II, and III
leads of the 12-lead ECG and analyzed using Bland-Altman analysis,
two-sided paired t-tests, and Pearson's r (with 95% confidence in-
terval using Pearson's product-moment relationship). P-values of
<0.05 were considered significant in two-tailed significance tests.
Pearson correlation coefficients between 0.4 and 0.69 were classi-
fied as “moderate”, between 0.7 and 0.89 as “strong” and between
0.9 and 1 as “very strong correlation” (see Table 1).
Einthoven triangle. In the Apple Watch, the negative electrode is placed in the digital



Table 1
Patient characteristics: Absolute number of patients (valid, missing), mean, standard
deviation (SD), minimum, maximum based on age, height in meter, weight in ki-
lograms and BMI.

Age Height in m Weight in kg BMI

Mean 34 1,72 74,32 25,2
SD 13,22 0,10 17,06 5,00
Minimum 18 1,51 43,8 14,9
Maximum 75 2,04 133,0 39,3

Table 3
Patient characteristics: Absolute numbers and percentage division of congenital
heart disease.

n (%)

Tetralogy of Fallout 24 (22,6)
dextro-Transposition der groben Arterien (d-TGA) 5 (4,7)
levo-Transposition of the Great Arteries (l-TGA) 4 (3,8)
Truncus arteriosus communis (TAC) 2 (1,9)
Univentricular heart 10 (9,4)
Aortic stenosis 18 (17,0)
Atrial septal defect 8 (7,5)
Ventricular septal defect 13 (12,3)
Structural normal heart 22 (20,8)
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3. Results

Patient Characteristics: 106 adults aged 18e75 years were
included. Of these, 51 were female and 55weremale. Their features
are listed in Tables 2 and 3.

Table 4 shows the analysis of the 12-lead-ECGs and iECGs.
It is noticeable that the iECG lead, corresponding to the Eint-

hoven III lead, could not be evaluated in 12 cases. For comparison:
In the two iECG leads, which are similar to Einthoven leads I and II,
there were only 2 recordings each that could not be analyzed. As a
result, the number of pairs of the respective ECG parameters is
overall smaller for lead III, while those for leads I and II are
approximately the same. If one considers the individual correla-
tions of leads I and II, they show comparably similar values except
for T1 amplitude.

Multiple regressions could not reveal any causalities between
patient characteristics (such as age, gender, BMI, type of heart po-
sition, heart anatomy, etc.) and ECG parameters of the individual
leads (such as intervals, amplitudes, polarities). Thus, the ECG pa-
rameters seem to be independent of the patient's characteristics,
especially anatomy, electrical axis, or situs. In addition, there was
basically no relevant interobserver variability in the sense of
measurement deviations > 5e7 ms in duration measurements or
0.2e0.3 mV in amplitude measurements.

Interpretability and classification of heart rhythm: All 106 12-
lead ECGs and 105 iECGs were of sufficient quality for assess-
ment. Due to rapid change between sinus and ventricular escape
rhythm, one iECG could not be classified.

Graphic 1 and Graphic 2 show the distribution of the rhythm
types within the group of manually measured 12-channel ECGs and
automatically diagnosed iECGs.

Comparing the classification of the heart rhythm between
manually defined heart rhythm in 12-lead ECGs and previously
diagnosed heart rhythm in iECGs, the same rhythm was diagnosed
in 82 of 106 (77,4%) pairs, when analyzed by a cardiologist.

The match and mismatch are shown in Table 5.
However, the weakness of the frequency analysis of the Apple

Watch must be addressed here. Because the Apple Watch cannot
recognize an escape rhythm, pacemaker rhythm or VT due to a lack
Table 2
Patient characteristics: Absolute numbers and percentage division of gender, type of
operation, situs, devices and anatomy.

n (%) n (%)

Gender Devices
Female 51 (48,1) None 91 (85,8)
Male 55 (51,9) Pacemaker 11 (10,4)
Type of operation ICD 4 (3,8)
Surgical correction 87 (82,1) Anatomy
Surgical palliation 19 (17,9) Biventricular 96 (90,6)
Situs Single left 7 (6,6)
Levocardy 103 (97,2) Single right 3 (2,8)
Mesocardy 2 (1,9)
Dextrocardy 1 (0,9)
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of algorithms. The smartwatch can only display sinus rhythm, atrial
fibrillation or inconclusive. Therefore, seven pacemaker rhythms
were automatically diagnosed as sinus rhythms. In addition, nine
sinus rhythms were recognized as unclassifiable. To mention is also
that one sinus rhythm was defined as atrial fibrillation.

4. Discussion

This study aimed to evaluate the accuracy of Apple Watch-
generated iECGs in different positions in adult congenital heart
disease patients compared to conventional ECGs and evaluate
possibly influencing factors like anatomy, electrical axis, or situs
anomalies. This study demonstrated that the quality of the iECG
recordings of adults with congenital heart disease resembles that of
the 12-lead ECG without showing any influence on patient
characteristics.

The similarity of the iECGs with the Einthoven I, II, and III leads
was shown in studies by Samol et al. This research group compared
the similarity of iECGs from an Apple Watch Series 4 from 50
healthy probands with the same Einthoven leads from a gold
standard recorded ECG [13]. Further studies with a larger pool of
test persons followed and were able to show that the iECGs
recordedwith an AppleWatch Series 4 were very similar to those of
conventional Einthoven recordings [14].

In contrast to the studies by Samol et al. our study was the first
to quantitatively and qualitatively assess the similarity of the
Einthoven leads I, II, and III recorded by the AppleWatchwith those
of the conventional ECG in patients with congenital heart disease
and showed a strong correlation for all three leads.

Neither heart rate, ECG timing intervals nor amplitudes differed
significantly between the 12-lead ECGs and the iECGs. This is
shown by strong correlations between heart rate, PR interval, QRS
duration, QRS amplitude as well as QT interval and T wave ampli-
tude. The weakest correlations were seen in the P and T waves. One
explanation could be the recording speed of the iECG of 25 mm/s
and ECG filter settings that are unknown to the doctors as these are
a company secret of Apple. The faster recording speed hampers the
assessment of small and shallow deflections such as the P wave.
This observation in particular of the P-wave has also been reported
from other studies with other wireless devices [16e18].

It was also noticeable that the Einthoven III-like iECG could not
be evaluated in 12 cases. The reason for this was simple, as several
patients were not able to physically perform the measure due to
obesity and abdominal circumference.

In contrast, position 1 of the iECG recordings (standard posi-
tioning as advised by the manufacturer) and Einthoven II-like iECG
showed overall good quality and interpretability and they were
independent of influencing factors. This is of particular importance
as one of the main topics of this study was to evaluate the most
suitable positioning of the Apple Watch in adult congenital heart
disease patients.



Table 4
Timing intervals and amplitudes: Table 4 shows the comparison of heart rate, timing intervals and amplitudes in 12 ECG and iECG. SD ¼ standard deviation; green ¼ lead I;
yellow ¼ lead II; red ¼ lead III..

Graphic 1. Percentage distribution of rhythm types of manually measured 12-lead
ECGs
(SR ¼ sinus rhythm; VT ¼ ventricular tachycardia).

Graphic 2. Percentage distribution of rhythm types of iECGs diagnosed automatically
by the Apple Watch
(SR ¼ sinus rhythm).
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Table 5
Match and mismatch between the automatically diagnosed rhythm type of iECGs and the manually measured 12-lead ECG “gold standard”. The matches are marked with red
circles..
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In this study, 77,36% of the iECG rhythms automatically analyzed
by the Apple Watch could be correctly assessed compared to the
heart rhythm classified by a cardiologist from the corresponding
12-lead ECG.

As seen in an earlier study by our group, the automatic iECG
diagnosis by the Apple Watch algorithm is limited to the detection
of sinus rhythm and atrial fibrillation [15]. Currently, the Apple
Watch software is unable to diagnose pacemaker or ectopic
rhythms due to the lack of a suitable algorithm. Therefore, the use
of rhythm analysis should be restricted to patients with sponta-
neous rhythm. Apart from the automatic heart rhythm analysis, it
has to be said that only unipolar stimulation artifacts are visible in
the iECG. Artifacts of bipolar cardiac stimulation cannot safely be
identified even by an experienced cardiologist.

It should also be mentioned that only 3 patients with atrial
fibrillation could be included in the patient cohort. Further studies
are therefore necessary to investigate the question of whether atrial
fibrillation can be reliably detected by an Apple Watch in patients
with congenital heart disease.

With the spread of smartwatches, an easily accessible source of
information on heart health became available. We consider the
smartwatch valuable as an additional diagnostic instrument for
adult patients with congenital heart disease, to document symp-
tomatic arrhythmias by the patient himself. The data can be
transmitted to the attending physician via cell phone for quick
medical advice. Adult congenital heart disease patients should
perform a recording either in the standard position as advised by
the manufacturer or position II as shown above.

In summary, it can be said that the Apple Watch can record
reliable iECGs not only in adults with structurally normal hearts but
also in those with congenital heart disease of any type.

Recognizably, the iECGs cannot replace a gold standard ECG and
therefore patients must be encouraged to attend their follow-up
intervals with their cardiologist.
5. Conclusion

Apple Watch iECG recordings of adults with congenital heart
disease provide comparable results with Einthoven recordings I, II,
and III of the 12-lead ECG and current data encourage the use of the
Apple Watch not only in patients with structurally normal hearts
but also in patients with congenital heart disease.
Limitations

Themain limitation of the current study is the low percentage of
arrhythmias compared to normal sinus rhythm. Therefore, the
current data are limited with regard to the quality of heart rhythm
classification. Furthermore, there is a limitation that iECGs were
recorded at a paper speed of 25 mm/s, while standard 12-lead ECGs
135
were recorded at a paper speed of 50 mm/s, which especially could
have influenced the difference in the interval duration of the P and
Twave between the iECGs and the 12-lead standard ECG. Moreover,
there is a time gap in the recording between the ECG and the iECG,
which in particular could influence the correlation of the heart rate.
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