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Aims: Assessing the effectiveness of novel bio-sensing technology (CardiacSense), for

accuracy and reliability of automatic detection of life-threatening arrhythmias.

Methods and Results: This prospective study consisted of Eighteen patients (13

males and 5 females, mean age 59.4 ± 21.3 years) undergoing induction of ventricular

tachycardia/fibrillation or provocation of transient ventricular asystole. We tested the

detection of provoked ventricular arrhythmias by a wrist-worn watch-like device which

uses photoplethysmography (PPG) technology to detect the cardiac rhythm. We used

simultaneous electrocardiographic (ECG) recordings as gold standard for arrhythmia

definition and confirmation of beat-to-beat detection. A total of 1,527 QRS complexes

were recorded simultaneously by ECG and PPG. The overall correlation between the ECG

(R-R intervals) and the PPG (G-G intervals) was high, with a correlation coefficient of R =

0.949 (p< 0.001). The device accurately detected all events of mimicked life endangering

arrhythmias, including five events of transient (adenosine-induced) ventricular asystole

as well as seven episodes of monomorphic ventricular tachycardia and 6 events of

ventricular fibrillation.

Conclusion: This proof-of-concept study suggests that wearable devices using PPG

technology, currently used to detect atrial fibrillation, may also have a role as automatic

detectors of life-threatening arrhythmias.

Keywords: cardiac arrest, automatic arrhythmia detectors, photoplethysmography, ECG, sudden cardiac death

INTRODUCTION

Out of hospital sudden cardiac death (SCD) is very commonworldwide and accounts formore than
5% of all crude mortality in the United States (1). Despite advances in the treatment and prevention
of heart disease, the outcome of patients experiencing sudden cardiac arrest (SCA) remains poor,
with rates of survival to hospital discharge ranging from 1.3 to 20.7% (2).

A major predictor of prognosis in SCA is response time, provision of cardiopulmonary
resuscitation and a witnessed event (3). It is therefore imperative to shorten as much as possible
the time to detection of SCA for an immediate initiation of CPR and preforming defibrillation as
soon as possible (4). This need is emphasized in the American Heart Association cardiopulmonary
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resuscitation guidelines as the first link in the “out of hospital
chain of survival” is “recognition of cardiac arrest and activation
of the emergency response system” (4). Improving this link is
crucial and most approaches are focused on public education of
recognizing a cardiac arrest and initiating CPR (4). However, a
vast percentage of SCA occurs during sleep or unwitnessed, thus
making bystander early recognition impossible and significantly
lowering chances of CPR success (5).

A continuous heart-rate monitoring device, comfortable
enough to be worn all of the time and reliable enough to detect
potentially life-threatening arrhythmias, could trigger the alarm
that would start the chain of survival thus offering a better
prognosis when a SCA occurs. We report here of our study with
such a device, that uses photplatysmogrphy (PPG) technology,
tested on patients with induced arrhythmias in a controlled
setting as surrogate for life-threatening ventricular arrhythmias.
Of note, heart-monitors using PPG technology are already in use
for the detection of atrial fibrillation (6–11). However, to the best
of our knowledge, this is the first time that the ability of a PPG-
based “heart-watch” for detecting potentially life-threatening
arrhythmias is reported.

METHODS

Study Design and Patient Selection
This is a single-center, prospective study, assessing the
effectiveness of novel bio-sensing technology (CardiacSense),
for accuracy and reliability of automatic detection of life-
threatening arrhythmias. The same PPG devices have been used
to continuously detect sinus rhythm in ambulatory volunteers (7)
and for the automatic detection of atrial fibrillation in patients at
rest (6).

The study-group consisted of consecutive patients undergoing
electrophysiological studies (EPS) or defibrillator implantation
[with ventricular tachycardia/fibrillation (VT/VF) induction]
or ablation procedures that included adenosine injection
(provoking transient ventricular asystole). The study was
approved by our Institutional Review Board (IRB number TLV
0066-16). All patients provided informed consent. Importantly,
all the electrophysiologic studies performed during the course
of the study, and all the attempts to provoke arrhythmias
during the course of these procedures, were clinically indicated.
For example, intravenous injection of high doses of adenosine
(invariably provoking transient ventricular asystole due to sinus
arrest or transient atrioventricular block) is standard practice
during ablation of atrial fibrillation to test for pulmonary
vein reconnection.

The Bio-Sensing Technology
(CardiacSense)
The CardiacSense is a wrist-worn watch-like device, specifically
designed to detect cardiac arrhythmias. PPG is a simple optical
technique that can be used to detect blood volume changes in the
microvascular bed of tissues. Using this technology, it is possible
to accurately detect the pulse rate and pulse pressure on a beat-
by-beat basis. PPG is used for atrial fibrillation detection by other
manufacturers, including the Apple Watch (8–11).

The algorithm that detects a life-threating arrhythmia is based
on two parameters: The first is the length of the RR interval
(recorded as simultaneous interval between consecutive PPG
signals, termed G-G interval), in order to detect episodes of
predefined extreme bradycardia or tachycardia. The second,
uses the signal to noise ratio of the PPG measurements, which
correlates with the pulse pressure and thus correlate with cardiac
output and tissue perfusion pressure. Prospective participants
underwent simultaneous, continuous PPG (CardiacSense watch
placed on the wrist) and ECG recordings during the entire
procedure. The ECG recording was the gold standard used
for analyzing the simultaneous PPG recording. Specifically, all
cardiac intervals in ECG recordings (denoted as R-R interval)
are compared with the quasi-simultaneous (delayed by a few
milliseconds) PPG signals (denoted as G-G intervals) (Figure 1).
Time to detection of cardiac arrest was set arbitrarily at 8 s
to prevent false negative alert due to effect of rapid pacing
or ventricular extrastimulation at the time of VT provocation
during the EPS procedures.

Statistics
All data is summarized and displayed as number (and
percentage) for categorical variables. Differences between RR
and GG intervals was compared using the paired sample t-
test. Accuracy was determined using the Pearson correlation
test. Significant p-values were considered when p < 0.05.
All calculations were done using SPSS v.24 from IBM,
Armonk, Virginia.

RESULTS

Study Population
Eighteen patients (13 males and 5 females, mean age 59.4 ± 21.3
years) participated in the study of simulated cardiac arrest events
that were recorded with simultaneously with PPG and ECG
(Table 1). The events simulating life-threatening arrhythmias
included seven events of VT during electrophysiological studies,
seven events of induced VF during defibrillator implantation
and five events of transient ventricular asystole provocation
adenosine injection.

Detection of Ventricular Tachycardia and
Ventricular Fibrillation by the Device
During electrophysiological studies and defibrillation threshold
testing (DFT), 7 VT events and 6 VF events were induced, all
of which were detected by the PPG algorithm. Representative
examples are shown in Figure 1. However, the VF events and one
event of fast monomorphic (presumably hypotensive) VT, were
detected as “asystole” rather than as very rapid tachyarrhythmias.

Detection of Asystole by the Device
Adenosine test provoked 5 transient ventricular asystole events,
all of which were detected by the PPG algorithm. Representative
examples are shown in Figure 1D.
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FIGURE 1 | Simultaneous PPG and ECG recordings during provoked arrhythmias. In all panels, the red dots denote the timing of automatic detection of a QRS

complex (R-R intervals) or a PPG signal (G-G intervals). The interval between red dots dictates the R-R (and G-G) interval that is automatically detected and annotated

as beat-to-beat heart rate in beats/min. (A) shows the induction of monomorphic VT with programmed ventricular stimulation. The first 6 complexes are ventricular

paced beats with a basic cycle length of 600 msec. All these beats are appropriately detected by PPG, with a heart rate of 100 beats/min in the ECG recorder and 98

−102 betas/min in the PPG recorder. Then there are 3 beats of ventricular extrastimulation with very short coupling interval. Only one of these 3 extrastimuli is

detected by PPG. This is followed by an induced fast sustained VT (ventricular rate 210 beats/min). Except for the initial 9 beats of VT, almost all subsequent cardiac

beats are also detected with a rate >200/min by PPG signals. (B): Spontaneous ventricular tachycardia with a rate of 215 beats/min that terminates spontaneously

after 10 s. All sinus complexes and all VT complexes detected by the ECG are also detected by PPG. Note the immediate decrement and subsequent alternans in

PPG amplitude during VT, reflecting the reduced cardiac output during VT. Nevertheless, there is appropriate detection of VT by the PPG recorder. (C): Induction of VF

during ICD implantation. During sinus rhythm, eight beats of ventricular pacing are followed by a low energy shock delivered on the T-wave to induce VF that is

eventually terminated by the ICD shock. The VF is falsely detected as “asystole” by PPG. (D): Induced transient complete AV block provoked by adenosine and

leading to 9 s of ventricular asystole. The prolonged ventricular asystole, as well as shorter subsequent pauses, are correctly detected by PPG.

TABLE 1 | Baseline characteristics, n = 18.

Variable

Age–mean (SD) 59.4 (21.3)

Male gender 13 (72.2)

DM 4 (22.2)

HTN 8 (44.4)

EF% mean (SD) 48.63 (12.71)

AF 6 (33.3)

Brugada syndrome 3 (16.6)

DFT after ICD implant 5 (27.7)

Measuring Accuracy of the PPG Detection or RR

Interval Length
A total of 1,527 QRS complexes were recorded simultaneously
by ECG and PPG during EPS, out of which 522 (34.2%) were
recorded during procedures involving adenosine testing for
provocation of asystole, 320 (20.1%) during procedures involving
VF provocation and 685 (44.9%) during VT provocation. The

overall correlation between the R-R and the G-G intervals was
high, with a correlation coefficient of R = 0.949 (p < 0.001).
There was a small but statistically significant difference between
RR and GG intervals: the former being, as a group, shorter than
the simultaneously recorded G-G intervals by 16.9± 209 msec, p
= 0.002. Of note, these results do not apply to the VF and rapid
VT episodes that appeared as “asystole” in the PPG recorder.

Measuring Accuracy of Cardiacsense Detection

Algorithm
Out of the 18 events of cardiac arrest, all were detected by
the PPG algorithm yielding a sensitivity of 100%. However,
all VF episodes and one episode of rapid monomorphic VT
were detected as “asystolic arrest” (rather than tachyarrhythmia-
related arrest) due to absence of minimal amplitude PPG signals
during tachyarrhythmias causing low- or no cardiac output.

DISCUSSION

This proof-of-concept study suggests that wearable devices using
PPG technology, currently used to detect atrial fibrillation (6–11),
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may also have a role as automatic detectors of life-threatening
arrhythmias. PPG-based heart-watches, like the Apple watch,
have already been used to detect atrial fibrillation in large-scale
studies (9, 11). We therefore speculated that the same devices
could prove to be of use for the automatic detection of life-
threatening ventricular arrhythmias.

Automatic arrhythmia detectors could draw the attention of
household members (or individuals nearby in public places)
with visual and audible alarms. The device could not only
alert bystanders to an event of serious nature but could also
instruct them to preform CPR, as this is often delayed even in
populated settings. Furthermore, automatic arrhythmia detectors
could communicate via mobile phone or Wi-Fi with Emergency
Medical Services, providing them with PPG recordings of the
event and with the patient’s exact location. Automatic detectors
of life-threatening arrhythmias could ultimately be designed
to interact with drone networks delivering automatic external
defibrillator (EAD) devices. A remaining concern remains the
issue of false alarms.

The possibility of excessive false alarms must be addressed.
With the newest generation of the Apple-Watch, which offers
the possibility of ECG confirmation after automatic detection
of atrial fibrillation by PPG sensors (also available in the device
tested here), there were no events of false-positive detection
of atrial fibrillation (9). To our knowledge, the Apple-Watch
has not been used for detection of life-threatening arrhythmias.
In a recent study of healthy volunteers who tested the present
PPG-signal detector (using simultaneous Holter recordings as
gold standard) while walking and/or performing daily activities,
0.7% of PPG recorded beats could not be matched to ECG
re- corded beats and were considered false-detected (7). The
issue of false alarms has been addressed by investigators of the
wearable defibrillator, where a false alarm could actually trigger a
painful inappropriate shock (12).When the wearable defibrillator
senses a fast cardiac rhythm in the “VF zone,” it sounds an
audible alarm. True VF is assumed to lead within seconds to
loss unconsciousness. In contrast, patients with false-positive
detection of VF can press a “shock-hold” button that will prevent
the delivery of inappropriate shock for as long as the patient
remains consiuous thus holding the button. Similar strategies for
dealing with potential false alarm detections could be adopted for
devices like CardiacSense. In the event of an automatic detection
of a “life-threatening arrhythmia,” the patient would be prompted
(by vibratory alarm) to perform an ECG via the same watch (as
done in the Apple Watch). This ECG would prove or disprove
the arrhythmia detection.

Our study has several limitations. The number of arrhythmic
events tested was small. However, as a proof of concept,
and knowing that each ECG signal triggers cardiac output
that, in turn, triggers a PPG signal, it is fairly clear that
additional arrhythmic events will add little information. A
more important limitation relates to the fact that all patients
were studied while resting, sedated, in a supine position.
It remains to be demonstrated that arrhythmia detection
is reliable in ambulatory and active patients. However, this
particular PPG sensor has been shown to detect cardiac
rhythm with fair accuracy in ambulatory patients in sinus
rhythm (6). Finally, hypotensive VT and all VF events were
misdiagnosed as “bradyasystolic arrest.” The last limitation
is acceptable because the sequence of events that should
follow any alarms triggered by “cardiac arrest detection,”
regardless of the arrhythmia causing it, should ultimately lead
to the deployment of AEDs designed to distinguish between
shockable and non-shockable ventricular arrhythmias during
cardiac arrest.

CONCLUSION

The results of this proof-of-concept study suggest that PPG-
based arrhythmia detectors, currently in use for the detection of
atrial fibrillation, could be of use of the immediate detection of
life-threatening arrhythmias.
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Background: Given the rapid innovation of wearable technology,

additional physical indicators can be detected, and blood pressure

(BP) has become the focus of many emerging medical-device

manufacturers. This study aimed to validate the accuracy of the

newly developed HUAWEI WATCH in BP monitoring, according to the

American National Standards Institute/Association for the Advancement

of Medical Instrumentation/International Organization for Standardization

(ANSI/AAMI/ISO 81060-2:2018) guidelines.

Materials and methods: The same arm sequential BP measurement

was applied. One validation included four reference BP measurements

taken simultaneously by two independent observers using a mercury

sphygmomanometer, alternating with three test-watch measurements. Each

test-watch measurement was compared against the average of the previous

and subsequent reference BP readings. Two criteria were required for

validation: (1) a mean BP difference of 5 mm Hg or less, with a standard

deviation (SD) of 8 mm Hg or less for systolic blood pressure (SBP) and

diastolic blood pressure (DBP) in the 255 pairs of measurements, and (2) an

SD for the of 85 averaged BP differences within the threshold defined by

the mean test-reference BP difference listed in the ANSI/AAMI/ISO 81060-

2:2018 guidelines.

Results: The mean age of the 85 participants was 48 ± 18 years (range:

21–85), and 53 (62.4%) were male. The mean differences between the test

and reference BPs were -0.25 ± 5.62 mm Hg and -1.33 ± 6.81 mm Hg for
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SBP and DBP, respectively (according to Criterion 1). The mean differences

between the test BPs and reference BPs were -0.25 ± 5.00 mm Hg and

-1.33 ± 6.31 mm Hg for SBP and DBP, respectively, according to Criterion 2.

Conclusion: Blood pressure measurement using the HUAWEI WATCH showed

excellent consistency with reference BPs, and fulfilled both validation criteria

of the guidelines, show its promise as a wearable device for BP self-

monitoring.

KEYWORDS

smart watch, blood pressure, digital health, wearable device, validation

Introduction

Hypertension is one of the most important preventable
causes of premature morbidity and mortality. It affects more
than 1 billion persons globally, and accounts for 10 million
deaths worldwide per annum (1). The accurate measurement
of blood pressure (BP) is essential in the management of
hypertension, which requires a standardized procedure and a
validated device.

Out-of-office BP measurement is widely used and
recommended by both European and American guidelines (2,
3), for the following reasons. Out-of-office BP measurements are
usually lower than conventional office BP measurements, which
may reduce or eliminate the “white-coat” effect. Out-of-office
BP measurements provide BP data that are more reproducible,
which may be helpful in detecting “masked hypertension.”
Out-of-office self-monitoring BP may have a beneficial effect on
medication adherence and BP control (4–6). Out-of-office BP
is more closely related to hypertension-mediated organ damage
(7), and it is a better predictor of cardiovascular morbidity and
mortality than office measurements of BP (8). Out-of-office
BP measurements are typically taken early in the morning and
at bedtime, as daytime BP level is often overlooked. Although
recent studies have found that daytime stress at the workplace
may increase BP, the prevalence of hypertension has been found
to be high at the workplace, while awareness and control of it is
poor (9, 10). Therefore, a portable BP device that can monitor
BP anywhere and anytime may help to improve the condition.

Wearable devices are widespread, and an increasing
number of adults are using smartwatches or wrist-worn
fitness bands. Many physical indicators, such as heart rate,
heart rhythm, electrocardiogram, oxygen saturation, and
sleep can be detected using wearable devices (11), but BP
cannot be accurately measured using a wearable device.
Watch-based BP measurement equipment can be a great
convenience to the user. The newly developed HUAWEI
WATCH (HUAWEI Technologies Co. Ltd., Shenzhen, China)
is equipped with a BP measuring function, and to our

knowledge, it is the first smartwatch equipped with a BP
measurement function. Therefore, the present study aimed
to validate the accuracy of the HUAWEI WATCH in BP
monitoring according to the guidelines of the American
National Standards Institute/Association for the Advancement
of Medical Instrumentation/International Organization for
Standardization (ANSI/AAMI/ISO 81060-2:2018) (12).

Materials and methods

Study subjects

This study was conducted and reported following the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement. This study was approved
by the ethics committee of our institution, and all of
the participants gave their informed consent to participate.
The clinical trial registration number is ChiCTR2000040197.
Participants were recruited as volunteers, and the inclusion
criterion was age ≥18 years. The exclusion criteria were:
(i) arrhythmia, inaudible phase V Korotkoff sounds to
determine the DBP, (ii) inability to cooperate with blood
pressure measurements, and (iii) a wrist circumference
of <13.0 cm or >20.0 cm.

Features of the device

The newly developed HUAWEI WATCH is equipped with
a BP measuring function (Figure 1). The BP measurement of
the WATCH is based on oscillometry, which involves using a
micro-pump and a detachable cuff. Two cuffs of different sizes
are provided to accommodate different wrist circumferences.

The measurement range of the HUAWEI WATCH is 60–
230 mm Hg for systolic BP (SBP) and 40–160 mm Hg for
diastolic BP (DBP). It analyzes the pulse wave detected during
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FIGURE 1

Illustration of the HUAWEI WATCH.

inflation using an algorithm for determining the SBP and DBP;
the algorithm is proprietary and cannot be disclosed at this time.

Blood pressure validation

The same arm sequential BP measurement was applied in
accordance with the ANSI/AAMI/ISO 81060-2:2018 guidelines.
The measurements were taken in a quiet room, after a 5-min
rest period. During the process, the participants remained quiet
with their legs uncrossed in a sitting position. One validation
included four reference BP measurements (R1-R4), alternating
with three test-watch measurements (R1-T1-R2-T2-R3-T3-R4),
as shown in Figure 2.

The reference BP measurements were taken simultaneously
by two independent observers using a Y-tube and a
calibrated mercury sphygmomanometer. Participants’ SBP
was determined based on phase I Korotkoff sounds heard
by the observer, and DBP was determined based on phase
V disappearance of the Korotkoff sounds. A third observer
served as a supervisor who checked the BP readings of the
two observers. Any pair of SBP or DBP observations with a
difference greater than 4 mm Hg was excluded, and another
group of measurements was performed. Measurements of
BP using the mercury sphygmomanometer were recorded as
the average value of the BPs measured by the two observers.
The reference BPs was recorded as the average value of
the previous and subsequent BP readings by the mercury
sphygmomanometer. If the previous and subsequent reference
SBP readings differed by more than 12 mm Hg, or the DBP
readings differed by more than 8 mm Hg, all data from the
participants were excluded as cases of “Reference BP variations.”

FIGURE 2

The same arm sequential BP measurement process.

Participants’ BP was measured with their left wrist positioned
at the level of the heart, and the time between each set of BP
measurements was at least 60 s.

Statistical analysis

Normally distributed continuous variables are expressed as
mean ± standard deviation (SD), and categorical variables are
expressed as number and percentage. Data were analyzed in
accordance with Criteria 1 and 2 of the ANSI/AAMI/ISO 81060-
2:2018 guidelines. For Criterion 1, each test BP reading minus
the reference BP reading by a mercury sphygmomanometer
were calculated, for a total of three differences for each
participant. The mean and SD of the difference was calculated
to fulfill the Criterion 1 requirement for a mean BP difference
of 5 mm Hg or less for 255 pairs of measurements, and an
SD of 8 mm Hg or less for SBP and DBP. For Criterion 2, a
difference was defined as the mean of the three test SBPs or
DBPs, as measured by the HUAWEI WATCH minus the mean
values of the three reference SBPs or DBPs. A total of 85 pairs
of BP differences were calculated to fulfill Criterion 2; the SDs
of the 85 pairs of BP differences were required to be within
the threshold defined by the mean test-reference BP difference
listed in the ANSI/AAMI/ISO 81060-2:2018 (see Table 1 for SBP
and DBP). The data were analyzed using SPSS 26.0 (IBM Corp.,
Armonk, NY, USA) on software, version 3.8.8 (G. van Rossum).
Data analyses were conducted in February 2022.

Results

In total, 107 participants were screened, 22 were excluded,
and 85 sets of valid measurements were analyzed to comprise
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TABLE 1 Characteristics of the study participants.

Age, years 48 ± 18

Men: women, n 53:32

Height, cm 169.9 ± 8.0 (147.0–183.0)

Weight, kg 62.8 ± 13.7 (36.0–96.0)

Wrist circumference, mm (range) 162.13 ± 15.64 (128.00–197.00)

Distribution of SBPs

≥160 mm Hg, n (%) 7 (8.3%)

140–160 mm Hg, n (%) 11 (12.9%)

100–140 mm Hg, n (%) 47 (55.3%)

≤100 mm Hg, n (%) 20 (23.5%)

Distribution of DBPs

≥100 mm Hg, n (%) 8 (9.4%)

85–100 mm Hg, n (%) 9 (10.6%)

60–85 mm Hg, n (%) 60 (70.6%)

≤60 mmHg, n (%) 8 (9.4%)

SBP, systolic blood pressure; DBP, diastolic blood pressure.

TABLE 2 Validation results in accordance with Criterion 1 and
Criterion 2 of the guidelines.

SBP DBP

Criterion 1 -0.25 ± 5.62 -1.33 ± 6.81

Criterion 2 -0.25 ± 5.00 -1.33 ± 6.31

SBP, systolic blood pressure; DBP, diastolic blood pressure.

the final participant group. The participants’ mean age was
48 ± 18 years (range: 21–85 years), 53 (62.3%) were
men, 32 (37.7%) were women, and the gender distribution
fulfilled the guideline’s 30% criterion. Participants’ mean height
was 169.9 ± 8.0 cm (range: 147.0–183.0 cm), their mean
weight was 62.8 ± 13.7 kg (range: 36.0–96.0 kg), and their
mean wrist circumference was 162.13 ± 15.64 mm (range:
130.00–197.00 mm). The characteristics of the 85 participants
are summarized in Table 1. Distribution of the reference

BPs fulfilled the criterion stated in the guidelines, with
high (≥160 mm Hg), medium (≥140 mm Hg), and low
(≤100 mm Hg) percentages of 8.3% (meeting the 5% criterion),
21.1% (20% criterion), and 23.5% (5% criterion), respectively,
for the reference SBPs. The high (≥100 mm Hg), medium
(≥85 mm Hg), and low (≤60 mm Hg) percentages were
respectively, 9.4% (meeting the 5% criterion), 20.0% (20%
criterion), and 9.4% (5% criterion), respectively, for reference
DBPs, as shown in Table 1.

The mean differences between the test-watch and reference
BPs were −0.25 ± 5.62 mm Hg for SBP and −1.33 ± 6.81 mm
Hg for DBP, in accordance with Criterion 1. The results are
presented in Table 2. The Bland–Altman analysis showed a
bias of −0.25 with limits of agreement ranging from −11.27
to 10.54 mm Hg for SBP (Figure 3A) and a bias of −1.33 with
limits of agreement from −14.56 to 12.02 for DBP (Figure 3B).
The mean differences between the test-watch and reference BPs
were −0.25 ± 5.00 mm Hg for SBP and −1.33 ± 6.31 mm Hg
for DBP in accordance with Criterion 2 (Table 2). These results
fulfilled the ANSI/AAMI/ISO 81060−2:2018 validation criteria
of ≤5 ± ≤8.0 mm Hg for Criterion 1, and SDs of <6.95 mm Hg
for SBP and <6.82 mm Hg for the DBP for Criterion 2.

Discussion

In the present study, we validated the performance of the
HUAWEI WATCH’s monitoring of BP in accordance with the
ANSI/AAMI/ISO 81060-2:2018 guidelines. The results showed
that the HUAWEI WATCH fulfilled Criteria 1 and 2 of the
guidelines, indicating that it could be a reliable and convenient
device in the daily self-monitoring of BP.

Usually, BP measurements (or self-monitored BP
measurements) are taken in the home, typically in the
morning and at bedtime, thereby overlooking daytime BP
levels. Given the research findings that BP levels increase

FIGURE 3

Bland-Altman plots of the differences between the test blood pressures (BPs) by HUAWEI WATCH and the reference BPs by mercury
sphygmomanometer for the systolic blood pressure (SBP) (A) and diastolic blood pressure (DBP) (B).
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throughout the day, and that daily variability of BP is a predictor
of future cardiovascular events (13), the awareness of daytime
BP measurements has increased through research findings on
daytime BP, especially at the workplace. A recent clinical trial
found that the prevalence of hypertension was high among
the working population in China, but the rates of awareness,
treatment, and control of BP were unacceptably low, indicating
there is substantial room for improvement in the diagnosis and
treatment of hypertension among employees at the workplace
(9). Another study found that workplace-based interventions,
which improved hypertension control, appeared to be more
effective than usual care (10). However, a previous study
with similar findings demonstrated that BP measured in the
workplace was more closely related to left ventricular mass index
than was BP measured in a clinic (14). A sphygmomanometer
is not a convenient measurement tool in the workplace; it is a
heavy and cumbersome instrument. However, a portable and
compact device, such as a watch-type of wearable BP monitor
is ideal in workplace settings.

The Omron HEM-6410T-ZM and Omron HEM-6410T-
ZL were the first wristwatch types of wearable BP monitors.
The mean differences between the test and reference SBPs
were −0.9 and −1.1 mm Hg for the two devices, respectively;
the mean differences for the DBPs were 2.4 and 0.3 mm Hg,
and both devices fulfilled the validation criteria of the
ANSI/AAMI/ISO81060-2:2018 guidelines (15). The mean
differences between the test and reference BPs were −0.25
and −1.33 mm Hg for the SBP and DBP, respectively, for
the HUAWEI WATCH, which was smaller than the Omron
watch-type wearable BP monitor. In addition, the range of the
wrist-circumferences accommodated by the Omron watch-type
wearable BP monitors were very narrow (16–21.5 cm). In our
study, the wrist circumference of many of the participants was
below 16 cm; thus, the HUAWEI WATCH, which has a wrist
circumference of 13–20 cm, was suitable for more participants.
The HUAWEI WATCH enables consumers to measure their BP
frequently, throughout their activities of daily living, and most
importantly, the HUAWEI WATCH is a smartwatch-based BP
monitor, equipped with other functions, and therefore, more
consistent with the needs of today’s society.

Limitations

One study limitation is that the HUAWEI WATCH was
validated using participants’ left wrist at heart level; hence,
further validation is needed in future studies.

Conclusion

In conclusion, BP measurements using the HUAWEI
WATCH were consistent with the reference BPs and fulfilled

both of the guidelines’ validation criteria, thereby showing its
promise as a wearable device for BP self-monitoring.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed
and approved by West China Hospital, Sichuan University. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

YC: concept and design. LW, JG, WL, JW, HX, QingC,
QinC, HL, and XF: acquisition, analysis, and interpretation of
the data. LW, HX, JG, WL, and JW: drafting of the manuscript.
YC and WZ: critical revision of the manuscript. LW, HX, JG,
and WL: statistical analysis. LW, JG, WL, QingC, QinC, HL, and
XF: administrative, technical, or material support. WZ and YC:
supervision. All authors contributed to the article and approved
the submitted version.

Funding

This study was supported by the Joint Innovation Project
of West China Hospital-Huawei Ltd: ‘Validation of Wrist-type
Blood Pressure monitoring devices’ (No. HX-H2012260) and
‘Exploring and constructing a multi-index data management
mode for comprehensive evaluation services for the elderly
based on the application of wearable technology’ (No.
2021YFS0080). It received funding from Huawei Device Co.,
Ltd. This funder was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article or the
decision to submit it for publication.

Conflict of interest

Authors QingC, XF, HL, and QinC were employed by
Huawei Device Co., Ltd.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential
conflict of interest.

Frontiers in Cardiovascular Medicine 05 frontiersin.org

14

https://doi.org/10.3389/fcvm.2022.923655
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-923655 October 7, 2022 Time: 8:7 # 6

Wang et al. 10.3389/fcvm.2022.923655

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Forouzanfar MH, Liu P, Roth GA, Ng M, Biryukov S, Marczak L, et al. Global
burden of hypertension and systolic blood pressure of at least 110 to 115 mm Hg,
1990-2015. JAMA. (2017) 317:165–82.

2. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al.
2018 ESC/ESH guidelines for the management of arterial hypertension. Eur Heart
J. (2018) 39:3021–104.

3. Whelton PK, Carey RM, Aronow WS, Casey DE
Jr., Collins KJ, Dennison Himmelfarb C, et al. 2017
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline
for the prevention, detection, evaluation, and management of high blood
pressure in adults: executive summary: a report of the American college of
cardiology/American heart association task force on clinical practice guidelines. J
Am Coll Cardiol. (2018) 71:2199–269. doi: 10.1161/HYP.0000000000000075

4. McManus RJ, Mant J, Haque MS, Bray EP, Bryan S, Greenfield SM, et al.
Effect of self-monitoring and medication self-titration on systolic blood pressure
in hypertensive patients at high risk of cardiovascular disease: the TASMIN-SR
randomized clinical trial. JAMA. (2014) 312:799–808. doi: 10.1001/jama.2014.
10057

5. McManus RJ, Mant J, Bray EP, Holder R, Jones MI, Greenfield S,
et al. Telemonitoring and self-management in the control of hypertension
(TASMINH2): a randomised controlled trial. Lancet. (2010) 376:163–72. doi: 10.
1016/S0140-6736(10)60964-6

6. Tucker KL, Sheppard JP, Stevens R, Bosworth HB, Bove A, Bray EP, et al. Self-
monitoring of blood pressure in hypertension: a systematic review and individual
patient data meta-analysis. PLoS Med. (2017) 14:e1002389. doi: 10.1371/journal.
pmed.1002389

7. Bliziotis IA, Destounis A, Stergiou GS. Home versus ambulatory and office
blood pressure in predicting target organ damage in hypertension: a systematic
review and meta-analysis. J Hypertens. (2012) 30:1289–99. doi: 10.1097/HJH.
0b013e3283531eaf

8. Ward AM, Takahashi O, Stevens R, Heneghan C. Home measurement
of blood pressure and cardiovascular disease: systematic review and meta-
analysis of prospective studies. J Hypertens. (2012) 30:449–56. doi: 10.1097/HJH.
0b013e32834e4aed

9. Shen Y, Wang X, Wang Z, Zhang L, Chen Z, Zhu M, et al. Prevalence,
awareness, treatment, and control of hypertension among Chinese working
population: results of a workplace-based study. J Am Soc Hypertens. (2018) 12:311–
22.e2. doi: 10.1016/j.jash.2018.01.013

10. Wang Z, Wang X, Shen Y, Li S, Chen Z, Zheng C, et al. Effect of a workplace-
based multicomponent intervention on hypertension control: a randomized
clinical trial. JAMA Cardiol. (2020) 5:567–75. doi: 10.1001/jamacardio.2019.6161

11. Sim I. Mobile devices and health. N Engl J Med. (2019) 381:956–68. doi:
10.1056/NEJMra1806949

12. International Organization for Standardization. ISO 81060-2:2018. Non-
Invasive Sphygmomanometers-Part 2: Clinical Investigation of Intermittent
Automated Measurement Type. Geneva: ISO (2018).

13. Chowdhury EK, Owen A, Krum H, Wing LM, Nelson MR, Reid CM, et al.
Systolic blood pressure variability is an important predictor of cardiovascular
outcomes in elderly hypertensive patients. J Hypertens. (2014) 32:525–33. doi:
10.1097/HJH.0000000000000028

14. Devereux RB, Pickering TG, Harshfield GA, Kleinert HD, Denby L, Clark
L, et al. Left ventricular hypertrophy in patients with hypertension: importance of
blood pressure response to regularly recurring stress. Circulation. (1983) 68:470–6.
doi: 10.1161/01.CIR.68.3.470

15. Kuwabara MHK, Hishiki Y, Kario K. Validation of two watch-type
wearable blood pressure monitors according to the ANSI/AAMI/ISO81060-
2:2013 guidelines: Omron HEM-6410T-ZM and HEM-6410T-ZL. J
Clin Hypertens (Greenwich). (2019) 21:853–8. doi: 10.1111/jch.1
3499

Frontiers in Cardiovascular Medicine 06 frontiersin.org

15

https://doi.org/10.3389/fcvm.2022.923655
https://doi.org/10.1161/HYP.0000000000000075
https://doi.org/10.1001/jama.2014.10057
https://doi.org/10.1001/jama.2014.10057
https://doi.org/10.1016/S0140-6736(10)60964-6
https://doi.org/10.1016/S0140-6736(10)60964-6
https://doi.org/10.1371/journal.pmed.1002389
https://doi.org/10.1371/journal.pmed.1002389
https://doi.org/10.1097/HJH.0b013e3283531eaf
https://doi.org/10.1097/HJH.0b013e3283531eaf
https://doi.org/10.1097/HJH.0b013e32834e4aed
https://doi.org/10.1097/HJH.0b013e32834e4aed
https://doi.org/10.1016/j.jash.2018.01.013
https://doi.org/10.1001/jamacardio.2019.6161
https://doi.org/10.1056/NEJMra1806949
https://doi.org/10.1056/NEJMra1806949
https://doi.org/10.1097/HJH.0000000000000028
https://doi.org/10.1097/HJH.0000000000000028
https://doi.org/10.1161/01.CIR.68.3.470
https://doi.org/10.1111/jch.13499
https://doi.org/10.1111/jch.13499
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1008575 October 28, 2022 Time: 15:25 # 1

TYPE Opinion
PUBLISHED 03 November 2022
DOI 10.3389/fcvm.2022.1008575

OPEN ACCESS

EDITED BY

June-Wha Rhee,
City of Hope National Medical Center,
United States

REVIEWED BY

Paul Cheng,
Stanford Health Care, United States

*CORRESPONDENCE

Sherry Ann Brown
shbrown@mcw.edu

†These authors share first authorship

SPECIALTY SECTION

This article was submitted to
Cardio-Oncology,
a section of the journal
Frontiers in Cardiovascular Medicine

RECEIVED 01 August 2022
ACCEPTED 07 October 2022
PUBLISHED 03 November 2022

CITATION

Maddula R, MacLeod J, McLeish T,
Painter S, Steward A, Berman G,
Hamid A, Abdelrahim M, Whittle J and
Brown SA (2022) The role of digital
health in the cardiovascular learning
healthcare system.
Front. Cardiovasc. Med. 9:1008575.
doi: 10.3389/fcvm.2022.1008575

COPYRIGHT

© 2022 Maddula, MacLeod, McLeish,
Painter, Steward, Berman, Hamid,
Abdelrahim, Whittle and Brown. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided
the original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

The role of digital health in the
cardiovascular learning
healthcare system
Ragasnehith Maddula1†, James MacLeod1†, Tyson McLeish1,
Sabrina Painter2, Austin Steward1, Generika Berman3,
Abdulaziz Hamid1, Mohamed Abdelrahim1,
Jeffrey Whittle4 and Sherry Ann Brown5* for the Connected,
Health Innovation Research Program (C.H.I.R.P.),
Cardiology Oncology Innovation Network (COIN),
Cardio-Oncology Artificial Intelligence Informatics
Precision (CAIP) research team investigators
1Medical College of Wisconsin, Milwaukee, WI, United States, 2Zilber School of Public Health,
University of Wisconsin-Milwaukee, Milwaukee, WI, United States, 3Medical College of Wisconsin,
Green Bay, WI, United States, 4Division of Internal Medicine, Medical College of Wisconsin,
Milwaukee, WI, United States, 5Cardio-Oncology Program, Division of Cardiovascular Medicine,
Medical College of Wisconsin, Milwaukee, WI, United States

KEYWORDS

digital health, digital medicine, health innovation, learning healthcare system,
artificial intelligence, cardio-oncology, wearables, health technology

Introduction

Modern medicine has undergone immense transformation in the past decade with
the discovery, innovation, and development of novel health systems and advanced
patient care brought forth by technological progress. Synchronously, developments in
technology have created what many call, a “paradigm shift” in the way society interacts
with technology, as well as the impact and ubiquity of technology in our livelihood
(3). This transformation is influencing medicine and modern science in many aspects.
One example is the adoption of digital health which includes “disruptive technologies
that provide digital and objective data accessible to both caregivers and patients” (3);
according to the Food and Drug Administration (FDA) these disruptive technologies
include mobile health (mHealth), health information technology, wearable devices,
telehealth and telemedicine and personalized medicine (2).

Digital health represents an important aspect of health for the future, and when
applied to medical practice, can be termed digital medicine. Initiatives in digital
medicine are leading healthcare and traditional models of medicine to evolve and
address the changing dynamic of patient-physician relationships and overall clinical
outcomes (4). In digital medicine, hardware and software tools power technology
that supports the practice of medicine, such as disease prevention and treatment for
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individuals and populations. While electronic health record
(EHR), registry, and claims data will predominate in the near
term, they cannot provide a complete picture of the various
factors that influence a patient’s cardiac health. As a result,
technologies that can provide an accurate account from outside
of hospitals and clinics will become more important in the
cardiovascular learning healthcare system (2). As mentioned by
an American Heart Association (AHA) Scientific Statement, the
absence of defined procedures for analysis and application of the
clinical uses of digital health technologies remains a large hurdle
(5). This problem is being addressed, however, as the American
College of Cardiology (6) and the FDA (2, 7) have recently
released preliminary guidelines on this topic. The process of
amassing relevant data to further shape guidelines will take time.

This review explores the role of digital health and how
we can maximize benefits for patients and the health system
in general in the context of a learning healthcare system
(LHS). The Agency for Healthcare Research and Quality
defines a LHS as one in which observational data generated
within the system are synthesized with scientific evidence
from outside the system to provide patients with safer, more
efficient, and higher quality healthcare (1). The AHA released
a scientific statement on LHS in 2017 (5), which includes
how health information technology and health data can be
leveraged to ensure that “evidence informs practice and practice
informs evidence” (8). This integration includes high quality
data from the literature which is then woven into routine
practice. Dissemination of evidence-based information and
responsiveness to feedback also allows LHS usage to improve
work environments for employees (1). In a LHS, the component
technologies of digital health are outlined and contextualized
to illustrate their impact on enabling patients to understand
and visualize medical prognosis in a user-friendly manner (9).
By understanding the motive, expectations, and development
of digital health, we will better understand the direction
in which disruptive technologies continue to revolutionize
medicine (3).

Recent events have amplified the necessity of digital
and connected health offerings. The coronavirus disease of
2019 (COVID-19) has accelerated accessibility, adoption, and
efficacy of these offerings (10). However, barriers still exist
in assessing these technologies and ensuring integration is
done in an equitable way. Working with industry to conduct
robust studies on clinical efficacy of various products can
give confidence to health care providers recommending their
use and will begin to build a body of evidence to continue
the growth of insurance coverage for digital health. In an
effort to contribute to and guide the growth of this body
of evidence, this review outlines the role of digital health
in the LHS, delineates challenges in system implementation
and notes considerations that should be made to ensure
equitable, and patient centered integration into the pre-
existing system.

Digital health in the pandemic

The COVID-19 pandemic caused a rapid shift toward
telemedicine, mHealth and digital health due to restrictions
made on elective procedures and regular clinics visits (11).
This paved the way for physicians, health care providers,
and patients to maintain communication safely through
digital means (11, 12). The scope of digital health includes
technologies in the form of mobile applications, eHealth,
and wearables [e.g., Electrocardiogram (ECG) monitors, blood
pressure sensors] to health diaries and instructional videos for
patient care. The facilities and infrastructure that have used
digital health in the pandemic have consequentially benefited
large patient populations considered immunocompromised or
at-risk (13). Some hospital systems took initiative to reduce
potential exposures and transmission by integrating artificial
intelligence (AI) into their pre-hospital triage procedures,
including employing an AI-based COVID-19 screener tool used
to assess patient risk and lower the volume of abandoned calls
on their COVID-19 hotline (14). These tasks were traditionally
performed by clinical staff and the transition to AI allowed for a
reduction in the consumption of resources.

In 2021, the use and value of remote patient monitoring
(RPM) through wearables to enhance virtual patient care had
accelerated to protect individuals from exposure and continue
providing optimal care and monitoring (14). RPM provides
patient data to clinicians outside the healthcare facility, which
is essential because continuous access to real-time physiological
data improves physician oversight of patient health. The use of
RPM has accelerated since COVID-19 started, from 7 million
patients using RPM in 2016 to over 23 million in 2020 (15).
The number of patients utilizing remote health monitoring
tools is estimated to increase to 30 million by 2024 (16). In
cardiology, digital health has become an immensely growing
component in transforming cardiac medicine. There are many
benefits to digital medicine. However, there are challenges that
will need to be addressed for digital medicine to fulfill its
potential. Such challenges include adoption and implementation
especially regarding under-resourced populations potentially
being left behind (15).

Through the lens of the ongoing global pandemic,
telemedicine has provided adequate medical support to
thousands of patients. Telemedicine increases access to
healthcare for patients across communities and can provide
a cheaper alternative to modern healthcare when physical
visitations may not be required for all patients. Combined with
lowered costs, for both patients and the healthcare system,
telemedicine a category of digital health, provides an efficient
alternative for non-emergency situations, while also expanding
the reach to underserved communities that may not have
accessible facilities for healthcare nearby (16, 17). By bridging
the gap between quality health care and populations in need,
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clinical outcomes and overall health in patients can improve
through many forms of digital health (18).

Need for digital health

While there was a robust expansion in the usage of digital
health technologies during the pandemic to expand access
to healthcare, there are other utilities for digital health. The
usage of digital health is commonly associated with increased
access to healthcare. However, digital health is needed in a
LHS to enhance the clinician-patient relationship in several
ways. Digital health interventions promote effective clinical
care. An example of this is the CardioMEMs system. In the
CardioMEMs system (St. Jude Medical, St. Paul, MN), cardiac
catheterization is used to permanently implant a “wearable”
pressure sensor in the pulmonary artery that communicates
with an external data collection device to send pulmonary
artery pressure, pressure waveforms, and heart rate data
to a secure cloud-based website, allowing early detection
of worsening heart failure (5, 19). In initial clinical trials,
patients with New York Heart Association class III heart
failure who received the device experienced a 37% reduction
(P < 0.0001) in heart failure hospitalizations over a 15-month
mean follow-up period (5, 19). This system is one of the most
successful and early applications of digital health in cardiology.
Digital health interventions within cardiovascular care have
been crucial in assessing the effect of health technologies in
improving patient health self-management and outcomes, with
one particular study observing patients with acute myocardial
infarctions presenting with a predominantly higher level of
patient activation in self-management as well as fewer 30-
day readmissions (20). Other digital health interventions have
been implemented and studied for several cardiovascular health
applications, such as heart failure diagnosis and management,
risk assessment, cardiac rehabilitation, and peripheral vascular
disease management, with promising results (21). Digital health
tools have the capability to attenuate risk factors throughout
disease processes such as cancer, during prehabilitation,
habilitation, and rehabilitation (22). Physicians in many
fields are increasingly considering implementing digital health
solutions into their practice. The AMA “Physicians’ Motivations
and Key Requirements for Adopting Digital Health Adoption
and attitudinal shifts from 2016 to 2022” study outlines
improving health outcomes, work efficiency, and diagnostic
ability as key drivers for physicians considering implementing
digital health into their practice (23). Notably, about 3 in 5
physicians say technology can help address key needs with
chronic disease patients, preventative care and automating
administrative tasks (23).

Incorporating digital health tools into a LHS will lead
to stronger patient-physician relationships and increased
personalization of care, as patients can transmit RPM and

mHealth data which provides insight into the day-to-day
factors that influence cardiovascular health and disease. In
addition, when patients use digital health tools to transmit
real-time, objective clinical and subjective data, they are
empowered because they are more involved in their care and
the decisions their providers make (5). For example, patient
portals empower patients with self-service functions such as
appointment scheduling, secure messaging with providers,
access to test results, and personal health information. In
addition, patient portals are beginning to integrate with digital
platforms that provide RPM-centered functions, establishing
infrastructure for alert and referral systems based on vital
signs, biomarker tracking and other critical biometrics (23, 24).
This change has enhanced the patient-physician relationship by
streamlining workflow and allowing patients and providers to
rapidly establish lines of communication with one another when
there are changes in a patient’s condition. An example of this
combined digital health workflow is a patient using a blood
pressure device and uploading their results to an integrated
patient portal digital platform. The patient’s physician can
review this information, and communication about the results
can occur via secure patient portal messaging or a scheduled
telemedicine visit. For patients with an increased risk for severe
COVID illness, all aspects of care can be addressed through a
digital health-centered workflow without the patient having to
leave the safety of their own home (23, 24). Trust is fostered
with more regular interactions between patients and providers,
including the use of secure messaging, patient portals, mHealth
apps, and other digital health tools.

There is a need for healthcare providers to manage an
incredible amount of clinical information as healthcare delivery
systems become increasingly more complex. An increased
demand for clinicians to manage these clinical data can lead
to inconsistencies between data reporting between providers
or health systems, uninterpretable data, or missing data (24).
The LHS will benefit from the use of AI-based digital health
tools that integrate EHR across practices to provide structure
to EHR data that are otherwise organized on a practice-
to-practice basis. AI tools also provide us with a means
to extract actionable clinical data that is buried amongst
irrelevant clinical data. As the AHA LHS statement outlines,
collaboration of medicine and technology will be a necessary
foundation in the future to improve the quality, access, and
effectiveness of patient care through technological advances.
A LHS integrates and evolves the current healthcare system
to use health data to apply scientific discovery at the point
of care and uses insights from said clinical care to inform
future care (5). Further, as efficiency is optimized, digital
health can improve cost and utilization in healthcare. For
example, the CardioMEMS heart failure system was found to
be cost effective compared with the standard of care treatment
(25). Additionally, a study analyzing healthcare utilization
associated with digital health intervention in asthma treatment
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demonstrated a reduction in hospitalizations and emergency
department visits (26). Integration of digital technologies into
existing EHR systems may increase productivity and cost-
effectiveness of these systems by enhancing existing EHR
strengths in chronic and medical care management and
communication efficiency between and within organizations
(27). Limited healthcare resources necessitates advancements
that create better health outcomes at a lower cost; The described
digital health technologies show that these goals are achievable.

Vast range of potential
technologies

Improvement in healthcare practices is predicated on the
integration of technology through all aspects of medicine. We
are embarking on an era of digital medicine that has enabled
progress in patient care due to the ability of technology to reduce
costs, improve access, collect data and personalize medicine for
patients (28). Wearables (e.g., ECG monitors, blood pressure
sensors, etc.), digital health diaries, and electronic instructional
modules have started to transform how we deal with disease
by improving management and maintenance (29). Mobile
applications can increase access to various demographics and
integrate mobile health into regular clinical practice (Figure 1)
(30–32). The increased integration of technology in medicine
not only stems from the consistent advancements in technology
but also from the growing scope of practices that can
be improved. The full potential of digital medicine is still
unexplored due to the vast range of available technologies.
Initially, technology integration in healthcare focused on patient
monitoring and charting to optimize patient care. Digital
technology is now involved in numerous sectors of medicine,
including diagnostics, health information technology, mobile
health, telemedicine, and wearable devices (5). Digital health
interfaces with or includes variations of telemedicine and
biometric tracking, as well as digital applications that diagnose,
augment treatment, and increase access to resources for medical
conditions, especially those related to preventive care and
mental health (7, 28). The expounding potential of medicine
stems from personalized care, where patient data, genetic testing
and wearable devices can create individualized treatment plans
to cater to unique needs. Technology that categorizes and
captures the characteristics of patient populations, specifically
high-cost patients, can direct allocation of resources and
tailor interventions to optimize care (33). The US Institute of
Medicine has two imperatives that each kind of health focused
technology must address. The first requires technology to be
informational and the second requires technology to provide
value (34). Being informational is defined as helping providers
and patients navigate the increased scientific body of knowledge
and complexity of the medical system. The technology or
digitization can contribute to the second imperative value,

where there is a lack of cost transparency or a mismatch
of incentives. An example of a company that claims to
fit both imperatives has developed technology to simplify
healthcare plans for seniors by using software to guide physician
recommendations based on what is covered by Medicare and
other insurance plans. The technology empowers providers with
AI-driven personalized insights at the point of care.

The vast range of potential technologies is evident by
the smart wearable products available on the market today.
Each device collects distinct biological measurements that
are conducive to various cardiovascular clinical applications.
Wearable activity sensors are advantageous to clinicians to
provide accurate daily data of patient physical activity levels
as an active lifestyle is a critical component of promoting
cardiovascular health. This can be accomplished through data
capture by accelerometers, Global Positioning System (GPS)
devices or barometers. Accelerometers measure the linear
acceleration of movement along triaxial planes, which is useful
for tracking step count, speed, and sedentary time (21). GPS can
coordinate distance traveled while barometers can measure the
stair count of exercise. Wearable heart rate and rhythm sensors
are pragmatic approaches to detecting daily hemodynamic
changes in patients for clinical monitoring through ECG or
photoplethysmography sensors. ECG sensors track cardiac
electrical activity and monitor patients for potential electrolyte
abnormalities and arrhythmias. Photoplethysmography sensors
can evaluate heart rate, blood pressure (BP) and cardiac
output through measurement of changes in microvascular blood
volume. BP sensors are necessary to predict, monitor, and
track the potential for the development and progression of
hypertension by providing clinicians with comprehensive tools
for treatment. An example of this is an oscillometer, which is
a blood pressure measurement device worn on the wrist that
displays readings through a smartwatch monitor. The use of
various sensors has diversified wearable approaches, as they
can be worn through clothing and shoe embedded sensors,
smartwatches, smart bands, chest straps, ECG patches and
medical earbuds (21).

Another frontier of technology that manifests promise in
the field of digital health is the rise of AI-based applications,
especially in the field of cardiology. Advances in deep learning
aspects of AI-based systems have propelled the use of this
technology in clinical cardiovascular treatment. AI, and more
specifically, precision medicine, have been used in concordance
with clinicians to provide advanced frameworks for developing
cardiovascular therapeutics through alternative approaches to
cardiovascular risk stratification and phenotyping heart failure
(35). AI has been integral in maximizing the efficiency of
association studies, developing the expansion of precision
medicine and the potential to improve patient care through this
novel framework of capabilities (35). The AHA statement on
learning healthcare systems highlights the utility of predictive
analytics in understanding patient and environmental data
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FIGURE 1

Digital health architecture and pillars of the learning healthcare system. The digital health architecture provides clinicians with insight into
patients’ health and lifestyle outside of healthcare settings. Patient-reported data is recorded with: mobile health (mHealth), biometric sensors
(including wearables), and web-based applications. The four key components of the learning healthcare system are data sources,
patient-reported surveys, incentives, and cultural components to bolster novel findings and improve quality of care. Templates from Infograpia
were used in these graphics.

to maximize benefits in individual and population health, in
conjunction with EHRs (5). Beyond integrating commercial
technologies, applications in which predictive analytics would
be useful in a LHS include evaluating high-cost patient
care, anticipating readmissions, predicting adverse events and
projecting the trajectory of diseases, further enhancing the
integration between digital technologies and healthcare systems
in improving modern medicine (5). An example of this is mobile
health (mHealth), which includes the use of newly developed

smartphone-connected applications in resource-limited areas to
assist in diagnosing rheumatic and heart diseases (36). A trial of
this technology in mHealth clinics in India demonstrated that
patients randomized to mHealth diagnostic assessments were
associated with a lower risk of hospitalization and/or death on
follow-up (15% vs. 28%) (36). This substantiates the potential
and necessity for digital health within clinical frameworks
and in providing optimal patient care. The most important
component to successful digital health integration is adherence
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from not only clinicians but patients as well. The exponential
advancement and integration of technology in all parts of our
lives has strengthened openness of Americans to digital health
integration. The positive perceptions of digital health among
Americans can be shown by 50% of American adults switching
from in-person to telehealth appointments in the past year and
the growth of 7 million patients in 2016 using remote devices
for monitoring their health to over 23 million users in 2020 (37).
Overall, the integration of a vast array of technologies in health
care is not a possibility but an inevitability, which provides a
positive outlook for the future of healthcare.

Digital health for patient education
and engagement

Patient education and medical literacy have steadily
improved since the influx of disruptive technology in recent
decades. This is in part due to the immense troves of information
available on the internet, as well as applications and databases
that have allowed patients to understand more colloquially
medical terminology, prognosis, and treatment options (3, 38).
With increased accessibility to medical information online,
modern medicine has had to adapt to the increase in curiosity
and need for clarity for patients seeking better understanding of
their health and complications (39). Patient education has taken
many forms, such as education on nutrition, health hygiene,
and maintaining healthy habits, or on methods for tracking
personal biometrics to understand one’s health. Innovative and
interactive technologies, such as ECG wearables, health diaries,
telemonitoring, blood pressure sensors, and several others have
expanded the scope of health management, for patients as
well as healthcare professionals. The process of incorporating
digital health technologies into daily practice among providers
and patients is gradually becoming commonplace (18, 38).
Several studies have evaluated the impacts of integrating digital
health technologies as a method of patient education and
engagement in their health management, particularly with
medication adherence, health practices and improving clinical
or laboratory outcomes. Voice recognition technologies used in
the medical management of patients with chronic heart failure
showed a potential to better control sodium intake, improved
Minnesota Living with Heart Failure (MLHFQ) scores, as well
as greater quality of life, highlighting the importance of self-
management in the long term prognosis of cardiovascular
disease (40). Medication adherence and lifestyle modifications,
which have a critical role in cardiovascular disease management,
were shown to be positively influenced by mobile phone-based
interventions through short messaging services in addition to
virtual training, face-to-face counseling, electronic pillboxes and
home monitors (41, 42). This natural evolution has increased
the visibility of health information, substantially increasing the
decision-making power of patients regarding their own health,

as opposed to the traditional model of medicine heavily reliant
on physician responsibility.

Digital health has also begun to incorporate advanced
technologies in AI in various aspects of medicine, importantly
in understanding biomarker progression in patients, and
establishing a system that expedites the referral process and
mitigates emergency situations when they do arise (18).
Immediate alerts and telemonitoring subsequently improve
overall health outcomes as physician, and patient oversight is
increased, along with understanding of biodata and evaluating
paths of treatment and intervention (42).

The prevalence of digital health today can also be attributed
to the improvements and innovations in user experience with
health technologies. With improved user interfaces, patients
are now able to quickly understand how the technology works
to facilitate incorporation into their daily lives. Adherence to
medications and treatment plans have also been improved, as
trackers and sensors, along with app monitoring and reminders
have improved patient adherence, while also allowing providers
to maintain oversight. This component of medicine has always
been difficult to oversee, as patients may not always keep
track of their medications and dosage intervals, leading to
reduced adherence and worse outcomes. For example, in
individuals with asthma, sensors have been incorporated into
inhalers to track inhaler usage, and also to determine location
of patients to understand environmental triggers and factors
leading to asthma exacerbation (43). These applications improve
the quality of care, help providers understand factors that
trigger negative responses, and further improve the healthcare
process by treating patients using multifaceted measures
and approaches. Insights suggested by health technologies
contribute to the overall transformation of healthcare by
introducing new parameters and perspectives not previously
incorporated in medicine. By doing so, providers and patients
can take better measures for interventions, and preemptive
measures to reduce future complications.

Assessing health technologies

While digital health technologies have already begun
changing lives for the better, there are many, often overlooked,
pitfalls of apps and technologies. Proper evaluation of a
technology’s utility and clinical impact is necessary to ensure
that clinical care and patient well-being are not compromised
in the name of convenience, higher billings, or expediting
clinical workflow. Data breaches, false measurements and
assessments, and exacerbation of the very health issues
being treated are all potential side effects (44, 45). While
we amass clinical data regarding new health technologies,
patterns of risks and benefits will become clearer as well
as which technologies are most efficacious. We are starting
to understand the benefits of these technologies but there
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remains a large gap between their development and precise
evidence-based implementation into clinical practice (46). Just
like with any medication, we must first prove the efficacy of
a new technology, act directly to minimize harm potential
and ensure that there are no more beneficial standards of
care in place. Only then should a physician feel comfortable
prescribing or recommending an application, software, or
hardware device to their patient. Regulation of digital health
technologies is carried out by the FDA and is an evolving
process. Their Digital Health Center of Excellence marks
the beginning of a comprehensive digital health approach
providing regulatory guidance to digital health companies
and education for stakeholders through a pool of digital
health resources (2). They also have released draft guidance
documents for the use of remote patient monitoring with
digital health technologies. Their guidance document, Digital
Health Technologies for Remote Data Acquisition in Clinical
Investigations released in January 2022, provides non-binding
recommendations on the use of digital health technologies
to acquire clinical investigation data remotely (7). This
document will help direct the research necessary for physician
guidance on implementing digital health. Beyond the FDA, the
American College of Cardiology’s Best Practices for Consumer
Cardiovascular Technology Solutions framework emphasizes
four key metrics in assessing a product: ease of use and retention,
accuracy, clinical outcomes, and clinical workflow integration
(6). Their guide has several use cases that outline barriers to
digital health implementation in specific patient scenarios, and
potential solutions where possible. This document serves as
a key first step to aid physicians in feeling confident when
recommending digital health technologies. This framework
does not, however, rectify the need for long term evaluation
of patient satisfaction and clinical outcomes in relation to
digital health. Guidance documents like these can help direct
physicians through the process of incorporating digital health
into their practice, but just like the rest of medicine, a
comprehensive evidence-based pool of peer-reviewed research
will guide practice.

Several groups are beginning to recognize the need for
digital health and leveraging technology to substantially advance
modern healthcare. Universities in the United States and
independent organizations, including the AHA and American
Medical Association have set up initiatives and centers for
the furthering of digital medicine (23, 47). These programs
seek to make medicine more precise and promote integration
of medicine and the digital world. The Stanford Center
for Digital Health promotes interprofessional collaboration
and aid for researching medical technology (48, 49). The
Digital Medicine Society is an organization for experts from
various fields to aid in the furthering of digital health.
They achieve this goal through research, communication
and education and community building (49). Assessing the
feasibility and clinical efficacy of specific technologies is a

cornerstone and foundation to integrating digital health into
standard practice across all specialties. By understanding the
nuances in measurement, analysis and representation of clinical
data in the medical setting requires several parameters to
which technology companies along with medical institutions
must abide to in concurrence with medical guidelines and
scientific society statements. Preventive cardiology continues
to be bolstered by the influx of integrative digital health
technologies aimed to improve medical monitoring and risk
management. Feasibility studies on blood pressure management
have shown improvements in patient engagement with BP
monitoring in those with acute myocardial infarctions (AMI),
as well as those with previous cardiovascular disease and
hypertension management post-AMI (50). Validation studies
are crucial in not only evaluating the integration of digital
health technologies into standard care, but also in assessing
the intrinsic validity of measurement tools such as blood
pressure and heart rate monitoring devices, where high
correlation between manual measurements and wearables
shows promising potential particularly in ambulatory medical
management (51). Clinical trials and innovative research
programs have also become more notable in understanding
the holistic impact disruptive technologies such as smart
scales measuring fluid and hemodynamic status, AI-based
self-management platforms, and smartphone applications, can
have in clinical management as well as quality of life
in patients with chronic conditions such as heart failure
(52). The Connected Health Innovation Research Program
(C.H.I.R.P.) started at the Medical College of Wisconsin,
extends this growing interest in integrating digital health
technologies through research partnerships with innovators,
academic institutions, and clinicians to properly assess the
utility and adoptability of technologies before integration into
cardiovascular care (53). Objective evaluation of parameters
such as adoptability and clinical integrity, through retrospective
and prospective analysis, play an integral role in confirming
adherence to medical guidelines, as well as evaluate the
feasibility of introducing new technologies into the traditional
model of clinical medicine to improve clinical outcomes
through various avenues, not limited to patient education
and enhanced patient-physician relationships in the decision-
making process (53). Therefore the desire for digital health
integration in patient care continues to accelerate through
these initiatives and dedicating efforts to research this
possibility further.

While we navigate the use of technologies in the medical
system, it has become clear that the public is open to their
implementation. MSI International, a leading global strategic
market research firm, recently found that 4 out of 5 Americans
are open to embracing remote monitoring of their health.
According to their study of 300 Americans carried out in May
2021, respondents were receptive to allowing physician remote
monitoring of their: blood pressure (70%), heart rate (68%),
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blood sugar (66%) and blood oxygen (65%) (37). This promising
result shows that the bottleneck of implementation is most likely
specific high quality research guiding physician prescription,
recommendation, and insurance coverage of the technologies.

Complications and barriers of
digital health

Digital health, although widely welcomed, is not without
barriers or difficulties. Indeed, patients and health care
professionals are becoming more comfortable with technology
integration into healthcare. However, not all patients will
be able to adapt and transition to digital medicine which
may at times limit care that deviates from the traditional
model of medicine. The World Heart Federation recently
released a roadmap to digital health in cardiology (54). In
this document several complications and barriers to digital
health implementation are discussed. These include health
system, health workforce, patient and technological roadblocks
(54). The organization also offers solutions to these roadblocks
focused on regulation, education and investment in the future
of digital health.

We need to be cognizant of potential barriers to adoption
of these systems, including perceived usefulness and ease of
use from both the physician and patient’s perspectives, design
and technical concerns, data privacy concerns, familiarity with
the technology, risk-benefit assessment, and communication
between health workers and patients (47). Additionally, some
patients or patient populations cannot afford costs related
to digital health which may not yet be covered by their
insurance or may have limited use for certain technologies
due to disability (55). While some patients easily accept
and appreciate digital health in their standard healthcare,
others may be unable to understand and quickly adapt to
new technologies. Studies have shown that senior patients,
who are often less familiar with newer technologies and
yet could sometimes benefit the most, may face difficulty
and consequently refuse to use these technologies even if
advised (56). Measures will need to be put in place to
allocate resources and infrastructure for patient education
with these technologies. Optimizing resources, infrastructure,
and patient literacy and engagement may help improve
adherence, efficacy of technological products, and ultimately
improvement in clinical outcomes. The CardioMEMS heart
failure system is an applicable example of an effective form
of healthcare technology that has yet to be disseminated into
everyday healthcare practice despite its evident benefits (22).
As previously mentioned, the adoption of digital medicine
within everyday practice is influenced by a complex range
of factors that stem from not only the technology itself
but from healthcare providers, governing institutions and the
patients receiving care. Many factors influence consumer use

of digital health, including cost of utilization and security
concerns that may limit the patient’s eagerness to try new
and unfamiliar technology. These factors and others can
lead to technologies that have not evolved quickly enough
to supply suitable care for a large and medically diverse
population. It seems that the most influential factor for
the adoption of digital health within everyday healthcare
practice is one that we cannot control, which is time
itself. The evolution of technology and the growing comfort
of this technology with patients and healthcare providers
take ample time to ensure long-term implementation into
healthcare practice. Despite this revelation, our call to
action is for more in depth research that can identify the
factors that influence the speed of technology adoption in
healthcare to ensure patients receive the most up to date
healthcare treatment.

Systems of validation and oversight are needed to ensure
health technologies distributed to patient populations collect
and provide data that are reliable, accurate, and equitable.
Like drug therapies and other types of medical interventions,
patient consent in clinical trials evaluating digital health
products must employ regulatory processes, ensuring that
the safety and health of the patient remain of the utmost
priority. Protecting patient privacy is a major barrier to
the application of digital health as well. User consent is
an ethical concern of digital health as most users do not
read the terms of use of the applications (57). Ensuring
transparency regarding what data is collected and who can
access patient data when taking informed patient consent is
a key challenge in digital health adoption (58). The various
domains of digital health create data that needs protection, this
requires digital health platforms that include anonymization
technologies (58). Data breaches can leave patients and
institutions vulnerable and can pose major difficulties. The
use of multiple digital health technologies could compromise
a patient’s protected health information leading to serious
consequences such as fraud. Understanding these barriers
and complications with incorporating digital health will help
reduce patient non-adherence as well as maintain the level
of quality healthcare expected in digital health. There needs
to be further research into what digital health strategies
influence health outcomes and the cost-effectiveness of service
delivery (59).

Learning healthcare system: Data
and digital health

Data sources for learning healthcare
systems

A LHS as described by the AHA (5) references four
main sources of digital data for the improvement of care:
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EHR data, clinical registry data, administrative claims data,
and supplemental data sources. The AHA outlines the use
of EHR, clinical registry, and administrative claims data in
detail. The document states that these methods leave out
one crucial environment of health: patient health outside
of the healthcare delivery setting. Patient health information
from outside of the healthcare system arguably represents
the majority of potentially actionable data and is a crucial
untapped aspect of patient health. Newer data collection
technologies such as wearables and implantable trackers
provide a more comprehensive view of a patient’s health
leading to preventive rather than reactive medicine. One of
the greatest challenges outlined by the AHA LHS statement
for these technologies is recent naissance and thus lack of
standardized methods for analysis and use. Programs that
incorporate supplemental data sources help determine their
most efficacious uses and viability. While EHR, registry, and
claims data will predominate in the near term, they cannot
provide a complete perspective on the various factors that
influence a patient’s cardiac health; so technologies that g
ive an accurate account from outside of hospitals and clinics
will increasingly contribute to the cardiovascular learning
healthcare system (5). As a result, the learning healthcare
system for cardio-oncology will need to develop, integrate, and
eventually act on supplemental data sources that can provide
critical insights into previously untapped aspects of patient
health (5).

Digital health in learning healthcare
systems

LHSs are reliant on four key elements to improve quality
and efficiency of health care: science and informatics,
patient-clinician partnerships, incentives, and a culture
of continuous learning (Figure 1). Digital health in a
LHS increases connectivity between the patient and
healthcare professionals, providing easier access to
information regarding real-world patient physiology,
forging a progressive partnership between the patient
and clinician and enhancing engagement of patients
in their care. Online care delivery platforms such as
patient portals can inform, engage, and empower patients
in shared decision making to improve autonomy and
clinician-patient trust (60). Patient portals give access to
online medical consultations, previous after-visit notes,
pharmaceutical information, scheduling, and messaging
services to connect to their care team for non-emergency
questions (60). This gives patients a more prominent
role in their care and makes them key contributors to
the LHS.

LHS applicable supplemental data sources can be broadly
classified as patient-reported data or environmental data

(5). Environmental data includes data on patients’ living
environments and the impact these environments have on
their health (61). Patient-reported data includes information
about a patient’s health status (e.g., symptoms, functional
status, and quality of life) (61) and physiological measurements
(e.g., blood pressure, volume status), which can be collected
using traditional methods of inquiry (e.g., questionnaires) or
newer data collection methods such as implantable medical
devices (e.g., CardioMEMs) and wearables (e.g., FitBit) (5).
Collecting and integrating data from these and other domains
enables a more comprehensive assessment of an oncology
patient’s cardiac health and may improve the ability of the
learning healthcare system to proactively anticipate and respond
to cardiac health declines or improvements. Supplemental
data sources are in their infancy, and additional work is
required to develop methods for their collection, analysis,
and use (5). Numerous early initiatives that collect and
use cardiovascular patient-reported data have demonstrated
promise in studies of atrial fibrillation, hypertension, and
heart failure (5). For example, studies have shown the
accuracy and feasibility of detecting atrial fibrillation and
pediatric tachyarrhythmias using sensors integrated into
smartphones (32, 62, 63). Studies have also shown promise with
remote monitoring of implantable cardioverter-defibrillators
and pacemakers (5). This has also been the case with medication
adherence (5).

Disparities and health equity

Racial and ethnic health disparities are prevalent in the
United States. These disparities stem from systemic racism
and are caused by poor socio-economic outcomes such as
decreased financial security, lower educational attainment,
and less access to health care. As a result, individuals from
marginalized backgrounds bear a greater disease burden. This is
apparent in oncology, cardiology, and cardio-oncology, where
historically disadvantaged groups experience a higher incidence
of cancer occurrence, cardiovascular disease, and cardiotoxicity
from cancer therapies (64). African Americans die at a higher
rate from cardiovascular disease than non-Hispanic Whites
(NHWs) (64). Black women are disproportionately affected
by breast cancer mortality and have been shown to be 41%
more likely to die of breast cancer than NHW women. (65).
Furthermore, Black women with breast cancer are 25% more
likely to die from cardiovascular disease than NHW women
(66). Even after controlling for cardiovascular risk factors,
Black women are twofold more likely to develop cardiotoxicity
from trastuzumab use than NHW women (66). Yet, disparities
are not limited to the incidence of disease. Risk factors
contributing to cardiovascular disease processes weigh more
heavily on racial and ethnic minorities. Hypertension has a
higher prevalence in African Americans than Caucasians, and is
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often undertreated in these populations (66, 67). Additionally,
African Americans experience earlier onset of diabetes and
obesity than Caucasians.

Digital health has the potential to reduce health
disparities through the implementation of digital tools in
a LHS. Within the LHS, data could be collected about
user access to healthcare with metrics like broadband
access and visit satisfaction for virtual visits. The LHS
could be used to track the impact of improving access
to digital tools for underserved groups. Digital tools like
“hot-spotting” could also be used to identify underserved
healthcare areas where additional resources or programming
can be applied to impact social determinants of health,
which could contribute heavily to the prevention of disease.
Underserved patients with conditions that can be managed
with remote monitoring could also receive both technology
and education on how to use these tools. Further, modern
communication technologies could be used to distribute
educational materials specific to these patients to improve
engagement. A LHS can use digital meeting rooms to facilitate
new community group meetings or to allow individuals to
attend existing meetings remotely to make attendance more
convenient and improve participation in the patient-provider
dialogue described in the AHA learning healthcare system
statement (5).

Through the incorporation of digital health tools into
the LHS, health disparities can be further studied through
clinical research. As we incorporate digital health tools into
the LHS, it is appropriate to leverage these tools to better
understand racial and ethnic health disparities through
clinical research. This research must focus on equitable
representation of racial and ethnic minorities in clinical
research, such as incorporating data from diverse populations
in pre-clinical studies and increasing marginalized group
participation in clinical trials (64). Engaging marginalized
groups in clinical research through digital health tools
is promising, as these tools are being used by racial and
ethnic minorities (17). For example, there was increased
usage of telemedicine services among African Americans
and other marginalized groups during the COVID-19
pandemic (68). However, marginalized groups still face
several challenges with respect to using digital health tools
such as lower health literacy and reduced internet access
and conducting digital health research and incorporating
digital health interventions into the care of these groups
should focus on increasing accessibility (68). Clearly more
than just incorporation of digital tools into the LHS and
clinical research engagement is needed to address the health
disparities that racial and ethnic minorities face. Efforts
need to be made to dismantle structural racism, engage
the community, and improve access to cardio-oncology
services (64).

Conclusion

Digital health, in many present and future forms, continues
to become increasingly relevant in modern medicine. By
understanding the importance, capabilities, and limitations of
digital health, innovators in healthcare can continue working
toward refining how we utilize technology in medicine. In
addition, as we have seen in the past year, telemedicine
and digital health have the opportunity to provide an
economical alternative to providing quality care with increased
access to many patient populations (16, 17, 32, 68, 69).
With this understanding, we can recognize that digital
health will remain an integral aspect of the new era in
medicine and the successful implementation of a LHS as
described by the AHA.

While digital data are already highly integrated into the
EHR, clinical registry, and administrative claims branches of the
LHS data systems, digital health has enormous potential
to mold the supplementary data branch by providing
reports on patient health outside the healthcare setting.
The production and research of digital health tools will
revolutionize the healthcare system and the quality of
care we can provide. While digital health tools continue
to be developed and show promise, they outpace the
rate that research on the efficacy of these tools can be
conducted. Indeed, studies have shown that digital health
interventions can improve medication adherence, provide
remote data to inform accurate diagnoses and monitor
pre-pathological states, among other benefits. However,
more steps must be taken to implement digital health
interventions into evidence-based clinical practice. To
make this a reality in modern patient care, providers must
feel comfortable recommending these technologies and
guidelines, such as the ACC Best Practices for Consumer
Cardiovascular Technology Solutions (8, 9). In addition,
design concerns, such as providing appropriate patient
education, and technical concerns, such as data breaches,
must be addressed. Research must be conducted on the
benefits and risks of digital health interventions before
widespread implementation. Although this field of study is
still in its early stages, we have an advantage in terms of
designing studies to accurately represent the population and
determine optimal ways to increase access to combat racial and
ethnic disparities.
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Background: The European Society of Cardiology (ESC) guidelines for the

management of adult congenital heart disease (ACHD) recommend screening

in patients at risk for arrhythmic events. However, the optimal mode of

detection is unknown.

Methods: Baseline and follow-up data of symptomatic ACHD patients

who received an implantable loop recorder (ILR) or who participated in a

smartphone based single-lead electrocardiogram study were collected. The

primary endpoint was time to first detected arrhythmia.

Results: In total 116 ACHD patients (mean age 42 years, 44% male) were

studied. The ILR group (n = 23) differed from the smartphone based single-

lead electrocardiogram group (n = 93) in having a greater part of males and

had more severe CHD and (near) syncope as qualifying diagnosis. In the

smartphone based single-lead electrocardiogram group history of arrhythmia

and palpitations were more frequent (all p < 0.05). Monitoring was performed

for 40 and 79 patient-years for the ILR- and smartphone based single-lead

electrocardiogram group, respectively. Arrhythmias occurred in 33 patients

with an equal median time for both groups to first arrhythmia of 3 months

(HR of 0.7, p = 0.81). Furthermore, atrial fibrillation occurred most often

(n = 16) and common therapy changes included medication changes (n = 7)

and implantation of pacemaker or Implantable Cardioverter Defibrillator

(ICD) (N = 4). Symptoms or mode of detection were not a determinant of

the first event.
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Conclusion: Non-invasive smartphone based single-lead electrocardiogram

monitoring could be an acceptable alternative for ILR implantation in

detecting arrhythmia in symptomatic ACHD patients in respect to diagnostic

yield, safety and management decisions, especially in those without syncope.

KEYWORDS

arrhythmias, congenital heart disease, electrocardiography, telemedicine,
implantable loop recorder, cardiology, pacemaker, eHealth

1. Introduction

1.1. Adult congenital heart disease

Congenital heart disease has a worldwide prevalence of ∼9
per 1000 newborns. Nowadays, the number of adult congenital
heart disease (ACHD) patients exceeds the number of children
with congenital heart disease and the population of ACHD
patients is still increasing by 5% per year (1, 2). These ACHD
patients are under lifelong surveillance in specialized centers.
Although their prognosis has significantly improved compared
to only a few decades ago, these patients are not cured. Data
from the Dutch National CONCOR registry showed that the
median age of death is 49 years and that two third of adult
patients with CHD die from a cardiac cause (3–6). One of
the most common causes of death is sudden cardiac death
(19%), which occurs at a median age of 39 years (3, 4, 7). It is
estimated that 1 out of 6 ACHD patients develops bradycardias
or tachyarrhythmia during life, that often precede syncope
and/or sudden death (3). Over one-third of tetralogy of Fallot
(ToF) patients develop symptomatic atrial tachyarrhythmia by
adulthood, 10% develop high-grade ventricular arrhythmia, and
5% require a pacemaker implantation for surgically acquired
atrioventricular block or sinus node dysfunction. After Senning
or Mustard repairs for Transposition of the Great Arteries
(TGA), loss of sinus rhythm occurs in 60% of patients in the
20-year period after surgery (8).

1.2. Arrhythmia detection

The European Society of Cardiology (ESC) guidelines
recommend periodical screening in symptomatic ACHD
patients, without arrhythmia documentation at presentation,
evaluation for arrhythmia (1). Subgroups of patients who are at
increased risk are identified in the guideline. In patients with
pacemakers or implantable cardioverter defibrillators (ICDs),
device interrogation is used to screen for arrhythmias (9, 10).
In patients without implantable device, short term screening
is commonly performed with Holter studies, and prolonged

screening with Implantable Loop Recorders (ILR). However,
smartphone based single-lead electrocardiogram solutions may
provide new alternatives (11, 12). Mobile devices for heart
rhythm monitoring, defined as ambulant diagnostics, is rapidly
evolving as wearables, mobile health applications (apps) and
smartphone possibilities are improving, and increasing in
number (13–15). ACHD patients seem particularly eligible
to benefit from these alternative solutions, as these patients
have a higher burden of arrhythmia compared to the general
population and having their first arrhythmia at younger age. So
they are generally well motivated to apply eHealth. However,
data on smartphone based single-lead electrocardiogram
are scarce. Therefore, the study aimed to explore whether
smartphone based single-lead electrocardiogram can be a good
alternative to ILR in detecting arrhythmia.

2. Methods

2.1. Study data

Baseline and follow-up data were collected of two cohorts
of ACHD patients with symptoms which could be caused by
arrhythmia. One cohort were patients who participated in a
smartphone based single-lead electrocardiogram study and the
other cohort are patients gathered by a retrospective chart
review of patients with an ILR. Indications for ILR implantation
were symptoms which could be related to arrhythmia. The
smartphone based single-lead electrocardiogram group of
patients participated in a prospective study in two medical
centers in the Netherlands (Haga Teaching Hospital and
Amsterdam UMC, location AMC). The study protocol required
routine evaluation of heart rhythm using a wireless pocket-
sized single lead EKG recording device that could record
a 30 s single lead EKG (Kardia, AliveCor). After a 1-week
run-in period, a single lead EKG was recorded once every
week. Patients could perform extra measurements in case of
symptoms. Data of events were sent by the application of
the smartphone to our telemedicine center and within 48 h
judged by specialized nurses. Data of the ILR were read as
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soon as possible after an event at our outpatient clinic. All
patients were explained to contact a physician directly in
case of emergency. Detailed description of the study has been
published elsewhere (15). A retrospective chart review has been
performed to collect ILR data of all symptomatic ACHD patients
having an ILR implanted between 2003 and 2019 (Amsterdam
UMC, location AMC).

2.2. Study criteria

The smartphone based single-lead electrocardiogram study
ACHD patients were eligible for inclusion if they met the
following inclusion criteria: palpitations within the last 3 years
(with or without arrhythmia diagnosis) or HF NYHA class
≥ II, and possession of a smartphone. Patients with impaired
cognition, as assessed by their treating physician, tremors or
patients with an insurance not covering costs of the smartphone
based single-lead electrocardiogram program, were excluded.
Patients were recruited from the outpatient clinic and clinical
wards. Enrollment in this study followed after informed consent
for the use of their clinical data was acquired. The local medical
ethics committees of both institutions issued a waiver for this
study. This included a waived consent for the retrospective
chart review, because data were processed anonymously by
the investigator.

2.3. Study outcome

The primary endpoint was time to first arrhythmia detected
(AF, SVT, VT, sinus node defect, or AV block) in both study
groups. Device implantation and change in medication were
not an outcome but also registered as a result of detecting
arrhythmia for both groups. Data were analyzed with Kaplan-
Meier survival curves and Cox proportional hazard analysis
(SPSS version 28, IBM, Armonk, New York, NY, USA). Chi-
square test or independent t-test were used to assess differences
between patient-groups.

3. Results

3.1. Baseline characteristics

In total 116 ACHD patients were studied, see Table 1.
Mean age was 42 years and 44% were male. There were 25
(22%) patients with mild CHD, 45 (39%) patients with moderate
CHD, and 46 (39%) patients with severe CHD. The rate of
hypertension (n = 16, 14%) or coronary artery disease was low
(n = 7, 6%). The ILR group consisted of 23 patients and the
smartphone based single-lead electrocardiogram consisted of 93
patients.

TABLE 1 Baseline characteristics.

All ILR Smartphone
ECG

p

N = 116 N = 23 N = 93

Age, years 42 44 42 0.573

Male, N (%) 51 (44) 17 (74) 34 (37) 0.001

Severity of CHD

Mild, N (%) 25 (22) 3 (23) 22 (24) 0.020

Moderate, N (%) 45 (39) 5 (22) 40 (93)

Severe, N (%) 46 (39) 15 (65) 31 (33)

Medical history

Cardiac surgery, N
(%)

92 (79) 17 (74) 75 (81) 0.475

Non-cardiac surgery,
N (%)

54 (47) 5 (22) 49 (53) 0.007

Coronary artery
disease, N (%)

7 (6) 2 (9) 5 (5) 0.559

Arrhythmia, N (%) 91 (78) 10 (43) 81 (87) < 0.01

Heart failure, N (%) 22 (19) 3 (13) 19 (20) 0.418

Hypertension, N (%) 16 (14) 1 (4) 15 (16) 0.142

Systemic EF < 40%,
N (%)

6 (5) 0 6 (6) 0.208

Subpulmonic
EF < 40%, N (%)

4 (3) 1 (4) 3 (3) 0.399

NYHA class

I, N (%) 90 (78) 16 (70) 74 (80) 0.303

≥ 2, N (%) 26 (22) 7 (30) 19 (20)

Arrhythmia
symptoms, N (%)

95 (82) 19 (83) 76 (82) 0.921

Palpitations, N (%) 78 (67) 8 (35) 70 (75) < 0.01

Dyspnea, N (%) 12 (10) 2 (9) 10 (11) 0.772

(Near) syncope, N
(%)

18 (16) 15 (65) 3 (3) < 0.01

Medication

Antiarrhythmic
agents, N (%)

52 (45) 7 (30) 45 (48) 0.121

Diuretics, N (%) 13 (11) 3 (13) 10 (11) 0.701

Anticoagulation, N
(%)

45 (39) 7 (30) 38 (41) 0.358

N, number; EF, ejection fraction; ILR, implantable loop recorder; CHD, congenital heart
disease; NYHA, New York heart association. Bold values represent the significant values.

The ILR group (n = 23) differed from the smartphone
based single-lead electrocardiogram group (n = 93) in having
a greater part of males. They had more severe CHD
and (near) syncope (65 vs. 3%) as qualifying symptom of
possible arrhythmia. In the smartphone based single-lead
electrocardiogram group history of arrhythmia and suffering
from palpitations were more frequent.
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FIGURE 1

Time to first arrhythmia.

3.2. Monitoring details

In total patients were monitored for 119 patient years.
Monitoring was performed for 40 and 79 patient years,
respectively, in the ILR and smartphone based single-lead
electrocardiogram groups. The median time to first arrhythmia
was 92 (16–233) days for the complete study cohort, for the ILR
group 40 (15–681) days and for the smartphone based single-
lead electrocardiogram group 102 (21–232) days (p = 0.80,
HR of 0.7) (Figure 1 and Table 2). Arrhythmias occurred
in 33 patients, of which 11 (48%) were documented in the
ILR group and 22 (24%) in the smartphone based single-lead
electrocardiogram group (p = 0.021). In both groups atrial
fibrillation was the most frequently documented arrhythmia and
no patient died.

3.3. Changes in patient management

Arrhythmia detection led to the important care changes,
displayed in Figure 2. In the ILR group device implantation
to treat arrhythmia was performed in four patients (three
pacemaker and one ICD) and medication changes were
performed in two patients (start of beta-blocker). Furthermore,
in the ILR group a wait and see strategy was chosen in five
patients. In the smartphone based single-lead electrocardiogram
group ablation was performed in one patient and electrical
cardioversion was performed in three patients. In five
patients monitored with smartphone based single-lead
electrocardiogram medication changes were performed,
including start of a direct oral anticoagulant, start of
amiodarone, and both start and increase of beta blocker.
In one patient it was decided to perform additional Holter
monitoring and in 12 patients no change in management was
initiated.

3.4. Determinants of the first
arrhythmia event

The mode of detection (HR 0,688 95% CI 0.3–1.6, 0,371)
appeared not to be associated with the first detection of
arrhythmia in the study period (HR 3.2, 95% CI 1.5–6.8,
p = 0.002). The use of anti-arrhythmic drugs was associated
with an arrhythmia event because patients with anti-arrhythmic
drugs are at high risk of arrhythmia.

4. Discussion

4.1. Principal findings

Rhythm monitoring is important in ACHD patients as they
are at high risk for arrhythmic and brady-arrhythmic events,
but with the currently expanded possibilities of diagnostics
no optimal diagnostic strategy has been defined yet. To our
knowledge this is the first study that performed a comparison
of ILR and smartphone based single-lead electrocardiogram for
heart rhythm monitoring in ACHD patients. Smartphone based
single-lead electrocardiogram seems to be a reasonable non-
invasive alternative diagnostic tool for symptomatic patients
instead of an invasive ILR for detecting arrhythmia.

4.2. Diagnostic yield of ambulatory
rhythm monitoring in ACHD patients

Our findings of a high burden of arrhythmia in selected
ACHD patients is comparable to the literature. Dodeja et al.
evaluated traditional ILR monitoring in ACHD patients and
showed a useful adjunct with clinically relevant events in
41% of patients (9). Schultz et al. performed a retrospective
cohort study on remote ambulatory monitoring in 307 ACHD
patients with symptoms, a history of arrhythmia or screening
due to an increased risk. Their 14-day screening detected
arrhythmia in 153 (50%) ACHD patients. Management changes,
including medication changes (30%), further testing or imaging
(10%), and procedures (6%), were made based on results of
these prolonged monitoring strategy (16). Huntgeburth et al.
performed a single center, retrospective observational study
in which all CHD-patients with an ILR who were under
care of the German Heart Center Munich between February
2015 and January 2019 were identified (17). The authors
found a considerable complementary diagnostic value of
ILR for the detection and differentiation of benign and
malignant arrhythmias. Huntgeburth et al. concluded that ILR
implantation should be considered in patients with CHD of
any complexity who need medium or long-term arrhythmia
monitoring, especially if short-term Holter monitoring cannot
provide sufficient diagnostic certainty.
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FIGURE 2

Care changes (A) ILR and (B) smartphone ECG.

4.3. Smartphone based single-lead
electrocardiogram for heart rhythm
monitoring in ACHD patients

Smartphone based single-lead electrocardiogram is a
promising tool to improve care and detect arrhythmia
in ACHD patients (18–21). Smartphone based single-lead

electrocardiogram has been shown to enable early detection
of recurrences and new diagnosis of arrhythmia, which led to
swift therapeutic response or remote reassurance. Furthermore,
smartphone based single-lead electrocardiogram was well
accepted in ACHD patients with high adherence and positive
patient experience (15, 22). The risk of ILR implantation
such as need for re-implantation, wound dehiscence or device
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TABLE 2 Details on monitoring.

A

All ILR Smartphone
ECG

p

N = 116 N = 23 N = 93

Median time to first
arrhythmia, days
(IQR)

92 (16–233) 40 (15–681) 102 (21–232) 0.801

Median monitoring
time per patient,
days (IQR)

322
(148–428)

567
(40–1217)

317 (188–399) 0.045

B

Details on first arrhythmia

All ILR Smartphone p

N = 116 N = 23 N = 93

Arrhythmia occured,
N (%)

33 (28) 11 (48) 22 (24) 0.021

Atrial fibrillation, N
(%)

16 (14) 2 (9) 14 (15) 0.428

Supraventricular
tachycardia, N (%)

14 (12) 6 (26) 8 (9) 0.021

Ventricular
tachycardia, N (%)

1 (1) 1 (4) 0 0.043

Sinus node defect, N
(%)

2 (2) 2 (9) 0 0.004

Atrioventricular
block, N (%)

0 0 0 1.000

N, number; IQR, interquartile ranges; ILR, implantable loop recorder. Bold values
represent the significant values.

erosion of 1–9% can be avoided (17, 23, 24). Smartphone based
single-lead electrocardiogram as a non-invasive diagnostic tool
has no such risk of surgical complications. In our analysis
smartphone based single-lead electrocardiogram proofed to be
an effective tool in detecting arrhythmia. In our study there
was a lower rate of arrhythmia detection in the smartphone
based single-lead electrocardiogram group, potentially due to
the fact that this group had less patients with severe ACHD.
Although ILR is better at detecting arrhythmias in patients
because the window of measurement is continuous, it has the
before mentioned disadvantage of being an invasive tool. So,
we suggest in symptomatic patients, if symptoms occur on
daily basis, 24 Holter monitoring for diagnosing arrhythmia is
a good option. If symptoms occur less frequently smartphone
based single-lead electrocardiogram could be an alternative
option and save the ILR for patients where no diagnosis
could be found with these modalities and for whom detecting
arrhythmia is important to their prognosis. Furthermore,
new wearables with smart algorithms can monitor patients
continuous and alert patient and physician if arrhythmia is
detected (25, 26).

4.4. Prolonged rhythm monitoring in
acquired heart disease patients

Diagnostic yield of prolonged monitoring is also well
established in AF screening in cryptogenic stroke patients
(27). Longer durations of monitoring were associated with
the highest diagnostic yield in these patients (28, 29).
However, the optimal monitoring method and duration
of monitoring is unclear (30–32). Solbiati et al. performed
a systematic Cochrane review on ILR performance and
concluded that available data are non-conclusive. The
authors therefore recommended further research on ILR
with clinically relevant outcomes (33). Our study suggests
our smartphone based single-lead electrocardiogram protocol
compared to ILR can be a good alternative in detecting
arrhythmia in patients with symptoms other than syncope.
Especially if these complaints are less frequent than once
a day for which 24–48-h Holter monitoring is still a good
alternative option.

4.5. Future directions

Beside clinical effectiveness other aspects of implementation
include amongst others: cost evaluation, governance,
patient, and technological factors. Studies on costs of
smartphone based single-lead electrocardiogram are
scarce. In the first study that compared eHealth with the
standard outpatient clinic setting it was suggested that
eHealth was likely cost-effective (34). That study was
performed in patients who suffered from acute myocardial
infarction. Hypothetically, smartphone based single-lead
electrocardiogram is more cost-effective than ILR because
it saves on the costs of implantation and explantation, but
if wearables for heart rhythm monitoring use a service
center with medical personnel, the costs for this solution
could also become significant. Furthermore, health system
governance, health provider, patient and technological
factors may complicate implementation. However, tools
to identify barriers to implementing digital health and
recommendations for overcoming them are increasingly
available (35–37).

4.6. Limitations

Our study was limited by a combination of two datasets,
without randomization of patients between the two monitoring
strategies. Moreover, short arrhythmia and asymptomatic
arrhythmia or bradycardias may remain unnoticed in both
groups. Despite we screened all ACHD patients visiting our
outpatient clinic between 2003 and 2019 for having an
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ILR, the number of patients we found having an ILR was
much smaller compared to the smartphone based single-
lead electrocardiogram group. We postulate that the threshold
for using an invasive diagnostic tool to find arrhythmia in
symptomatic patients is higher compared to non-invasive
Holter monitoring. The decision to implant an ILR to detect
arrhythmia was most often reserved for ACHD patients
with unexplained syncope or cerebral vascular accident
after unsuccessful period of Holter monitoring. However, in
the emerging field of non-invasive wearable heart rhythm
monitoring solutions we are the first to report a comparison
in this high-risk patient population. Matching was not
performed in the study. The smartphone based single-lead
electrocardiogram has a significantly higher number of patients
with a history of previous arrhythmia. Previous arrhythmia
could make arrhythmia recurrence more likely than no previous
arrhythmia. However, arrhythmia could also make arrhythmia
recurrence less likely because of the treatment with anti-
arrhythmic drugs. Potentially this could have introduced bias
the process of arrhythmia detection.

5. Conclusion

Non-invasive smartphone based single-lead electrocardiogram
monitoring could be an acceptable alternative in detecting
arrhythmia in symptomatic ACHD patients instead
of an ILR in respect to diagnostic yield, safety and
management decisions, especially in those patients without
syncope.
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and ECG can be reliably used for 
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Aims: The aim was to validate the performance of a monitoring system consisting of 
a wrist-worn device and a data management cloud service intended to be used by 
medical professionals in detecting atrial fibrillation (AF).

Methods: Thirty adult patients diagnosed with AF alone or AF with concomitant 
flutter were recruited. Continuous photoplethysmogram (PPG) and intermittent 30 s 
Lead I electrocardiogram (ECG) recordings were collected over 48 h. The ECG was 
measured four times a day at prescheduled times, when notified due to irregular 
rhythm detected by PPG, and when self-initiated based on symptoms. Three-channel 
Holter ECG was used as the reference.

Results: The subjects recorded a total of 1,415 h of continuous PPG data and 3.8 h 
of intermittent ECG data over the study period. The PPG data were analyzed by the 
system’s algorithm in 5-min segments. The segments containing adequate amounts, 
at least ~30 s, of adequate quality PPG data for rhythm assessment algorithm, were 
included. After rejecting 46% of the 5-min segments, the remaining data were 
compared with annotated Holter ECG yielding AF detection sensitivity and specificity 
of 95.6 and 99.2%, respectively. The ECG analysis algorithm labeled 10% of the 30-s 
ECG records as inadequate quality and these were excluded from the analysis. The 
ECG AF detection sensitivity and specificity were 97.7 and 89.8%, respectively. The 
usability of the system was found to be good by both the study subjects and the 
participating cardiologists.

Conclusion: The system comprising of a wrist device and a data management service 
was validated to be suitable for use in patient monitoring and in the detection of AF 
in an ambulatory setting.

Clinical Trial Registration: ClinicalTrials.gov/, NCT05008601.

KEYWORDS

atrial fibrillation, wearable sensors, photoplethysmography, electrocardio graphy, 
ambulatory

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia diagnosed in clinical practice with 
increasing numbers forecast due to the worldwide aging of large generations (1) AF results from 
chaotic activation of multiple origins in the atrial muscle of the heart. AF predisposes patients to 
embolic stroke and anticoagulation medication should be considered if the CHA2DS2VASc score of 
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the patient is one or higher. One in three to four patients with ischemic 
stroke, and over 80% of those with ischemic stroke of cardioembolic 
type, also had atrial fibrillation (2). There is also evidence of an 
association between AF and cognitive dysfunction ranging from mild 
impairment to overt dementia (3, 4). This makes recognizing and 
diagnosing AF critical. On the other hand, the brief paroxysms of AF 
can be  very difficult to detect, and in some patients, AF may 
be asymptomatic. The European Society of Cardiology guidelines for the 
diagnosis and management of AF recommend that a minimum of 30 s 
single-lead electrocardiogram (ECG) with irregular rhythm without 
discernible repeating P waves is required for the diagnosis of AF (5, 6).

Inexpensive, convenient, and reliable means to diagnose AF could 
improve the prevention AF related stroke and death and also the 
development of cognitive dysfunctions. The paroxysmal nature of AF 
episodes may limit the use of conventional 12-lead ECG recorded on 
demand by health care practitioners. Implantable loop recorders are 
better suited for other purposes than diagnosing AF as they are invasive 
and expensive. Modern wearable devices such as smart watches and 
smart phones can be used to screen the heart rhythm for anomalies 
almost continuously (smart watches) or intermittently (smart phones) 
via photoplethysmography (PPG), but recorded ECG is still required for 
a diagnosis. Some of the new smart watches feature both optical cardiac 
rhythm monitoring and a capability to record a single-lead ECG tracing. 
However, certified medical devices featuring both modalities and 
intended for clinical use have so far been lacking.

The objective of this study was to validate the performance of the 
PulseOn Arrhythmia Monitor System (PulseOn Oy, Espoo, Finland) 
consisting of a wrist-worn device and a data visualization cloud service, 
the PulseOn Data Management Service, intended to be used by medical 
professionals in detecting AF in an outpatient setting for 48 h.

2. Materials and methods

The intended purpose of the PulseOn Arrhythmia Monitor System 
is to assist in the diagnosis, screening, and monitoring of cardiac 
arrhythmias, especially atrial fibrillation. The system consists of a wrist-
worn device and a secure cloud-based data management service. The 
wrist device optically monitors the user’s pulse rate to detect any 
heartbeat irregularity and is used to take intermittent single-lead 
(Lead I) ECG measurements between the arms. The wrist device stores 
the measured data, which is later transferred to the data management 
service where it can be analyzed by medical professionals. The device is 
intended to be used inside and outside the hospital environment. The 
usage period of the system may vary from days to several weeks. A 
descriptive, observatory clinical investigation was conducted to validate 
the system’s performance (clinical trial NCT05008601).

2.1. Study population

According to the performance results of earlier clinical feasibility 
studies, an estimated half of the obtained data was sinus rhythm and the 
other half AF data. Using 0.1 as the probability of type I error and 80% 
power level, the required amount of data was estimated as 500 h based 
on a non-inferiority approach (7). However, due to several uncertainties 
in estimated values, the target subject number was set at 30 instead of 
the minimum 11 for 48-h recordings.

The targeted subject number was based on the primary study 
objective of showing the sensitivity of the PPG based arrhythmia 
detection algorithm in detecting atrial fibrillation when the analysis is 
made in 5-min windows. Subjects were recruited who met the inclusion 
criteria: age ≥ 18 years and prior diagnosis of AF alone or AF with 
concomitant atrial flutter were recruited. Patients with pacemakers were 
excluded. Thirty-eight subjects were assessed for eligibility, seven were 
excluded and 31 included in the monitoring (Figure 1).

2.2. Wrist device and data management 
service

The wrist device used in the PulseOn Arrhythmia Monitor System 
includes both reflective mode wrist PPG with yellow-colored LEDs as 
well as stainless steel dry electrodes to enable Lead I ECG measurement 
when the recording loop is closed by placing the contralateral palm on 
the wrist device (Figure 2). The device continuously measures PPG 
from the patient’s wrist to analyze the beat-to-beat heart rate for 
possible cardiac rhythm irregularities. When irregular rhythm is 
detected, the device notifies the patient to take a 30-s ECG recording 
for further analysis. The exact duration of the recording is 35 s of 
which 30 s are shown to the healthcare professional. The notifications 
can also be scheduled to take place 1–4 times a day. In addition, the 
patient can self-initiate recordings whenever there is a need, e.g., if 
they experience arrhythmia symptoms. The PPG-based inter-beat-
intervals (IBI), the heart rhythm status based on the IBIs and recorded 
ECGs are stored in the internal memory of the wrist device. In normal 
operation, the wrist device can store up to 6 months of data to its 
internal memory.

The data can be transferred via a gateway to a server or, as in this 
study, be downloaded at the clinic when the wrist device is returned. 
The data analysis and patient rhythm assessment are done by the 
PulseOn Data Management Service through a web browser user 
interface. The Data Management Service includes ECG analysis 
algorithms (Cardiolund AB, Lund, Sweden) that process the 
measured ECG signals and flag signals showing signs of arrhythmia 
(Figure 3). The service features three views: a monthly overview, a 
more detailed weekly view, as well as an ECG signal view. The ECG 
view shows the measured ECG signals including beat specific 
markings overlaid on the signal, RR-intervals in milliseconds and the 
labeling of each recording made by the algorithms. The markings 
include Short, Long and Very long RR-intervals, Supraventricular 
extrasystoles (SVES), Ventricular extrasystole (VES), Tachycardia, 
Fast, Slow, Bigeminy, and Trigeminy. The labels for the whole 30-s 
record comprise Possible arrhythmia, Inadequate quality, No rhythm 
deviation, Pause/AVblock II, Fast regular, Fast regular and wide QRS, 
Fast/Slow episode, Bigeminy, Trigeminy, Wide QRS, > 5 SVES, 
and > 5 VES.

The device and the silicone wrist strap are easy and quick to clean 
between patients using common cleaning agents. The device is classified 
as waterproof up to 1 m and the battery lasts for more than 7 days 
without recharging. In longer studies, the patient is given an easy-to-
operate charging dock.

This current validation was performed for the CE approval of the 
PulseOn Arrhythmia Monitor System as a class IIa medical device for 
its intended purpose according to the regulation (EU) 2017/745 of the 
European Parliament and of the Council on Medical Devices.
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2.3. Data collection

The subjects were asked to simultaneously wear two different devices 
for cardiac rhythm monitoring: the PulseOn wrist device and a three-
channel Holter device (Faros 360, Bittium Biosignals Oy, Oulu, Finland) 
with disposable Ag/AgCl gel electrodes (Ambu Blue Sensor L-OO-S, 

Ambu A/S, Ballerup, Denmark). The Holter device was used to obtain 
reference information on the heartbeat intervals and rhythm status of the 
subjects. The subjects wore the devices continuously during the 48-h 
study period. Six individual devices of both types were circulated among 
the subjects. Data collection was started during an outpatient visit. The 
data were collected during the subjects` normal daily activities.

In addition to the continuous PPG recording of heartbeat intervals, 
the subjects were instructed to collect 30-s ECG recordings in three 
cases: first, if the device gave a timed reminder to take a recording (four 
times a day at 8:00, 12:00, 16:00, and 20:00); second, if the device gave 
an arrhythmia notification based on the PPG monitoring; and third, if 
the subject experienced arrhythmia symptoms. Thus, at least four 
intermittent ECG recordings were taken daily.

2.4. Signal analysis

Two experienced cardiologists investigated the collected ECG data. 
The reference Holter-recordings were annotated by a cardiologist (HJS) 
blind to the wrist device data using Darwin2 Holter analysis software 
(Schiller Americas, Doral, FL, United States). In addition to the standard 
hour by hour statistical Holter report, the precise time points for the 
beginning and ending of the arrhythmia episodes were marked and used 
in the estimation of the sensitivity and specificity of both the automated 

FIGURE 1

The Consort flow diagram for the trial.

FIGURE 2

The PulseOn Arrhythmia Monitor wrist device outside (above) and skin 
side (below) with details.
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PPG and the ECG analysis algorithms. Another cardiologist (KK) 
assessed the cardiac rhythm from the wrist device ECG recordings blind 
to the reference data. HJS also assessed the rhythm using the wrist 
device ECG recordings. This assessment was done after a significant 
amount of time (approximately 6 months) had elapsed since annotating 
the Holter-recordings to retain objectivity regarding the assessment. The 
cardiologists’ wrist device ECG appraisals were used for data quality 
assessment and to determine how many subjects showing AF in the 
Holter-recordings could be correctly classified visually using only the 
wrist device data.

The evaluation of the PPG-based arrhythmia detection was made 
using 5-min data segments. The 5-min analysis window length has 
earlier been used by Zhang et al. (8) and Chang et al. (9). If more than 
30 consecutive heartbeats were classified as arrhythmia or regular 
rhythm, the whole segment was appropriately labeled as arrhythmia or 
regular rhythm, arrhythmia having priority if both rhythm types were 
found in the segment. Those 5-min segments during which the 
arrhythmia analysis algorithm had not been able to make a rhythm 
assessment, e.g., due to too much movement, were labeled as 
undetermined and excluded from the sensitivity/specificity analysis. The 
same 30 consecutive heartbeat threshold is used by the wrist device to 
give irregular rhythm notification.

2.5. Usability

After the 48-h recording, the subject returned the wrist device and 
completed a usability questionnaire. Fourteen items on the questionnaire 
included the subject’s impressions of the clarity of the device’s 
notifications (four items), comfort when wearing the device (six items), 
possible skin irritation (one item), ease of recording a 30 s ECG (two 
items), and an overall grade for the device. The scale was 1–5 in 10 
questions and binary (Yes/No) in four questions. Open-ended comments 
were invited to supplement the structured questions.

The cardiologists KK and HJS were interviewed about how they felt 
about using the PulseOn Data Management Service for reviewing the 
wrist device ECG data.

2.6. Statistical analysis

The performance of the PulseOn Arrhythmia Monitor System was 
assessed by comparing the wrist device PPG segments and ECG records 
labeled by the wrist device and Data Management Service algorithms 
with the cardiologists’ Holter ECG manual annotations. The wrist device 
data were scored as seen in Table 1. Sensitivity and specificity were 
calculated from these results.

The accuracy of the IBIs estimated from the PPG signal was 
evaluated by first aligning the IBIs with the reference RR-intervals 
obtained from the ECG signal and then calculating the average of the 
absolute of the difference between the corresponding intervals. This 
metric is often called mean absolute error. Only the IBIs marked 
“reliable” by the PPG analysis algorithm were considered.

2.7. Consent and ethical considerations

The study followed the ethical principles of the Declaration of 
Helsinki, and each study subject gave written informed consent. The 
study protocol was approved by the Research Ethics Board of Tampere 
University Hospital (decision number R20087) and the national 
competent authority Fimea. The study was registered in the open clinical 
trial database ClinicalTrials.gov (NCT05008601).

3. Results

Thirty-one volunteer subjects aged from 32 to 83 years were 
recruited from the patient base of Tampere Heart Hospital, Finland. 
One of the subjects was excluded after the data collection because of 
a technical problem with the reference Holter data (Figure 1). Two 
recordings were terminated prematurely at 31 and 32 h of data 
collection due to wrist device software failure. The recordings until 
the time of termination were reviewed, found to be  intact, and 
included in the material. Of the final 30 subjects eight were female 
and 22 were male. The median age was 65 (IQR: 57–71) years. The 

FIGURE 3

ECG view of PulseOn Data Management Service.
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diagnoses were: Paroxysmal AF: 21 subjects, Persistent AF: three 
subjects, Chronic AF: one subject, Paroxysmal AF and Typical AFL: 
three subjects, Persistent AF and Typical AFL: one subject, and 
Unspecified AF and AFL: one subject. The recordings were performed 
between March and June 2021. None of the subjects was hospitalized 
during the study period.

A total of 1,416 h of wrist device data were collected from the 30 
subjects included, corresponding on average to 47 h 12 min per subject. 
Reference Holter ECG data were collected simultaneously, and totaled 
1,438 h. Based on the cardiologists’ annotations, 150 h (10%) of the 
Holter data was of low but analyzable signal quality due to artifacts. Of 
the Holter data, 371.8 h (25.9%) showed AF and 50.7 h (3.5%) AFL. No 
adverse events occurred during the study.

3.1. PPG performance

The PPG dataset included 16,980 5-min data segments. Of these 
segments, 7,828 (46%) were labeled as undetermined by the algorithm 
due to inadequate data quality. Of all the day time (8:00–22:00), 
segments 69% were labeled as undetermined. In the night-time (22:00–
8:00), only 21% were labeled as undetermined. The above segments were 
discarded from the sensitivity/specificity analysis. The remaining 9,152 
segments (54%) were of adequate quality for rhythm analysis. Of these, 
2,419 were labeled as arrhythmia and 6,733 as regular rhythm. After 
matching the annotated Holter ECG with the PPG, a sensitivity/
specificity analysis was conducted for each subject and the whole data 
set (Table 2).

The sensitivity and specificity of the 5-min based PPG atrial 
fibrillation detection were, respectively, 95.6 and 99.2%. The mean 
absolute error of the PPG inter-beat-interval estimation averaged over 
the whole dataset was 26.6 ms.

One study subject had a diagnosis of unspecified AF with 
concomitant atrial flutter whose rhythm was very stable most of the time 
but occasionally became irregular. This subject was considered to 
be non-AF in the analysis. Stable flutter rhythm is not detectable with 
PPG technology that utilizes heartbeat interval regularity analysis. The 
irregular rhythm periods however produced PPG-based arrhythmia 
notifications and caused 23 out of the total 55 false positive labels in 
Table 2.

3.2. ECG performance

The subjects recorded a total of 457 30-s ECG measurements using 
the wrist device. The number of ECG measurements per subject over the 
48-h study period varied between 7 and 28. The prescheduled 
measurements were 47%, the PPG triggered were 23%, and the self-
initiated were 30% of all the ECG segments.

Of the 457 30-s ECG segments, the algorithm labeled 44 (10%) as 
inadequate quality. These segments were excluded from the subsequent 
analysis. In addition, the cardiologists KK and HJS, respectively, labeled 
24 (5%) and 5 (1%) of the remaining ECG segments as inadequate 
quality. These segments were included in the analysis of automatic ECG 
algorithm performance as the system as such was under evaluation. The 
algorithm identified 413 (90%) of the segments as analyzable quality. 
Based on the visual assessment of only the wrist device ECG data, the 
cardiologists were able to correctly classify all the subjects having 
episodes of AF during the measurement period. None of the subjects 
who were in sinus rhythm throughout the whole measurement period 
were incorrectly assessed as having arrhythmia episodes.

Fifteen subjects did not have any episodes of AF or AFL during the 
recording. Five of these had atrial tachycardia episodes of less than 30 s, 
thus not meeting the criteria for AF. Seven subjects had episodes of 
paroxysmal AF during the recording, seven subjects were in continuous 
AF and one in continuous AFL throughout the whole recording. 
However, both cardiologists found the aforementioned subject who had 
stable atrial flutter rhythm with periods of irregularities challenging to 
interpret. Flutter waves are often poorly visible in Lead I ECG making it 
difficult to assess atrial flutter (6). Neither of the cardiologists was 
confident about their analyses, however, assessing the subject as being 
either in AF or in mixed AF and flutter rhythm. On an ECG segment 
level, the algorithm labeled 197 segments as Possible arrhythmia 
indicating primarily AF and 215 either as No rhythm deviation 
indicating sinus rhythm or with any other of the labels listed below. 
Sensitivity and specificity were calculated based on the confusion matrix 
of Table 3 showing 97.7% sensitivity and 89.8% specificity.

The Data Management System labels the 30-s ECG records with one 
of the following labels: Possible arrhythmia, Inadequate quality, No 
rhythm deviation, Pause/AVblock II, Fast regular, Fast regular and wide 
QRS, Fast/Slow episode, Bigeminy, Trigeminy, Wide QRS, > 5 SVES, 
and > 5 VES. In the above analysis only the label Possible arrhythmia was 
considered to indicate AF, which yields the results in Table 3. If any label, 
excluding Inadequate quality and No rhythm deviation, is considered to 
indicate AF, the sensitivity becomes 100.0% and specificity 84.26% 
(Table 4). This approach can be considered justified because in clinical 
use, the cardiac rhythm is always visually confirmed from the ECGs and 
the labels of the automatic analysis can be used attract the attention of 
the clinician performing the assessment.

Further, if atrial flutter is considered together with atrial fibrillation 
the results become 99.5% sensitivity and 87.6% specificity.

TABLE 2 Confusion matrix of PPG-based atrial fibrillation detection.

Positive 
prediction

Negative 
prediction

Total

Actual atrial fibrillation True positives 2,364 False negatives 110 2,474

Actual non-AF rhythm False positives 55 True negatives 6,623 6,678

Total 2,419 6,733 9,152

TABLE 3 Confusion matrix of ECG-based AF detection.

Positive 
prediction

Negative 
prediction

Total

Actual atrial fibrillation True positives 173 False negatives 4 177

Actual non-AF rhythm False positives 24 True negatives 211 235

Total 197 215 412

TABLE 1 The data labels used in scoring the wrist device’s data.

Label in ECG Label in 
PPG

Label in 
Holter

Result

Possible arrhythmia Arrhythmia Atrial fibrillation True positive

Possible arrhythmia Arrhythmia Sinus rhythm False positive

No rhythm deviation Regular rhythm Sinus rhythm True negative

No rhythm deviation Regular rhythm Atrial fibrillation False negative
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3.3. Usability

Test subject feedback based on the questionnaire was received from 
25 out of the 30 subjects. The average of the overall grade was 4.6 out of 
a maximum of five. The averages of the clarity of notifications was 4.2, 
wear comfort was 4.1, and ease of ECG recording was 4.6. The average 
of skin irritation was 1.4 (1 = no irritation, 5 = severe irritation). Thirteen 
percent of the subjects found notifications occasionally disturbing, 25% 
percent had to adjust the wrist strap tightness, 91% felt they knew what 
the correct tightness should be, and 4% felt uncomfortable and had to 
switch the device to another wrist. The comments in the subjects’ own 
words included generally positive remarks as well as comparisons, 
according to which the wrist device was preferred to the Holter.

Both cardiologists gave similar types of positive feedback on the 
usability of the PulseOn Data Management Service: the user interface of 
the Data Management Service supports the cardiologist’s work well, it is 
logically organized, has well-functioning review tools and the web 
browser interface responds promptly to the user’s commands. However, 
it should be noted that KK has had minor involvement in the design 
work of the Data Management Service and is a part-time employee of 
PulseOn Oy.

4. Discussion

The main finding of this study was that the wrist device investigated 
and the PulseOn Data Management Service evaluated can be reliably 
used to detect and diagnose AF in an ambulatory setting in daily life. 
The usability of the wrist device, comfort wearing it, and ease of ECG 
recording were rated good by the study subjects. Little to no skin 
irritation was experienced. The cardiologists found the Data 
Management Service to be well functioning for its purpose.

4.1. Photoplethysmogram

Our results in the PPG-based atrial fibrillation detection (sensitivity 
95.6% and specificity 99.2%) are in line with those of earlier studies. 
Similar methodology has been previously used by four groups in five 
studies. Zhang et al. used the Samsung Galaxy Active 2 watch over 
4 weeks on 53 patients and compared AF detection to continuous patch 
ECG. The sensitivity and specificity of the device were 90.8 and 93.0%, 
respectively, (8). Chang et al. recruited 200 participants who underwent 
24 h of simultaneous Holter ECG monitoring and continuous PPG 
recording using a Garmin Forerunner 945 smartwatch. AF detection 
sensitivity and specificity were 97.1 and 86.8%, respectively, (9). The 
Philips Cardio and Motion Monitoring Module was used in two 24-h 
studies with 20 and 27 patients with Holter reference. The respective AF 
detection sensitivities and specificities of the two studies were 98.4 and 
98.0% (10) and 100 and 96% (11). Wasserlauf et al., studied 24 patients 

who had an insertable loop recorder and wore an Apple Watch with 
Kardiaband during daytime for an average of 110 days. In their study, 
AF episodes of ≥1 h were detected with a sensitivity 97.5% per episode. 
Considering the total duration of all the AF episodes detected (loop 
recorder 1127.1 h, watch 1101.1 h) sensitivity and specificity were 97.7 
and 98.9%, respectively, (12).

In our study, the PPG algorithm labeled 46% of the 5-min segments 
as undetermined because of inadequate data quality. The inadequate 
segments were recorded mostly in the day time. In the night-time, the 
artifacts were reduced as the subjects were resting. The amount of 
inadequate data is comparable with the previous studies: 42% calculated 
from Chang et al. (9), 24–57.6% as reported by Eerikäinen et al. (10) and 
56% as reported by Bonomi et al. (11).

In addition to the above long-term studies with ambulatory 
outpatients, there have been several short-term studies with hospital 
inpatients. In these studies, the patients have been sitting or lying down, 
and are therefore not easily comparable with the free-living conditions 
of the outpatients. Nevertheless, the following results of the 21 studies 
reviewed reflect the current state of the art in using PPG for AF 
detection. Median number of patients was 60, median recording 
duration 10 min, median sensitivity 97.03% (range 84.10–100%) and 
specificity 96.00% (56.64–99.90%). (13–33)

The largest published studies on wrist-worn PPG devices and AF 
detection in normal daily living are those by Perez et al. using the Apple 
Watch on 419,297 (34) and Guo et al. using Huawei’s technology on 
187,912 participants (35). In the Apple study, the detected AFs were 
subsequently confirmed by using ECG patches. In the Huawei study, the 
confirmation was by using clinical evaluation, electrocardiogram, or 
24-h Holter monitoring. The positive predictive values for the Apple and 
Huawei technologies were 0.84 and 0.916, respectively.

There are numerous mobile software applications that utilize smart 
watch or smart phone flash and camera sensor to assess pulse rate 
variability, but accuracy is usually tested in restricted conditions. Clearly, 
diagnosing AF requires very high specificity to avoid situations where 
patients are treated with lifelong anticoagulative medications and suffer 
bleeding risk as a result of incorrectly diagnosed AF. The measured PPG 
should only be used as an indication for further evaluation: ECG visually 
assessed by a qualified doctor is required for initial diagnosis. However, 
PPG monitoring could be efficacious in monitoring the AF burden on 
patients with already diagnosed AF or after catheter ablation (6).

4.2. Electrocardiogram

The results of the ECG performance of the wrist device (sensitivity 
97.7% and specificity 89.8%) were also on par with the results in the 
recent literature. Hermans et  al. compared long-term intermittent 
AliveCor Kardia recording including automatic analysis to Holter heart 
rhythm monitoring for the detection of AF recurrence after cardiac 
ablation therapy in 115 patients. The patients made 30-s ECG recordings 
three times a day and whenever experiencing symptoms during a 
4-week period. The sensitivity obtained was 95.3% and the specificity 
97.5% (36). Karregat et  al. invited 205 primary care patients aged 
≥65 years with a negative 12-lead ECG to wear a Holter monitor for 
2 weeks and to use a MyDiagnostick single-lead ECG device three times 
a day for 60 s ECG recordings. The sensitivity and specificity results of 
AF detection were 66.7 and 68.8%, respectively, (37). Svennberg et al. 
used the Zenicor device in an AF screening study on 3,209 persons. The 
study did not have a reference device, but the performance of the ECG 

TABLE 4 Confusion matrix of ECG-based cardiac arrhythmia detection.

Positive 
prediction

Negative 
prediction

Total

Actual atrial fibrillation True positives 177 False negatives 0 177

Actual non-AF rhythm False positives 37 True negatives 198 235

Total 214 198 412
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analysis algorithm used by Zenicor was compared to manual 
interpretation of the same ECGs. The outcomes were 97.8% sensitivity 
and 88.2% specificity (38). The AliveCor Apple iPhone cover with Lead 
I ECG measurement (iECG) was used in two long-term studies by two 
different groups. The number of patients in the studies were 60 and 42 
and the study durations were 1 and 4  weeks. In the first study, the 
reference methods were a cardiologist’s interpretation of the iECG in 
combination with the noise-reduced iECG, and 12-lead ECG or Holter 
monitoring. The second study used the Pacetrack transtelephonic 
monitor to record ECG. The respective sensitivity and specificity results 
were 100 and 97% (39), and 94.6 and 92.9% (40).

Ten recent short-term inpatient studies were also reviewed. As with 
the PPG short-term studies, these provide a snapshot of the patient’s 
situation and provide limited information on the performance in the 
actual use environment. Median of the ECG recording duration was 30 s, 
median number of patients 144 and median sensitivity 93.0% (range 
75.0–100.0%) and specificity 95.0% (84.0–95.7%) (41–50).

In the present study, the wrist device ECG was recorded using 
stainless steel dry electrodes. Ten percent of the ECG segments were 
labeled as inadequate quality by the algorithm with an additional 5 and 
1% by the cardiologists. The physicians’ subjective judgment on the 
adequacy of the quality of the ECG records for rhythm assessment was 
based on their prior experience with single lead ECG interpretation and 
the clinical context. In the Holter using disposable Ag/AgCl electrodes, 
10% of the data were assessed as low quality due to artifacts. The 
stainless steel dry electrodes can record diagnostic level data, and in 
long-term use they compare with the Holter data quality. However, it 
must be  noted that due to the ECG recording method of the wrist 
device, subjects are instructed to remain still during measurement, 
whereas the continuous Holter data includes both low activity and high 
activity periods.

There is usually a trade-off between sensitivity and specificity when 
monitoring a medical condition. Technical adjustments in algorithms 
or methods toward high sensitivity may cause lowered specificity and 
vice versa as can be seen in our study when comparing the performance 
in the cases where (A) only the label Possible Arrhythmia or (B) any 
cardiac event labeled by the algorithm was accepted as positive 
prediction (Tables 3, 4). However, diagnosis never relies solely on just 
algorithm classification. A trained medical professional always reviews 
the data before treatment decisions are made.

In a device with its intended purpose to detect AF it is important to 
optimize for high sensitivity to correctly detect all patients with AF. False 
positives may lead to further unnecessary investigations but constitute 
a lower burden on society than false negatives, which can cause strokes 
with high treatment and rehabilitation costs and in the worst-case lead 
to patient death. It must be noted, however, that only AF can be reliably 
diagnosed using Lead I ECG. Depending on the subject the flutter waves 
of AFL cannot necessarily be distinguished in Lead I. This is because 
during AFL Lead I is in most subjects low amplitude or isoelectric for 
the atrial activity (51). Further, more ECG channels are needed to 
diagnose other arrhythmias, but ambulatory single-lead monitoring can 
provide information to trigger subsequent evaluation, e.g., 12-lead ECG 
or Holter.

The coronavirus pandemic that started in late 2019 has restricted 
travel and accelerated the use of telehealth. Wearable technology affords 
an opportunity for continuous heart rhythm assessment. The increasing 
popularity of wearable technology capable of detecting AF alongside the 
development of direct acting oral anticoagulants has also sparked new 
research interest. Could patients with paroxysmal AF under continuous 

heart rhythm monitoring be  treated with direct acting oral 
anticoagulants and exposed the risk of bleeding risk only intermittently 
when a sufficiently long period of AF is detected with by wearable device 
(52)? Obviously, this “pill-in-the-pocket” anticoagulation strategy still 
requires rigorous clinical investigation.

However, the use of smart devices to monitor heart rhythm may 
cause inequality among patients as these devices are not usually 
integrated into national health care systems or reimbursed, which makes 
them more readily available to people with better economic status and 
the high cost may impede their use.

The usual problem with consumer smart devices capable of cardiac 
rhythm monitoring is that their use is focused on the young and on 
those with high socioeconomic status and advanced interest in their 
health already, but the risk of AF starts to rise after the age of 55 (5). 
Smart devices have varied ECG recording methods. In those worn on 
the upper limb the contralateral limb is brought into contact with the 
device to record Lead I. In many devices, a crown button at the side of 
the device is pressed with a finger to form an electrical circuit for the 
recording. In the wrist device investigated, the recording is done by 
covering the whole anterior surface of the device where the dry 
electrodes are located with the palm of the opposite hand. This recording 
method may be easier for elderly users and the large skin-electrode 
contact area can even provide improved ECG signal quality for some 
subjects. The recorded data is transferred to the cloud for interpretation 
either post-hoc through a computer or automatically with a separate 
data gateway device. The gateway device can be positioned in the user’s 
home, and will automatically send new recordings to the cloud when the 
user is near the gateway. This approach may be advantageous if the 
healthcare delivery process is arranged so that there is someone to 
observe the transferred data.

The key limitation of this study was that only subjects with a prior 
diagnosis of AF/AFL were included as an adequate number of relevant 
events were needed to validate the technical performance of the 
proposed system. The sample size was limited so the findings cannot 
be generalized without caution. Depending on the study design, PPG 
technology may have limitations; the irregular pulse notification of 
Apple Watch had only 41% sensitivity for AF in subjects who had 
recently undergone cardiac surgery (53). The group recorded 50 patients 
over 2 days. On telemetry AF was observed in 90 instances, and sinus 
rhythm was seen in 202 instances. Twenty-five of the 50 patients had ≥1 
episodes of AF. In an earlier study, Tison et al. used Apple Watch to 
record 51 cardioversion patients for 20 min to achieve a sensitivity of 
98.0% (21). Wasserlauf et al., recorded 24 patients with a history of 
paroxysmal AF over a mean duration of 110 days. Eighty-two episodes 
of AF ≥ 1 h were detected on the implantable loop recorder while the 
smartwatch was being worn, and the sensitivity was 97.7% (12). The 
three studies had different patient populations which may account for 
the variation in the results. However, the seemingly poor algorithm 
sensitivity in (53) may result from a lack of data due to subjects who 
have a low AF burden combined with some difficult to detect AF 
episodes leading to false negatives.

The standard ECG recording obtained with wrist devices is 
equivalent to ECG Lead I which is sub-optimal for the detection of 
P-waves and flutter waves. Atypical recording configurations could 
provide additional lead tracings more suitable for certain arrhythmias 
(6, 54). However, from the user point of view taking Lead I ECG between 
the arms is easy and thus practical.

The system investigated could be suitable for AF screening in older 
age groups due to its good usability, long battery life, signal quality, and 
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no need for a paired smart phone. Our next target is to investigate the 
performance of the PulseOn Arrhythmia Monitor System in a screening 
setting. In that study we will recruit subjects with AF risk factors but no 
prior diagnosis of AF or AFL. This study will also evaluate the suitability 
of the system for long-term use.

5. Conclusion

The PulseOn Arrhythmia Monitor System comprising the wrist 
device for PPG/ ECG recording and the Data Management Service has 
been validated. It was found that the system can reliably detect and 
diagnose AF in an ambulatory setting. The wrist device and the Data 
Management System were found easily usable by the study subjects and 
by the participating cardiologists.
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Assessing physical activity with the
wearable cardioverter defibrillator
in patients with newly diagnosed
heart failure
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Filippos Triposkiadis3, Spyridon Deftereos4, Dimitrios Vrachatis4,
Nana-Yaw Bimpong-Buta1,2, Fabian Schiedat5†

and Harilaos Bogossian1,2†

1Clinic for Cardiology and Electrophysiology, Evangelical Hospital Hagen-Haspe, Hagen, Germany,
2School of Medicine, Witten/Herdecke University, Witten, Germany, 3Department of Cardiology, Larissa
University General Hospital, Larissa, Greece, 4Medical School, National and Kapodistrian University of
Athens, Athens, Greece, 5Clinic for Cardiology, Marienhospital Gelsenkirchen Academic Hospital of the
Ruhr University Bochum, Bochum, Germany

Background: The wearable cardioverter defibrillator (WCD), (LifeVest, ZOLL,
Pittsburgh, PA, USA) is a medical device designed for the temporary detection
and treatment of malignant ventricular tachyarrhythmias. WCD telemonitoring
features enable the evaluation of the physical activity (PhA) of the patients. We
sought to assess with the WCD the PhA of patients with newly diagnosed heart
failure.
Methods: We collected and analyzed the data of all patients treated with the WCD
in our clinic. Patients with newly diagnosed ischemic, or non-ischemic
cardiomyopathy and severely reduced ejection fraction, who were treated with
the WCD for at least 28 consecutive days and had a compliance of at least 18 h
the day were included.
Results: Seventy-seven patients were eligible for analysis. Thirty-seven patients
suffered from ischemic and 40 from non-ischemic heart disease. The average
days the WCD was carried was 77.3 ± 44.6 days and the mean wearing time was
22.8 ± 2.1 h. The patients showed significantly increased PhA measured by daily
steps between the first two and the last two weeks (Mean steps in the first
2 weeks: 4,952.6 ± 3,052.7 vs. mean steps in the last 2 weeks: 6,119.6 ± 3,776.2,
p-value: < 0.001). In the end of the surveillance period an increase of the ejection
fraction was observed (LVEF-before: 25.8± 6.6% vs. LVEF-after: 37.5 ± 10.6%,
p <0.001). Improvement of the EF did not correlate with the improvement of PhA.
Conclusion: The WCD provides useful information regarding patient PhA and may be
additionally utilized for early heart failure treatment adjustment.

KEYWORDS

wearable cardioverter defibrillator, life vest, physical activity, ejection fraction, heart failure,

sudden cardiac death, remote monitoring

Introduction

Heart failure with reduced ejection fraction (HFrEF) is a clinical condition associated

with increased sudden cardiac death (SCD) risk (1–4). In the early phase of newly

diagnosed HFrEF, reversible causes such as ongoing myocardial ischemia,

tachyarrhythmias, or acute peri-myocarditis must be treated promptly. Furthermore,
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despite swift initiation of the evidenced-based medical therapy for

heart failure, titration of the of the disease-modifying drugs may be

progressively achieved over longer periods (5). During this time

frame, the SCD risk may be temporarily high, or cannot be

determined. On the other hand, a prophylactic transvenous

implantation of a cardioverter-defibrillator (ICD) in patients with

severely reduced left ventricular ejection fraction (LVEF) in the

early phase after an acute myocardial infarction lacks survival

benefit (6, 7).

The wearable cardioverter defibrillator (WCD, LifeVest, ZOLL,

Pittsburgh, PA, USA) is a device specifically designed for the

temporary detection and treatment of ventricular

tachyarrhythmias in patients during a vulnerable period for

sudden arrhythmic death. The recently published European

Guidelines for the prevention of SCD suggest that the

surveillance with the WCD may be prophylactically considered

in the early phase after acute myocardial infarction, whereas data

on the beneficial effect of the WCD for patients with newly

diagnosed non-ischemic cardiomyopathy are sparse (8). The

device contains four non-adhesive electrodes positioned

orthogonally around the waist (anterior-posterior & right-left),

able to produce a two-lead filtered electrocardiogram (ECG) and

three self-gelling defibrillation electrodes. This allows an effective

and continuous arrhythmia detection from the WCD after

combining data from both heart rate and QRS-complex

morphology. All detected arrhythmic events are stored in the

LifeVest Network server (https://lifevestnetwork.zoll.com) and the

physician is automatically notified.

Furthermore, WCD has an incorporated accelerometer, which

facilitates the counting of the steps, thus providing information

about the patients’ daily physical activity (PhA). The reliability of

the WCD accelerometer as a tool for the assessment of PhA has

been already successfully proven compared with the 6-minute-

walking test (6MWT) (9).

Registries from Europe and the United States have

thoroughly examined the feasibility and safety of the WCD

during a vulnerable period for SCD in real world scenarios

(10–15). Furthermore, the importance of patient risk

stratification over time for SCD after initiation and

optimization of heart failure treatment and the reduction of

unnecessary ICD implantations has been previously

demonstrated (16–18). The VEST-trial examined prospectively

a potential benefit of the WCD in patients with reduced LVEF

< 35% after AMI (19). The study showed no benefit in this

population, however the wearing time with the device was

much lower than anticipated (20).

Finally, data selected from the WCD are being stored and can

be transmitted to the physician for offline analysis. Available data

contain arrhythmic events, heart rate profile and the PhA of the

patient in the form of daily steps (Figure 1).

In the present single-center, retrospective study we sought to

evaluate the PhA of all patients with newly diagnosed severely

reduced LVEF of either ischemic, or non-ischemic etiology, being

telemonitored with the WCD until the end of the surveillance

period. We also sought to identify clinical factors having an

impact to the PhA of the patients.
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Methods

Study population

A retrospective analysis of all patients treated with the WCD

from January 2016 until October 2022 in our clinic was

conducted. Inclusion criteria for the study were newly diagnosed

non-valvular heart failure, with severely reduced LVEF less than

35% at the day of hospital discharge, of either ischemic, or non-

ischemic etiology. Additional inclusion criteria were the duration

of the bridging period with the WCD and the compliance to the

treatment. Thus, a treatment with the WCD for at least 28

consecutive days and a minimum wearing time of the WCD of

at least 18 h daily were prerequisite (Figure 2). Patients with

primary electrical heart disease, or being bridged with WCD

after removal of their implanted cardioverter defibrillator due to

device infection were excluded from the study. The study

protocol conformed to the ethical guidelines of the 1975

Declaration of Helsinki.
Physical activity estimation

All data for analysis were retrieved from the manufacturer

database (LifeVest, ZOLL, Pittsburgh, PA, USA). The detection of

either ventricular, or supraventricular episodes was noted. The

endpoint of PhA was assessed by calculating the average number of

daily steps in the first two weeks and comparing it to the average

number of daily steps from the last two weeks prior to termination

of the surveillance with the WCD. Additionally, we reported the

initiation and/or modifications of all guideline recommended heart

failure medications affecting the neurohumoral cycle of heart failure

at the day of hospital discharge. Finally, we recorded and compared

the change of the LVEF of each patient and correlated it with the

PhA estimated with the WCD.
Evaluation of the left ventricular
ejection fraction

LVEF evaluation was performed with 2D-transthoracic

echocardiography using the modified Simpson’s method.

Transthoracic echocardiography was performed after reperfusion

therapy and/or initiation of medical heart failure treatment

(index event) prior to WCD therapy, as well as on scheduled

follow-up prior to decision for termination of the WCD therapy.
Statistical analysis

The SPSS 29 (IBM SPSS Statistics) was used for all statistical

analyses of this study. Continuous variables are shown as the

mean ± standard deviation (SD). Categorical variables are

presented as percentages. Pairwise comparisons of continuous

variables were performed using the paired t-test. Factors affecting

the results were examined with multivariate linear regression
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FIGURE 1

Recordings of the trends from wearable cardioverter defibrillator during the entire surveillance period. Highlighted with red color are the first two weeks
and the last 14 days of the total wearing period.

FIGURE 2

Recordings from the wearing time of the wearable cardioverter defibrillator from two different patients. Patient (A) shows a very compliance to the WCD
therapy with an average wearing time of 23.91 h per day. Patient (B) shows a low compliance to the WCD therapy with an average wearing time of 16.84 h
per day, resulting to early termination of the surveillance and exclusion from the study.
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analysis. All of the statistical tests were two-sided at a significance

level of 0.05.
TABLE 2 Follow-up Data.

First two weeks Last two
weeks

P-
value
Results

From January 2016 to October 2022 a total of 136 patients had

been treated with the WCD. Inclusion criteria were fulfilled in 77

patients, who were included in the analysis. Fifty-five patients

were males (70.5%) and the mean age of the study population

was 63.7 ± 11.7 years. WCD therapy without further device

implantation was terminated in 50 patients (64.9%). In

particular, 44 of the patients showed an improvement of their

left ventricular function with a LVEF over 35%, whereas six

patients denied a permanent device implantation despite no

adequate LVEF improvement under heart failure medication at

the end of the follow-up. A transvenous one-chamber

cardioverter defibrillator (ICD) was implanted in 18 patients

(23.4%) and a biventricular cardioverter defibrillator (CRT-D) in

9 patients (11.7%). Episodes of non-sustained ventricular

tachycardia were recorded in four individuals (5.2%), all of

whom showed no improvement of their LVEF (Table 1).

The average days that our study population carried the WCD

was 77.3 ± 44.6 days and the average daily wearing-time of the

WCD was 22.8 ± 2.1 h. An improvement of the LVEF was noted

at the end of the surveillance period with the WCD (LVEF-

before: 25.8 ± 6.6% vs. LVEF-after: 37.5 ± 10.6%, p < 0.001).
TABLE 1 Demographic data.

Study population (n =
77)

n %

Males 55 71.4

Females 22 28.6

Age (years) 63.7 ± 11.7

Body mass index (BMI—kg/m²) 28.9 ± 5.7

Comorbidities n %
Ischemic Cardiomyopathy 37 48.1

Non-ischemic Cardiomyopathy 40 51.9

Atrial Fibrillation 30 39

Paroxysmal 7 9.1

Persistent 14 18.2

Permanent 9 11.7

Coronary Heart Disease 47 61.4

Chronic obstructive pulmonary disease 15 19.5

Diabetes mellitus 22 28.6

Arterial hypertension 57 74

Overweight (BMI >25 kg/m²) 53 68.8

Arrhythmic events and
Outcome

n %

Non sustained ventricular tachycardia 4 5.2

Sustained ventricular tachycardia 0 0

Ventricular fibrillation 0 0

ICD Implantation 18 23.4

CRT-D Implantation 9 11.7

No device implantation 50 64.9

Improvement of LVEF >35% 44 57,1

LVEF, left ventricular ejection fraction; ICD, implantable cardioverter defibrillator;

CRT-D, cardiac resynchronization therapy defibrillator.
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Furthermore, the PhA of the patients increased significantly in

the last two weeks of surveillance, compared to the first two

weeks (mean steps first two weeks: 4,952.6 ± 3,052.7 vs. mean

steps last two weeks: 6,116.6 ± 3,776.2, p < 0.001) (Table 2).

Multivariate regression analysis was used to evaluate the factors

affecting the change of the left ventricular ejection fraction

(Δ-LVEF). Included factors in the model were the type of

cardiomyopathy (ischemic vs. non-ischemic), the wearing time of

the WCD in hours, the length of duration the WCD was carried

in days and the initiation of each of the guideline recommended

heart failure medications (B-Blockers, Angiotensin Converting

Enzyme (ACE)-Inhibitors, Angiotensin-1 (AT-1) receptor

blockers, Sacubitril/Valsartan, Mineralcorticoid Receptor

Antagonists (MRAs) and Sodium-glucose Cotransporter-2

(SGLT2) Inhibitors (Table 3). The only factor that was

associated with LVEF improvement was Sacubitril/Valsartan

(Table 4).

Additionally, multivariate regression analysis was used to

evaluate the factors affecting the change of the physical activity

measured in daily steps (Δ-Steps). Included factors in the model

were all previously mentioned plus the Δ-LVEF. The only factors

associated with improvement in physical activity were wearing
Average daily
steps

4,952.6 ± 3,052.7 6,119.6 ±
3,776.2

<0.001

Average heart
rate

73.1 ± 11.1 71.4 ± 10.6 ns

Beginning of
follow-up

End of
follow-up

P-
value

Left ventricular ejection
fraction (%)

25.8 ± 6.6 37.5 ± 10.7 <0.001

Δ-Steps 1,167.1 ±
2,455.9

Δ-LVEF (%) 11.6 ± 10.6

Wearing Time
(hours)

22.8 ± 2.1

Days carried 77.3 ± 44.6

Δ-Steps, Improvement of physical activity measured in daily steps; Δ-LVEF,

Improvement of left ventricular ejection fraction.

TABLE 3 Overview of medical treatment for heart failure.

Prior index
event (n)

% After index
event (n)

%

B-Blockers 31 40,3 75 97,4

ACE-Inhibitors 18 23,4 19 24,7

AT-1 Receptor
Blockers

15 19,5 8 10,4

Sacubitril/
Valsartan

4 5,2 50 64,9

MRAs 12 15,6 65 84,4

SGLT2-
Inhibitors

5 6,5 34 44,2

ACEs, angiotensin converting enzyme; AT-1, angiotensin-1; MRAs, mineralcorticoid

receptor antagonists, SGLT2, sodium-glucose cotransporter-2.
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TABLE 4 Factors potentially associated with improvement of left ventricular ejection fraction (Δ-LVEF). Results of multivariate regression analysis.

Unstandardized Coefficients Standardized
Coefficients

t P Value 95.0% Confidence Interval for B

B Std. Error Beta Lower Bound Upper Bound
(Constant) −34.706 17.534 −1.979 0.052 −69.704 0.292

Type of heart failure −2.841 2.369 −0.135 −1.199 0.235 −7.570 1.887

Wearing time (hours) 0.964 0.570 0.189 1.693 0.095 −0.173 2.101

Days carried 0.042 0.026 0.177 1.595 0.115 −0.011 0.095

B-Blockers 8.345 7.406 0.126 1.127 0.264 −6.437 23.127

ACEi 12.080 7.121 0.496 1.697 0.094 −2.132 26.293

ARBs 5.404 8.030 0.157 0.673 0.503 −10.623 21.432

Sacubitril/valsartan 15.323 7.132 0.697 2.148 0.035 1.087 29.559

MRAs 1.905 3.296 0.066 0.578 0.565 −4.673 8.484

SGLT-2i −1.730 2.457 −0.082 −0.704 0.484 −6.634 3.174

Type of heart failure: ischemic vs. nonischemic; ACEi, angiotensin converting enzyme inhibitors; ARBs, angiotensin receptor blockers; MRAs, mineralocorticoid receptor

antagonists; SGLT-2i, sodium-glucose cotransporter-2 inhibitors.
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time of the WCD and the length of duration the WCD was carried

(Table 5).
Discussion

The WCD is a non-invasive option for the treatment of

malignant ventricular tachyarrhythmias during a temporary

period with increased risk for SCD. Also, the WCD allows daily

remote telemonitoring of the patient’s PhA during the entire

surveillance period.

Currently, the 6ΜWT is a well-established and simple medical

tool for the evaluation of functional capacity among patients with

heart failure (21, 22). Results from Burch AE. et al. showed that the

WCD-guided 6MWT provides similar step counts compared to

clinician-guided 6MWT, suggesting the reliability and accuracy of

step counts with the WCD (9). However, a limitation of the

clinical 6MWT remains its applicability in every-day and out-of-

hospital settings, as well as its continuity in real life during the

entire day and over longer periods. On the contrary, high

adherence during the entire day, which is a prerequisite of an
TABLE 5 Factors potentially associated with improvement of physical activity

Unstandardized
Coefficients

Standardized Coeffi

B Std. Error Beta
(Constant) −7,403.588 4,378.612

Type of heart failure 426.845 581.195 0.087

Change in LVEF 7.474 29.654 0.032

Wearing Time (hours) 300.357 141.208 0.253

Days carried 13.830 6.518 0.251

B-Blockers 2,756.052 1,814.530 0.180

ACEi −2,094.027 1,765.064 −0.370
ARBs −1,349.070 1,955.594 −0.169
Sacubitril/valsartan −2,022.073 1,789.791 −0.395
MRAs −442.009 801.970 −0.066
SGLT-2i 50.226 598.536 0.010

Type of heart failure: ischemic vs. nonischemic; LVEF, left ventricular ejection fract

blockers; MRAs, Mineralocorticoid receptor antagonists, SGLT-2i, Sodium-glucose co

Frontiers in Cardiovascular Medicine 0550
effective WCD therapy, enables more accurate and representative

assessment of PhA in patients with HFrEF.

The high wearing time compliance with an average daily

wearing time of the WCD of 22,8 ± 2.1 h per day was aligned

with the average wearing time of previous studies (10–13, 23)

assuring a careful daily telemonitoring of the patients.

Additionally, the average wearing days that our population

carried the WCD was 77.3 ± 44.6 days. Tripp C. et al. examined

the PhA with the WCD in a large cohort of patients after acute

myocardial infarction (24). Results from that study showed a

significant increase of the PhA from the beginning of the

prescription of WCD to the end of the therapy. Furthermore,

they showed a negative relationship between wearing time over

20 h per day and PhA. Our results confirm their first finding,

showing a positive correlation between incremental PhA

measured by daily steps and wearing days of the WCD. This

may be attributed to a general improvement of health condition.

On the contrary, we report a positive correlation between

prolonged wearing time and increased PhA. We assume that this

may be the result of improved familiarization with the WCD and

increased confidence of the patient to exercise after the index

event, as none of the administered medical substances were
(Δ-steps). Results of multivariable regression analysis.

cients t P value 95.0% Confidence Interval for B

Lower Bound Upper Bound
−1.691 0.096 −16,145.770 1,338.594

0.734 0.465 −733.548 1,587.239

0.252 0.802 −51.731 66.679

2.127 0.037 18.427 582.287

2.122 0.038 0.816 26.845

1.519 0.134 −866.775 6,378.878

−1.186 0.240 −5,618.091 1,430.037

−0.690 0.493 −5,253.539 2,555.399

−1.130 0.263 −5,595.506 1,551.360

−0.551 0.583 −2,043.194 1,159.176

0.084 0.933 −1,144.789 1,245.241

ion; ACEi, angiotensin converting enzyme inhibitors; ARBs, angiotensin receptor

transporter-2 inhibitors.
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FIGURE 3

Recordings of alerts from the wearable cardioverter defibrillator during the surveillance period. Patient (A) reported worsening of dyspnea, with the
electrocardiographic confirmation of atrial fibrillation. In the lower panel are depicted the daily heart rate trends from the same patient, with a sudden
increase of the heart rate suggestive for an arrhythmic event. (SS: side-side electrodes, FB: front-back electrodes) Recording from the wearable
cardioverter defibrillator of an episode of non-sustained ventricular tachycardia in patient (B) with non-ischemic cardiomyopathy. (SS: side-side
electrodes, FB: front-back electrodes).
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correlated with the improvement of PhA. Similar results have been

published by Hillmann et al., examining the PhA with the WCD in

a cohort of patients with both ischemic and non-ischemic

cardiomyopathy (25), showing a significant increase of the step

count between the first and last week of surveillance.

A novel element from the findings of our study is the lack of

correlation between the improvement of the LVEF and the PhA

of the patients. During the surveillance period with the WCD, a

statistically significant improvement of the LVEF was recorded.

The analysis of the applied medication showed, a positive

correlation between the sacubitril/valsartan initiation and LVEF

improvement. None of the remaining prescribed evidenced-based

and recommended heart medication did correlate with the

improvement of PhA. Moreover, the improvement of the PhA of

the patients did not correlate with the improvement of the LVEF.

These results are in accordance with previous studies highlighting

the limited value of LVEF as a marker for physiological

assessment, as this may vary depending on the loading condition

of the patient (preload and afterload) and the myocardial

contractility (26–28).

Thus, high adherence to WCD therapy, patient familiarization

and education with the device facilitate a high quality daily

telemonitoring of PhA. This may lead to early physician

interference in cases of patients with good WCD compliance and

gradually reduced PhA for the adjustment of the applied medical

therapy and avoid unnecessary hospital admissions (Figure 3).

None of them showed improvement of their LVEF during the

bridging period with the WCD. Although these events may not

be enough for conclusions, it highlights the importance of careful

interrogation of all available recordings provided from WCD for

more accurate, non-invasive risk stratification of the patients.
Frontiers in Cardiovascular Medicine 0651
Limitations

The retrospective design of the current study remains a

limitation. Furthermore, the inclusion criteria for the study

population may introduce selection bias in the results, however

high compliance to the WCD is prerequisite for effective therapy

and the extraction of valid results. Finally, alternative ways for

the calculation of PhA, such as steps per hour wearing time,

might have been more descriptive.
Conclusion

The WCD provides useful information regarding the PhA in

patients with heart failure, who are having good compliance.
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Six-lead electrocardiography
compared to single-lead
electrocardiography and
photoplethysmography of a wrist-
worn device for atrial fibrillation
detection controlled by premature
atrial or ventricular contractions:
six is smarter than one
Justinas Bacevicius1,2*, Neringa Taparauskaite1,2,
Ricardas Kundelis1,2, Daivaras Sokas3, Monika Butkuviene3,
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Viktorija Basyte-Bacevice1, Neringa Bileisiene1,2, Ignas Badaras1,2,
Margarita Kiseliute1, Gintare Zarembaite1, Modestas Gudauskas1,2,
Eugenijus Jasiunas4, Linda Johnson5, Vaidotas Marozas3,6

and Audrius Aidietis1,2

1Institute of Clinical Medicine, Faculty of Medicine, Vilnius University, Vilnius, Lithuania, 2Center of
Cardiology and Angiology, Vilnius University Hospital Santaros Klinikos, Vilnius, Lithuania, 3Biomedical
Engineering Institute, Kaunas University of Technology, Kaunas, Lithuania, 4Center of Informatics and
Development, Vilnius University Hospital Santaros Klinikos, Vilnius, Lithuania, 5Department of Clinical
Sciences, Malmö, Lund University, Lund, Sweden, 6Electronics Engineering Department, Kaunas University
of Technology, Kaunas, Lithuania

Background: Smartwatches are commonly capable to record a lead-I-like
electrocardiogram (ECG) and perform a photoplethysmography (PPG)-based
atrial fibrillation (AF) detection. Wearable technologies repeatedly face the
challenge of frequent premature beats, particularly in target populations for
screening of AF.
Objective: To investigate the potential diagnostic benefit of six-lead ECG
compared to single-lead ECG and PPG-based algorithm for AF detection of the
wrist-worn device.
Methods and results: From the database of DoubleCheck-AF 249 adults were
enrolled in AF group (n= 121) or control group of SR with frequent premature
ventricular (PVCs) or atrial (PACs) contractions (n= 128). Cardiac rhythm was
monitored using a wrist-worn device capable of recording continuous PPG and
simultaneous intermittent six-lead standard-limb-like ECG. To display a single-
lead ECG, the six-lead ECGs were trimmed to lead-I-like ECGs. Two diagnosis-
blinded cardiologists evaluated reference, six-lead and single-lead ECGs as “AF”,
“SR”, or “Cannot be concluded”. AF detection based on six-lead ECG, single-
lead ECG, and PPG yielded a sensitivity of 99.2%, 95.7%, and 94.2%, respectively.
The higher number of premature beats per minute was associated with false
01 frontiersin.org54
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positive outcomes of single-lead ECG (18.80 vs. 5.40 beats/min, P < 0.01), six-lead ECG
(64.3 vs. 5.8 beats/min, P= 0.018), and PPG-based detector (13.20 vs. 5.60 beats/min,
P=0.05). Single-lead ECG required 3.4 times fewer extrasystoles than six-lead ECG to
result in a false positive outcome. In a control subgroup of PACs, the specificity of six-
lead ECG, single-lead ECG, and PPG dropped to 95%, 83.8%, and 90%, respectively. The
diagnostic value of single-lead ECG (AUC 0.898) was inferior to six-lead ECG (AUC
0.971) and PPG-based detector (AUC 0.921). In a control subgroup of PVCs, the
specificity of six-lead ECG, single-lead ECG, and PPG was 100%, 96.4%, and 96.6%,
respectively. The diagnostic value of single-lead ECG (AUC 0.961) was inferior to six-lead
ECG (AUC 0.996) and non-inferior to PPG-based detector (AUC 0.954).

Conclusions: A six-lead wearable-recorded ECG demonstrated the superior diagnostic
value of AF detection compared to a single-lead ECG and PPG-based AF detection. The
risk of type I error due to the widespread use of smartwatch-enabled single-lead ECGs in
populations with frequent premature beats is significant.

KEYWORDS

wearable, smartWatch, multiple-lead ECG, telemedicine, mHealth, remote monitoring, digital
Introduction

Atrial fibrillation (AF) is an arrhythmia that can lead to various

cardiovascular events including ischemic stroke and heart failure,

especially if undiagnosed or not treated adequately (1). AF is the

most common arrhythmia in the world with the latest

approximate prevalence of 60 million patients and contributes to

>8 million disability-adjusted life years (2). While the prevalence

of this disease increases, there is still a high percentage of

undiagnosed cases (3, 4). This includes asymptomatic patients

and patients who experience symptoms but the diagnosis of AF

is not confirmed with a standard 12-lead electrocardiogram

(ECG). As undiagnosed AF may pose potential risks to the

patient and, in case of adverse cardiovascular events, additional

burden to the health care system (5), early AF diagnosis and

management is of crucial importance (6). To reduce the number

of undiagnosed AF cases, systematic screening for AF should be

considered in individuals aged ≥75 years (7). In addition, the

new practical guide of the European Heart Rhythm Association

(EHRA) upgraded the consensus statement to “may be

beneficial” in individuals aged ≥65 years with comorbidities

increasing the risk of stroke (as systematic screening by

intermittent ECG) and in patients aged ≥65 years without

comorbidities or <65 years with comorbidities (as opportunistic

screening) (8).

Increasing numbers of wearable technologies facilitate the

detection of AF in asymptomatic or undiagnosed symptomatic

individuals and establish a clear hierarchy of diagnostic methods

for AF screening. As a rule of thumb, photoplethysmography-

based (PPG) devices are preferred to pulse palpation. However, if

PPG screening is indicative of AF, only an ECG-based method

should be used to confirm the diagnosis of AF and is preferred

over PPG-based devices (8).

The key factor for high diagnostical accuracy for AF detection

using a wearable device is the sufficient quality of ECG. When

artifacts are present, conventional multiple-lead-ECG Holter

monitoring demonstrates additional vectors of electrical activity
0255
and subsequently increases the chances of correct interpretation

(9). However, the situation is different in a real-life setting, i.e.,

artifacts, noise, and the presence of other concomitant

arrhythmias with irregular heart contractions, such as premature

beats, are the most common challenges for AF detection in

wearable-recorded ECGs (10).

Most current smartwatches share a common feature of

recording a lead-I-like ECG. Our scientific group has introduced

the first wrist-worn device, which combines a PPG-based

algorithm for AF screening and intermittent 6-lead ECG

recorded with no wires for AF confirmation (11). Whether

multi-lead ECG recorded using a wrist-worn device brings an

additional benefit for AF detection compared to single-lead ECG

is unknown. The aim of this study is to compare the

performance of single-lead and six-lead ECGs obtained using the

wrist-worn device as well as the automatic PPG-based AF detector.
Materials and methods

Study design

This was a single-center, non-randomized substudy of

DoubleCheck-AF with a prospective case-control model. A

regional bioethics committee approved it with registration No.

158200-18/7-1052-557. The study is registered at ClinicalTrials.

gov (NCT04281927).

Patients were recruited from both inpatient and outpatient

wards of Cardiology Department at Vilnius University Hospital

Santaros Klinikos at any time of the day. All the participants

gave written informed consent before enrolment. Adult patients

(18 to 99 years) diagnosed with AF or sinus rhythm (SR) with

frequent PVCs or PACs were included in the study. Patients in

SR with frequent PVCs and PACs were selected as a control

group. Individuals with at least one ectopic beat in 2 min were

classified as SR with frequent PVCs or PACs. Patients who did
frontiersin.org
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not give informed consent, had paced ventricular beats, other

arrhythmias or stable SR were excluded from the study.

A sample of 435 patients was collected in the original

DoubleCheck-AF study. For analysis of 2 × 2 contingency tables

[degree of freedom (df) = 1], medium effect size (w = 0.3), α error

probability = 0.05, and power (1− β) = 0.95, we needed a sample

size of 145 patients. In the current substudy, after the exclusion

of the control subgroup of stable SR, the remaining subjects (n =

249) were sufficient to match the required sample size.
Measurements

Cardiac rhythm was monitored using a wrist-worn device,

detailly described by Bacevicius et al. (11), which provides

continuous PPG-based AF monitoring and an intermittent, on-

demand, six-lead ECG. Synchronously, reference ECG was

registered using a validated Holter monitor (Bittium Faros,

Bittium, Finland).

The PPG signals are analyzed using an embedded AF detector

(12), which structure is inspired by the rhythm-based detector used

for ECG signals (13). The algorithm relies on the analysis of peak-

to-peak intervals using 8-beat long sliding window and includes

blocks of signal quality assessment, peak-to-peak interval

characterization, and suppression of non-AF rhythms such as

ectopic beats, bigeminy, and respiratory sinus arrhythmia.

The main specifications of the wearable device are as follows.

The sampling rate of the PPG signal is 100 Hz, the amplitude

resolution is 18 bits, and the bandwidth is 0–50 Hz. The device

can record green, red, and infrared light channels, although only

the green channel was used in this application.

The recorded ECG leads are similar to standard Einthoven-like

limb leads, as they are measured by contact of three electrodes to

the skin: two electrodes are on the outer surface (one electrode

on top of the device enclosure, another electrode on the

bracelet), and the third electrode is placed on the inner surface

next to the PPG sensor (Figure 1). Additional three ECG leads
FIGURE 1

Acquiring of single-lead ECG (left panel) and six-lead ECG without any wires
electrodes is displayed elsewhere (11).

Frontiers in Cardiovascular Medicine 0356
(Goldberger augmented limb leads aVR, aVL, and aVF) were

calculated from Einthoven leads I, II, and III. The sampling rate

of the ECG is 500 Hz, the amplitude resolution is 24bit, and the

bandwidth is 0–130 Hz. Both PPG and ECG, were recorded in

the device’s 8GB local flash memory using a secure GDF

(General Data Format) (14).

In order to display equivalent episodes of arrhythmia in a

single-lead ECG, the six-lead wearable-recorded ECG was

trimmed to a width of lead-I-like ECG (Figure 2). Thus, the

accuracy of both methods was not influenced by any potential

difference in the complexity of recording as it was exactly the

same episode of arrhythmia. Reference ECG, single-lead ECG,

and six-lead ECG from each patient were evaluated by two

independent diagnosis-blinded cardiologists as “AF”, “SR”, or

“Cannot be concluded”. In case of disagreement, a third

cardiologist was asked to evaluate the case to make the final

diagnosis.
Data analysis

Continuous variables were reported as mean with standard

deviation or median with interquartile range. Categorical

variables were presented as counts and percentages. Detection

performance was evaluated using sensitivity, specificity and

accuracy. Due to the great dependence on the prevalence of

disease, positive or negative predictive value were not evaluated.

An independent sample Student’s T-test or Mann-Whitney U

test was applied to quantitative data. When the expected values

in any of the cells of a contingency table were ≥5, a Chi-square

test was applied for categorical data. Otherwise, a two-tailed

Fisher’s exact test was selected. Cramer’s V was used to measure

the association between the results of investigated diagnostic

method and reference. Cohen’s kappa was used to measure inter-

rater agreement. Data was processed using the statistical package

for the social sciences (27.0, SPSS Inc., Chicago, IL, USA).
(right panel) with the use of the prototype device. The configuration of
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FIGURE 2

The 6-lead ECGs recorded by the wearable device with the examples of atrial fibrillation (top left panel); SR with frequent premature atrial contractions
(top right panel); SR with frequent premature ventricular contractions with superior axis (lower left panel); SR with frequent premature ventricular
contractions with inferior axis (lower right panel).
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Results

In this substudy of the DoubleCheckAF trial, the initial

assessment group for eligibility constituted 435 patients

(Figure 3), of which 123 patients with stable SR were excluded.

In addition, 12 recordings with duplicates or other similar issues

of data logistics were excluded. Among the rest of the recordings,

1.3% (4/300) were with missing ECG signal of the prototype

wrist-worn device and 8.3% (25/300) were with insufficient ECG

quality of the prototype wrist-worn device. The final analysis

included 249 patients, i.e., 121 patients with AF and 128 patients

in the control group of SR with frequent premature beats, which

consisted of dominant PVCs (n = 88) or PACs (n = 40).

In the control subgroup of SR with PACs and PVCs, the burden

of premature beats per minute constituted a total of 5.5 beats/min (3,

13.9) and 6.7 beats/min (2.7, 16.4), respectively (Table 1). Patients

with frequent PVCs were more likely to present with bigeminy/

trigeminy (31.8%, 28/88) and less likely with runs of ≥3 beats

(5.7%, 5/88) compared to patients with frequent PACs (7.5%, 3/40,

and 17.5%, 7/40, respectively). These parameters represent not only

just discrete single premature beats in both control subgroups but

also the grouped extrasystoles or very frequent bigeminy/trigeminy

episodes, which cause high irregularity.

In the group of AF the median duration of an ECG and the

median number of six-lead or single-lead ECG recordings per

patient was 166.5 s (130, 222.5) and 1 recording (1, 1), respectively.
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In the control group of frequent PACs/PVCs the median

duration of an ECG and the median number of six-lead or

single-lead ECG recordings per patient was 156 s (125.5, 209.8)

and 1 recording (1, 2), respectively.

Accordingly, the duration of PPG signal per patient was 1,358

seconds (892, 2,206) in patients with AF and 1,113 seconds (915.8,

1,718.8) in patients with frequent premature beats.
Single-lead ECG, six-lead ECG and PPG-
based algorithm for AF detection when
controlled by SR with PACs and PVCs

When compared to the control group, AF detection based on

six-lead ECG, single-lead ECG, and PPG-based detector yielded a

sensitivity of 99.2% (95% CI: 95.4–100), 95.7% (95% CI: 90.3–

98.6), and 94.2% (95% CI: 88.4–97.6), respectively (Table 2).

Due to type I error, the specificity of the same diagnostic tools

was 98.4% (95% CI: 94.4–99.8), 92.5% (95% CI: 86.2–96.5) and

94.5% (95% CI: 89.1–97.8), respectively. The six-lead ECG

demonstrated the highest overall accuracy with 98.4% (95% CI:

89.1–97.8), followed by the PPG-based detector with 94.5% (95%

CI: 90.9–97) and single-lead ECG with 92.5% (95% CI: 88.4–95.5).

False positive cases were more common for single-lead ECG (9/

120, 7.5%) or tended to be more common for PPG-based detector
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FIGURE 3

Flow chart of patients. AF, atrial fibrillation; SR, sinus rhythm; PVC, premature ventricular contraction; PAC, premature atrial contraction; ECG,
electrocardiography; PPG, photoplethysmography.

TABLE 1 Baseline characteristics.

Characteristic AF (n = 121) SR with frequent premature contractions (n = 128)

SR with frequent PACs (n = 40) SR with frequent PVCs (n = 88)
Age (years), mean ± SD 65.6 ± 11.2 70.9 ± 11.6 65.7 ± 15.0

Male, n (%) 64 (52.9) 20 (50) 49 (55.7)

Paroxysmal: persistent: permanent AF 101:14:6 NA NA

Type and frequency of premature contractions
Cases with frequent runs of ≥3 PACs/PVCs, n (%) 0 (0) 7 (17.5) 5 (5.7)

Cases with frequent bigeminy/trigeminy episodes, n (%) 0 (0) 3 (7.5) 28 (31.8)

PACs, median beats/min (IQR) < 0.5 5.4 (2.6, 12.8) <0.5

PVCs, median beats/min (IQR) <0.5 <0.5 5.6 (2.4, 16.4)

Total, median beats/min (IQR) <0.5 5.5 (3, 13.9) 6.7 (2.7, 16.4)

CHADS2VASc risk score (categorical)
0–1, n (%) 37 (30.6) 1 (7.1)a 0 (0)b

2–4, n (%) 64 (52.9) 8 (57.1)a 13 (76.5)b

≥5, n (%) 20 (16.5) 5 (35.7)a 4 (23.5)b

CHADS2VASc risk score (quantitative), mean ± SD 2.7 ± 1.7 4 ± 2.1a 3.6 ± 1.2b

HAS-BLED score, mean ± SD 0.9 ± 0.8 1 ± 0.7a 1.7 ± 1.2b

OAC, n (%) 91 (75.2) 10 (25) 13 (14.8)

DOAC, n (%) 67 (55.4) 6 (15) 9 (10.2)

Warfarin, n (%) 23 (19) 4 (10) 4 (4.5)

LMWH, n (%) 1 (0.8) 0 (0) 0 (0)

AF, atrial fibrillation; SR, sinus rhythm; PVC, premature ventricular contraction; PAC, premature atrial contraction; OAC, oral anticoagulant; DOAC, direct oral anticoagulant;

LMWH, low molecular weight heparin; IQR, interquartile range.
aCalculated for patients with a history of AF, thus the denominator is 14.
bCalculated for patients with a history of AF, thus the denominator is 17.
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TABLE 2 Diagnostic measures of the wrist-worn device for AF detection controlled by SR with PVCs/PACs.

Measure Single-lead ECG Six-lead ECG PPG-based detector
Sensitivitya, % (95% CI) 95.7 (90.3–98.6) 99.2 (95.4–100) 94.2 (88.4–97.6)

Specificitya, % (95% CI) 92.5 (86.2–96.5) 98.4 (94.4–99.8) 94.5 (89.1–97.8)

Accuracya, % (95% CI) 92.5 (88.4–95.5) 98.4 (96.0–99.6) 94.5 (90.9–97)

False positive cases, n (%) 9/120 (7.5) 2/127 (1.6) 7/128 (5.5)

False negative cases, n (%) 5/117 (4.3) 1/119 (0.8) 7/121 (5.8)

Cannot be concluded by a physician, n (%) 12/249 (4.8) 3/249 (1.2) NA

Cramer’s V, PACs subgroup 0.803, P < 0.001 0.950, P < 0.001 0.823, P < 0.001

Inter-rater agreement, PACs subgroupb 0.803, P < 0.001 0.950, P < 0.001 NA

Cramer’s V, PVCs subgroup 0.918, P < 0.001 0.990, P < 0.001 0.903, P < 0.001

Inter-rater agreement, PVCs subgroupb 0.918, P < 0.001 0.990, P < 0.001 NA

AUC, PACs subgroup (95% CI) 0.898 (0.849–0.946) 0.971 (0.948–0.994) 0.921 (0.881–0.962)

AUC, PVCs subgroup (95% CI) 0.961 (0.935–0.987) 0.996 (0.988–1.00) 0.954 (0.926–0.982)

PACs/PVCs in false positive cases, median beats/min (IQR) 18.8 (11.6, 22.6) 64.3 (41.2, 87.4) 13.2 (10, 41.2)

AF, atrial fibrillation; SR, sinus rhythm; PVC, premature ventricular contraction; PAC, premature atrial contraction; IQR, interquartile range. Both wearable-recorded ECGs

were interpreted manually by diagnosis-blinded cardiologists. The PPG-based AF detector operated automatically.
aCalculated for the overall control group of SR with PACs and PVCs.
bMeasured as Cohen’s kappa.

The highest values are in bold.
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(7/128, 5.5%) compared to six-lead ECG (2/127, 1.6%) (P = 0.02

and P = 0.08, respectively).

The higher number of premature beats per minute was the

main factor associated with false positive cases in comparison to

true negative cases for each diagnostic method, namely the

single-lead ECG (18.80 vs. 5.40 beats/min, P < 0.01), the six-lead
FIGURE 4

Association between count of premature beats per minute and type I error of
panel) in the control group of SR with frequent premature beats. AF, atrial fib
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ECG (64.3 vs. 5.8 beats/min, P = 0.018) and the PPG-based

detector (13.20 vs. 5.60 beats/min, P = 0.05) (Figure 4). Of note,

six-lead ECG was the most robust tool as it required 3.4 times

more premature beats to result in a false positive outcome

compared to single-lead ECG and 4.9 times more premature

beats compared to the PPG-based detector. A single-lead ECG
the wearable-recorded single-lead ECG (left panel) vs. six-lead ECG (right
rillation.
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(12/249) was more frequently labeled “Cannot be concluded” than

six-lead ECG (3/249) (P = 0.01).

There was no trend of AF with higher rates of beats per minute

in false negative cases. The median beats per minute in false

negative cases of PPG-based detector (7/121) was 92 bpm (58,

116). Accordingly, in a single false negative case of six-lead ECG

(1/119) the median was 76 bpm and in 5 cases of single-lead

ECG the median was 92 bpm (92, 94).
Single-lead ECG, six-lead ECG, and PPG-
based algorithm for AF detection when
controlled by SR with frequent PACs

When compared to the control subgroup of PACs, the

specificity of AF detection by six-lead ECG, single-lead ECG, and

PPG-based detector dropped to 95% (95% CI: 83.1–99.4), 83.8%

(95% CI: 68–93.8), and 90% (95% CI: 76.3–97.2), respectively

(Figure 5). Interestingly, further analysis of single-lead ECGs

(AUC 0.898; Cramer’s V association 0.803, P < 0.001; inter-rater

agreement Cohen’s kappa 0.803, P < 0.001) showed lower
FIGURE 5

Performance of single-lead ECG (n= 237), six-lead ECG (n= 246) and the PPG
either a control subgroup of SR with frequent PVCs or PACs. PPG, photople
rhythm; PVC, premature ventricular contraction; PAC, premature atrial contra
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diagnostic value not only compared to six-lead ECG (AUC 0.971;

Cramer’s V association 0.950, P < 0.001; inter-rater agreement

Cohen’s kappa 0.950, P < 0.001), but also lower than PPG-based

detection (AUC 0.921; Cramer’s V association 0.823, P < 0.001).
Single-lead ECG, six-lead ECG, and PPG-
based algorithm for AF detection when
controlled by SR with frequent PVCs

When compared to the control subgroup of PVCs, the

specificity of AF detection by six-lead ECG, single-lead ECG, and

PPG-based detector yielded a specificity of 100% (95% CI: 95.9–

100), 96.4% (95% CI: 89.8–99.3), and 96.6% (95% CI: 90.4–99.3),

respectively (Figure 5). In this case the diagnostic value of

single-lead ECG (AUC 0.961; Cramer’s V association 0.918, P <

0.001; inter-rater agreement Cohen’s kappa 0.918, P < 0.001) was

lower compared to six-lead ECG (AUC 0.996; Cramer’s V

association 0.990, P < 0.001; inter-rater agreement Cohen’s kappa

0.990, P < 0.001), but non-inferior to PPG-based detector (AUC

0.954; Cramer’s V association 0.903, P < 0.001).
-based algorithm (n= 249) to detect AF. The group of AF is compared to
thysmography; ECG, electrocardiography; AF, atrial fibrillation; SR, sinus
ction.
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Discussion

Major findings

This study investigates the diagnostic accuracy of the first wrist-

worn device with a PPG-based AF detector and intermittent

simultaneous six-lead standard-limb-like ECG for manual

rhythm confirmation by a physician. The main focus of the

current analysis is a head-to-head comparison of single-lead and

six-lead ECGs as well as the automatic PPG-based AF detector of

the same wearable device. Major findings are: (1) comparing to

any control subgroup of SR with premature beats (PACs or

PVCs) the diagnostic value of six-lead ECG was significantly

superior to single-lead ECG and PPG-based AF detector both

regarding type I and type II errors. (2) The sensitivity of single-

lead ECG was slightly higher compared to PPG-based detector in

both control subgroups. (3) Single-lead ECG demonstrated lower

specificity not only vs. six-lead ECG but also vs. PPG-based

automatic AF detection when controlled by a subgroup of

frequent PACs. (4) The specificity of single-lead ECG and PPG-

based detector were equivalent when controlled by a subgroup of

frequent PVCs. (5) The number of premature beats per minute

was the main factor associated with false positive cases compared

to true negative cases for all diagnostic tools. (6) Six-lead ECG

was the most robust tool as it required 3.4 times more premature

beats to result in a false positive outcome compared to single-

lead ECG and 4.9 times more premature beats compared to the

PPG-based detector. (7) Based on previous findings, the

widespread use of single-lead ECGs recorded by smartwatches

significantly increases the risk of type I error in populations with

frequent premature contractions.

It is important to emphasize the choice of the control group in

this study, which included SR with frequent premature

contractions. Stable SR was excluded from the control group,

which is in contrast to the vast majority of other mHealth

studies (15–18). This choice was based on the DoubleCheck-AF

trial, in which it was demonstrated that stable SR as an isolated

control subgroup does not sufficiently challenge the specificity of

diagnostic tools (11).
Why six is smarter than one: impact of
electrode contact in wearables and relation
to the topographic anatomy of sinus node

The concept of an original Einthoven’s triangle, generated by

the contact of three electrodes and described by

prof. W. Einthoven, explains why certain ECG leads of modern

mHealth technologies maintain or decline the signal quality (19).

In case of recording a single-lead ECG (i.e., lead-I-like in

smartwatches), one insufficient contact on the left or right arm

causes absence of ECG or artifacts which complicate the

interpretation of ECG. In case of recording a six-lead ECG with

three electrodes, one insufficient contact results in artifacts of

two involved leads while leaving the third lead unaffected. This is
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the main practical reason why a wearable-recorded six-lead ECG

outperformed the single-lead ECG to accurately differentiate AF

and SR with frequent premature beats.

Another reason of the better performance of six-lead ECG vs.

single-lead ECG relates to the location of the sinus node in the

right atrium (RA). Chen X. et al. (20) performed the 3D

electroanatomical mapping and investigated the earliest atrial

activation (EAA), which represent the exit site of sinus node, in

a population of patients with AF who were scheduled for

superior vena cava (SVC) isolation. The EAA in a majority of

patients with AF was located above the RA SVC junction 72/136

(52.9%), especially in a subgroup of persistent AF with a

proportion of 26/43 (60.5%). Of those with EAA below RA SVC

(64/136 (47.1%), the high position of EAA in RA was

predominant and constituted 60/64 (93.8%). As a consequence,

the high location of sinus node exit in individuals with AF or SR

transfers to relevant wearable-recorded ECG features. The axis of

P wave in SR is predominantly inferior and slightly less leftward.

Accordingly, one of the main standard-limb-lead ECG features of

SR is that the P wave amplitude in lead II comes out bigger than

in lead I. Therefore, the usual P wave in lead-I-like ECG of

smartwatches is not as apparent as in lead-II-like ECG. Suppose

we put this small but relevant difference in P wave amplitude

together with artifacts, which are quite common for all wearable-

recorded ECGs. In that case, it partly explains why single-lead

ECG was inferior to six-lead ECG to detect AF in the current

study. In addition, even if a smartwatch is used to record a

single-lead-II-like ECG (21, 22), it would arguably still be unable

to outperform the six-lead ECG. Any single-lead ECG inevitably

lacks the possibility to simultaneously check the reproducibility

of suspected P waves throughout each of the six leads and

exclude the mimicking artifacts.

These hypotheses are partly supported by another study of 220

patients (15), where manual interpretation of lead-II-like ECG by

either Withings or Apple Watch (correct classification 54%) was

numerically superior to the manual interpretation of lead-I-like

ECG by Withings (28%, P = 0.076) or Apple Watch (33%, P =

0.246) for detection of atrial flutter. In addition, the six-lead

ECG of Kardia 6l was the most accurate method for a correct

diagnosis of atrial flutter in 63% of all cases (P < 0.001 compared

to Withings and Apple Watch). Of note, no control group of SR

patients with frequent PACs/PVCs was included.
ECG examples of false negative, false
positive and inconclusive cases in single-
lead vs. six-lead ECGs

When the ECG signal has no major artifacts (Figure 2)

presumably even one beat of PQRST complexes in any single-

lead ECG could be sufficient to differentiate AF from SR with

premature beats. However, the decisive real-world difference in

diagnostic accuracy lies in ECGs with lower signal quality. In

fact, artifacts are common not only in wearable-recorded ECGs

but also in conventional ambulatory ECG monitoring. El-Sherif

et al. (9) reported artifacts in 4.8% (48/1,000) and
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misinterpretations in 3.5% (35/1,000) of recordings in ambulatory

ECG monitoring or telemetry. Of them, most artifacts were

misclassified as pseudo-ventricular tachycardia or pseudo-AF/

atrial flutter due to movement-generated repetitive waves, which

hide real QRS or P waves. In addition, most misinterpretations

were pseudo-ventricular tachycardia due to high rates of SVT/AF

with bundle branch block.

In our study, the sensitivity of six-lead ECG was superior to

single-lead ECG. The lower ECG signal quality was

predominantly present in isolated leads, such as lead-I-like.

Occasionally the ECG recordings presented with repetitive

artifacts in the usual location of P waves, also, R-R intervals were

rather regularly-irregular, mimicking SR with PACs (Figure 6) in

single-lead ECGs. These factors typically led to false negative

outcomes in patients with AF in single-lead ECG and true

positive detection in six-lead ECG. Interestingly, there was no

trend of AF with higher rates of beats per minute in false

negative cases as the median of beats per minute did not reach

100 bpm.

The specificity of six-lead ECG was superior to single-lead ECG

due to similar reasons. Firstly, likely poor contact on one of the

electrodes led to a distorted ECG signal on two leads (one of

which was usually lead-I-like ECG) of Einthoven’s triangle.

However, the remaining third lead stayed unaffected. Secondly,

the amplitude of the P wave in lead-I-like appeared smaller
FIGURE 6

Problematic recordings of AF. False if interpreted by single lead-I-like ECGs (m
false negative due to artifacts mimicking P’ of runs of PACs in single-lead ECG, t
cannot be concluded due to low amplitudes in single-lead ECG, true positive
signal in single-lead ECG, true positive in six-lead ECG with no reproducible P
PACs and pseudo regularly-irregular R-R intervals in single-lead ECG, true po
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compared to the P wave in lead-II-like ECG. Therefore, the six-

lead ECG allowed to avoid false positive outcomes as opposed to

single-lead ECG in both control subgroups of SR with frequent

PACs (Figure 7) and PVCs (Figure 8). Few cases (2/127) with

runs of PACs resulted in false positive outcome in both six-lead

and single-lead ECGs, presumably due to the small amplitude of

abnormal P waves and irregular R-R intervals during fast bursts

of runs of PACs (Figure 9).

These ECG examples illustrate why of all three diagnostic tools

the six-lead ECG was the most refractory to frequent premature

contractions as well as the least likely to be labeled “Cannot be

concluded”. As a future prospect, six-lead ECG has an additional

advantage of potentially reconstructing the axis of both QRS

complex and P wave. Although this is out of the scope of current

study and no precordial leads are displayed, it could help identify

the approximate location of arrhythmias with rare clinical

presentation, such as existing ECG algorithms for idiopathic

ventricular tachycardia/PVC or atrial tachycardia (23, 24).
Results of other wearable devices with six-
lead ECG for AF detection

To the best of our knowledge, there are two wearable

devices capable of recording six-lead ECG with no wires:
arked in gray) vs. correct if interpreted by six-lead ECGs. Top left panel:
rue positive in six-lead ECG with no reproducible Pwaves; Top right panel:
in six-lead ECG; Lower left panel: cannot be concluded due to isoelectric
waves; Lower right panel: false negative due to artifacts mimicking P’ of

sitive in six-lead ECG with no reproducible P waves.
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FIGURE 7

Problematic recordings of SR with PACs. False if interpreted by single lead-I-like ECGs (marked in gray) vs. correct if interpreted by six-lead ECGs. Top left
panel: cannot be concluded due to artifacts in single-lead ECG, true negative in six-lead ECG with reproducible P waves of SR (green arrows) and P′ of
PAC on the T wave (blue arrow); Top right panel: false positive due to artifacts masking small P waves and mimicking f waves in single-lead ECG, true
negative in six-lead ECG with reproducible P waves of SR (green arrows) and P’ of PACs (blue arrows); Lower left panel: false positive due to artifacts
masking small P waves and mimicking f waves in single-lead ECG, true negative in six-lead ECG with reproducible P waves of SR (green arrows);
Lower right panel: cannot be concluded due to artifacts in single-lead ECG, true negative in six-lead ECG with reproducible P waves of SR (green
arrows) and P’ of PAC after the T wave (blue arrow);.
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Kardia Mobile 6l (KM) and Istel HR 2000 (IS). Both of

them essentially work as event recorders, which provide

intermittent six-lead ECG for opportunistic screening of AF.

In contrast to the wrist-worn device used in this study, they

have no PPG-based AF detector for continuous screening of

AF (12).

Krzowski et al. (16) analyzed 98 patients with a head-to-head

comparison of KM and IS after manual interpretation by

physicians. For diagnosing SR, KM yielded a sensitivity of 88.1%

and a specificity of 89.7%. IS yielded 91.5% and 84.6% sensitivity

and specificity, respectively. The sensitivity of KM in detecting

AF was higher than IS (86.4% vs. 77.3%), but their specificity

was comparable (97.4% vs. 98.7%). Notably, the control group in

this study included patients with only SR and no premature

contractions.

Scholten et al. (15) presented reproducible results in line with

our findings. The manual interpretation of KM six-lead ECG was

superior (sensitivity 98.9%, specificity 96.7%) to manual

interpretations of single-lead ECG of Withings (sensitivity 95.4%,

specificity 94.9%) and Apple Watch (sensitivity 96.2%, specificity

94.4%) for AF detection. Importantly, there was no dedicated

control group of SR with premature beats, only patients with

stable SR after electrical cardioversion were included in the

control group.
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These studies produce comparable results, which support the

idea of six-lead ECG diagnostic superiority to single-lead ECG

for AF detection. Nevertheless, the above-mentioned studies were

not designed to include a dedicated control group of patients in

SR with frequent premature contractions.
Limitations

Several limitations apply to the study. Firstly, it is a substudy of

DoubleCheckAF, which originally was not intended for recording a

single-lead ECG. In order to display a single-lead ECG, the six-lead

wearable-recorded ECG was trimmed to a width of lead-I-like

ECG. However, there is also an advantage to it as the accuracy of

both diagnostic tools was not influenced by any potential

difference in the complexity of recording since it was exactly the

same episode of arrhythmia. Secondly, as outlined in Figure 3

some patients were excluded due to issues with data logistics,

insufficient signal quality and other reasons. This could cause

additional costs or visits for patients in real-life conditions.

Thirdly, since the participants in the presented study were White

the performance of PPG detector could not be generalized for

other skin pigmentations. Finally, all recordings were done in a

hospital after a short explanation by a physician. As highlighted
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FIGURE 8

Problematic recordings of SR with PVCs. False if interpreted by single lead-I-like ECGs (marked in gray) vs. correct if interpreted by six-lead ECGs. Top left
panel: cannot be concluded due to artifacts in single-lead ECG, true negative in six-lead ECG with reproducible P waves of SR with some artifacts (green
arrows) and QRS of PVC or aberrancy (blue arrow); Top right panel: false positive due to artifacts masking small P waves and mimicking f waves as well as
pseudo irregularly-irregular R-R intervals due to barely visible QRS of PVC (red arrow) in single-lead ECG, true negative in six-lead ECG with reproducible
P waves of SR (green arrows) and big QRS of PVC with inferior axis (blue arrow); Lower left panel: cannot be concluded due to artifacts and small
amplitudes in single-lead ECG, true negative in six-lead ECG with reproducible P waves of SR (green arrows) and QRS of PVC with inferior axis (blue
arrow); Lower right panel: cannot be concluded due to artifacts and unclear irregularity type of R–R intervals due small QRS of PVCs (red arrows) in
single-lead ECG, true negative in six-lead ECG with reproducible P waves of SR (green arrows), regularly-irregular R–R intervals and QRS of
bigeminy/trigeminy PVCs with inferior axis (blue arrows).

FIGURE 9

A problematic recording of SR with runs of PACs. A rare example of false positive in both single-lead and six-lead ECGs. Presumably due to the small
amplitude of abnormal P’ waves (blue arrows) and lightly irregular R-R intervals during fast bursts of runs of PACs. The P waves of SR are visible and
reproducible (green arrows), but overwhelmed by the previous findings.
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by the EHRA practical guide the implementation of wearables

requires improved digital health literacy among patients and

healthcare personnel (8). In an outpatient setting the users have

to move up the learning curve, and hence the real-world

accuracy may differ, particularly when starting to use a new device.
Conclusions

A six-lead ECG recorded by a wearable with no wires

demonstrated the superior diagnostic value of AF detection

compared to a single-lead ECG and automatic PPG-based AF

detection when controlled by patients with any type of frequent

premature contractions. The performance of a single-lead ECG

was inferior to a PPG-based AF detector when controlled by

patients with frequent PACs and non-inferior when controlled by

patients with frequent PVCs. The risk of type I error due to the

widespread use of single-lead ECGs of smartwatches in

populations with frequent premature beats is significant.
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Photoplethysmography-
documented atrial fibrillation in
the first week after catheter
ablation is associated with lower
success rates
Martin Manninger1,2*, Astrid N. L. Hermans2,
Andrei-Antonio Caracioni1, Ursula Rohrer1, Anna-Sophie Eberl1,
Kevin Vernooy2, Andreas Zirlik1, Dominik Linz2† and Daniel Scherr1,2†

1Division of Cardiology, Department of Internal Medicine, Medical University of Graz, Graz, Austria,
2Department of Cardiology, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University
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Aims: To test the feasibility of postprocedural photoplethysmography (PPG)
rhythm telemonitoring during the first week after atrial fibrillation (AF) ablation
and its predictive value for later AF recurrence.
Methods: PPG rhythm telemonitoring during the first week after the ablation
procedure was offered to a total of 382 consecutive patients undergoing AF
ablation. Patients were instructed to perform 1 min PPG recordings by a mobile
health application 3 times per day and in case of symptoms. Clinicians assessed
the PPG tracings via a secured cloud and the information was remotely integrated
into the therapeutic pathway via teleconsultation (TeleCheck-AF approach).
Results: 119 patients (31%) agreed to perform PPG rhythm telemonitoring after
ablation. Patients included in the TeleCheck-AF approach were younger compared
to those who declined participation (58± 10 vs. 62 ± 10 years, p < 0.001). Median
follow up duration was 544 (53–883) days. 27% of patients had PPG tracings
suggestive of AF in the week following the ablation. In 24% of patients, the
integration of PPG rhythm telemonitoring resulted in a remote clinical intervention
during teleconsultation. During follow-up of one year, 33% of patients had
ECG-documented AF recurrences. PPG recordings suggestive of AF in the week
after ablation were predictive of late recurrences (p < 0.001).
Conclusion: PPG rhythm telemonitoring during the first week after AF ablation often
triggered clinical interventions. Due to its high availability, PPG-based follow-up
actively involving patients after AF ablation may close a diagnostic and prognostic
gap in the blanking period and increase active patient-involvement.

KEYWORDS

atrial fibrillation, atrial fibrillation ablation, blanking period, remote rhythm monitoring,

mHealth, photoplethysmography

Introduction

Atrial fibrillation (AF) ablation is an established treatment option able to decrease AF

burden, progression and AF-related complications (1, 2). Traditionally, a two- to three-

month blanking period is used before assessing the long-term outcome of AF ablations

accounting for potential pro-arrhythmic effects of the ablation procedure (3). However,

multiple studies revealed a correlation between early recurrences during the blanking-
01 frontiersin.org67

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1199630&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2023.1199630
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1199630/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1199630/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1199630/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1199630/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1199630/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2023.1199630
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Manninger et al. 10.3389/fcvm.2023.1199630
period and long-term outcomes (4, 5). Until now, implantable loop

recorders, ECG mHealth devices or ECG Holter monitoring of

variable duration have been used for rhythm monitoring during

follow-up in clinical trials, and the feasibility of novel rhythm

monitoring technologies, such as photoplethysmography (PPG)

in this clinical setting remains unclear (6).

First clinical experience with the PPG technology in this patient

population around AF ablation was collected in 40 AF centres

within the TeleCheck-AF project and early adopters of this PPG

technology saw a great potential for monitoring post-ablation

patients (7–10). Additionally, a recent practical guide by the

European Heart Rhythm Association (EHRA) on the use of

mobile health technologies proposes, that particularly patient

populations with already diagnosed AF without the need of ECG

confirmation are best suited for using PPG technology for

rhythm telemonitoring as an alternative for ECG technology

(11). However, data on feasibility and prognostic implications of

PPG rhythm telemonitoring directly after AF ablation are absent.

In this pragmatic single-centre observational study, we report

on inclusion rates, adherence and motivation using an approach

of PPG-based rhythm telemonitoring within the first week after

AF ablation and assess its predictive value for later clinical ECG-

documented AF recurrences.
Materials and methods

Study population

Consecutive patients undergoing AF ablation between June 1st

2020 and December 15th 2021 at the Medical University of Graz

were offered the opportunity to perform PPG telemonitoring

within the first week after being discharged from hospital.

This study was approved by the local ethics committee and all

patients gave informed consent for inclusion in the ablation

registry and, if applicable, telemonitoring within the TeleCheck-

AF initiative.
Telemonitoring

Within 1 week before the ablation procedure, patients

presented at the outpatient clinic for informed consent and

preliminary exams including lab testing, transthoracic

echocardiography, transoesophageal echocardiography and/or

computed tomography scans. During this outpatient clinic

appointment, patients were given the opportunity to perform

telemonitoring within the TeleCheck-AF initiative during the first

week after being discharged from the hospital.

Patients received an information sheet including a QR code for

activation of the FibriCheck® app (Qompium, Hasselt, Belgium)

on their smartphone and the study coordinator’s telephone

number. Patients then either self-installed the app or, upon

request, were assisted by study coordinators. After installation of

the app, patients were connected to the clinician’s telemedicine

portal (see schematic Figure 1). Patients were instructed to
Frontiers in Cardiovascular Medicine 0268
perform a 1-minute rhythm recording using their smartphone’s

camera and light source three times per day and in case of

symptoms. Patients were included in the study if they installed

the app within the first two days after the ablation and

performed at least one measurement. Clinicians assessed the

tracings via a secured cloud and contacted the patients if

therapeutic steps were indicated.
Motivation and adherence

Motivation was defined as the proportion of days the patient

performed at least the required number of measurements (3).

Adherence was defined as proportion of performed

measurements over the total number of required measurements

over a duration of 6 complete days (first and last half days not

counted, 3 measurements per day over a duration of 6 days = 18

measurements required, can be >100% if more measurements

than necessary were performed).
Ablation procedure

Ablation procedures were performed on the day of hospital

admission. Patients received oral anticoagulation for at least four

weeks prior to the procedure. In case of insufficient

anticoagulation, transoesophageal echocardiography was

performed prior to the procedure to rule out left atrial thrombus.

All procedures were performed under conscious (radiofrequency

or cryo ablations) or deep sedation (pulsed field ablations) using

fentanyl and propofol.

In case of a first procedure, pulmonary vein isolation was either

performed with radiofrequency ablation (CARTO 7, ablation

catheter: QDOT Micro or Thermocool SmartTouch, mapping

catheter: Lasso or PentaRay, Biosense Webster), cryo-ablation

(Arctic Front Advance and Achieve catheter, Medtronic) or

pulsed field ablation (Farawave 31/35 mm, Boston Scientific).

Pulmonary vein isolation was verified with entrance and exit-

block pacing of all pulmonary veins.

In case of a repeat procedure, a 3D electroanatomic mapping

system was used (CARTO 7, Biosense Webster). After transseptal

puncture, a multielectrode mapping catheter (PentaRay, Biosense

Webster) was used to map the left atrium. In case of AF,

cardioversion was performed before mapping. If cardioversion

was unsuccessful, the left atrium was mapped in AF. Gaps in the

antral pulmonary vein isolation were closed using radiofrequency

ablation (Thermocool SmartTouch, Biosense Webster).

Additional ablation of the cavotricuspid isthmus was

performed in case of typical right atrial flutter documented either

prior to or during the procedure. Further ablation was performed

in case of persistent AF at the operator’s discretion.

Anticoagulation was restarted on the day of the procedure for

at least three months after the ablation and was continued

thereafter according to the patients’ risk profile.

In case of previously prescribed antiarrhythmic drug therapy, it

was continued for three months after the procedure.
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FIGURE 1

Schematic overview of telemonitoring. AF, atrial fibrillation; d, days.
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Follow-up

Patients were followed up with 24 h Holter monitoring at our

institution or their referring physicians 3, 6 and 12 months after the

procedure. After the 12-month follow-up visit, patients were followed

up with a yearly 24 h Holter ECG at their referring physician.

Between regular visits, patients were encouraged to seek ECG or

Holter monitoring in case of symptoms suggesting AF recurrences.
TABLE 1 Baseline characteristics of patients with atrial fibrillation (AF)
performing vs. patients declining photoplethysmography (PPG) rhythm
telemonitoring.

No PPG monitoring
(n = 263)

PPG monitoring
(n = 119)

P

Age (years) 62 ± 10 58 ± 10 0.001

Females 34% 33% 0.9

CHA2DS2-VASc 2 (0–9) 1 (0–6) 0.03

AF type
–Paroxysmal 67% 62% 0.28

–Persistent 30% 37%

–Longstanding
persistent

6% 1%

Typical atrial flutter (%) 30% 32% 0.64

Prior ablations 0 (0–3) 0 (0–3) 0.34

Bold values denote significance level P < 0.01.
Data processing and statistical analyses

Continuous variables are presented as mean ± SD, median

(range). Categorical variables are presented as percentages (%)

and counts. Two-group comparisons of continuous variables

were performed by Student’s t tests if normally distributed or

with Wilcoxon ranksum tests if the normality assumption was

violated according to Shapiro-Wilk tests or visual inspection of

normal probability plots. Categorical variables were compared by

Chi-square tests or Fisher’s exact tests. Time to first arrhythmia

recurrence was calculated without a blanking period and plotted

using the Kaplan-Meier product-limit method with comparisons

performed by logrank statistics. Two-tailed p values < 0.05 were

considered to indicate statistical significance.

Baseline characteristics were complete in all patients. Statistical

analyses were performed using SPSS 23.0 (IBM, Armonk, NY).
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Results

Out of 382 consecutive patients undergoing AF ablation

between June 1st 2020 and December 31st 2021, 119 patients

(31%) performed telemonitoring after ablation. Patients

undergoing telemonitoring were younger compared to those who

declined (58 ± 10years vs. 62 ± 10years, p = 0.001, Table 1).

CHA2DS2-VASc scores, gender, types of AF, presence of atrial

flutter and number of previous ablations were comparable

between both groups.
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Patient characteristics (telemonitoring
group)

Thirty-four percent of included patients were female, median

CHA2DS2-VASc-Score was 1 (0–6). 62% of patients had

paroxysmal AF, 37% had persistent AF and 1% had longstanding

persistent AF. One out of four patients (24%) had already

undergone previous AF ablations. Most patients (89%) underwent

radiofrequency ablations, 7% underwent cryo-ablation and 4%

pulsed field ablation. Median follow up duration was 544 (53–883)

days. One patient died 53 days after the ablation due to cerebral

haemorrhage associated with a direct anticoagulant the patient

already received for more than one year prior to the ablation.
Adherence to PPG rhythm telemonitoring
during one week after AF ablation and
resulting clinical interventions

Of those patients downloading and activating the PPG app, the

median motivation was 33.3% and the median adherence was

77.8%. Motivation and adherence were higher in patients with

PPG tracings of atrial tachyarrhythmias in comparison to

patients without atrial tachyarrhythmias, 66.6% vs. 33.3%

(p < 0.05) and 105.6 vs. 78% (p < 0.05), respectively.

32 patients (27%) recorded a median of 5 (1–58) tachycardia

tracings in the week following the ablation (Figure 2). 30

patients had recordings suggestive of AF, 7 patients had

recordings suggestive of AF as well as non-AF

tachyarrhythmias and 2 patients recorded only non-AF
FIGURE 2

Arrhythmias detected by photoplethysmography (PPG) monitoring during the
time, y-axis: RR interval in ms) and poincaré plots of a tracing suggestive o
suggestive of atrial flutter or atrial tachycardia (bottom). CTI, cavotricuspid ist
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tachyarrhythmia tracings suggestive of atrial tachycardia or

atrial flutter. Complete Holter follow-up (at 3/6/12 months

after ablation) was available in 89.9% of patients without

documented arrhythmia recurrence.

Telemonitoring triggered clinical interventions in 24% of

patients (n = 29, Figure 3): amiodarone was started in 8%

(n = 10), class I antiarrhythmic drugs were up titrated in 7%

(n = 8), electrical cardioversion was scheduled in 5% (n = 6),

antiarrhythmic drugs were reduced due to symptomatic

bradycardia in 3% of patients (n = 4).
Association between early
PPG-documented and ECG-documented
AF recurrence after AF ablation

During follow-up, 40 (34%) patients had ECG-documented AF

recurrences after a median time of 146 (7–564) days. Twenty

percent of the recurrences (n = 8) were documented on regular

follow-up Holters, 80% (n = 32) were documented during

patient-initiated ECG recordings. PPG recordings suggestive of

AF in the week after ablation were predictive of late recurrences

(p < 0.001, Figure 4).

The majority of patients neither had early PPGs suggestive of

AF, nor late ECG documented AF recurrences (n = 70, 59%),

19% (n = 23) had both PPGs suggestive of AF and late ECG

documented AF recurrences, 14% (n = 17) had just late ECG

documented AF recurrences and only 8% (n = 9) had early PPG

AF recurrences during the initial blanking period without later

AF recurrences. Sensitivity and specificity of early PPG AF
first week after atrial fibrillation (AF) ablation. Example tachograms (x-axis:
f AF (top), a tracing of a regular tachyarrhythmia (middle) and a tracing
hmus; AT, atrial tachycardia; EP, electrophysiologic.
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FIGURE 3

Sample tracings and clinical interventions. Examples of 7-day recordings during the PPG monitoring period. Each point marks one recording (green:
regular rhythm, yellow: warning, red: suggestive of atrial fibrillation—AF), squares at the top of each recording mark, whether the patient was
symptomatic during the recording. bpm, beats per minute; AAD, antiarrhythmic drug.

FIGURE 4

Outcome of patients with vs. without early photoplethysmography (PPG) documented arrhythmias suggestive of atrial fibrillation (AF).

Manninger et al. 10.3389/fcvm.2023.1199630
recordings as predictors of late ECG documented AF recurrence

were 65.4 and 83.0%, respectively. The positive predictive value

was 89.7%, the negative predictive value was 71.9%.
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Most of patients (5 out of 9 patients) with early non-AF

tachyarrhythmias PPG recordings had no ECG documentations

of AF or any other atrial tachyarrhythmia during follow-up
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(Figure 3). One patient with ECG-documented symptomatic AF

recurrence underwent a second AF ablation procedure showing

reconnection of pulmonary veins as well as inducible typical

atrial flutter and underwent re-do PVI and CTI ablation. Two

patients with non-AF tachyarrhythmias underwent repeat

procedures showing pulmonary vein reconnection but blocked

CTI lines, no atrial tachyarrhythmias were inducible in these

patients. One patient refused a repeat procedure because of a

significantly reduced arrhythmia burden.

Most patients with ECG documented recurrences underwent

redo-ablations (n = 17, 43%) or were scheduled for redo-ablations

(n = 8, 20%). Rhythm control strategy was abandoned in 10% of

patients; they were either switched to medical rate control therapy

(n = 3) or underwent pace and ablate procedure (n = 1). Nine

patients (22.5%) refused repeat ablations because their symptomatic

AF burden was significantly lower and in only two patients (5%)

episodes were only documented within the traditional blanking

period of three months and required no further intervention.
Discussion

Holter ECGs are commonly used for follow-up of patients after

AF ablation. The use of novel rhythm monitoring devices may

overcome limitations of serial ECGs in this clinical scenario.

However, concerns have been raised whether these devices are

useful in the post-ablation setting, since they were not validated

within this patient population which is prone to develop atrial

tachyarrhythmias other than AF (11). Here, we demonstrate that

intermittent PPG rhythm telemonitoring within the first week

after AF ablation using a pragmatic onboarding approach has the

potential to close a diagnostic gap during follow-up. Within our

patient cohort, an approach of pragmatic PPG rhythm

telemonitoring often led to clinical interventions. Most

importantly, early PPG-documented AF recurrences within the

first week after AF ablation were closely associated with the

clinically established ECG-documented long-term rhythm outcomes.

Early arrhythmia recurrences are attributed to atrial and

pericardial inflammatory changes induced by the ablation

procedure. Traditionally, a 90-day blanking period is used until

antiarrhythmic effects of the ablation-induced myocardial scarring

take effect (3). This blanking period is commonly used in clinical

studies investigating long-term effects of catheter ablation (12–15).

However, there is an increasing number of studies highlighting the

correlation between recurrences during the blanking period and

recurrences after the blanking period while a meta-analysis suggests

an optimal blanking period of 4 weeks (4, 5, 16). Importantly,

follow-up strategies have been significantly different between the

included studies. While multiple studies use implanted cardiac

devices to monitor patients after ablation (12), conventional follow-

up approaches including repetitive ECGs, Holter recordings and

symptom-driven rhythm monitoring are most commonly used in

patients outside of clinical trials. We could demonstrate that early

PPG-documented recurrences during the first week after ablation

were highly predictive of the freedom of atrial tachyarrhythmias

after a median follow-up of approximately 1.5 years. This is in line
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with other trials, meta-analyses and physician-based surveys

questioning the benign nature of early atrial tachyarrhythmias

recurrences after ablation (17–19).

Novel rhythmmonitoring devicesmight help switching follow-up

strategies to a more patient-centred approach allowing low-threshold,

long-durationmonitoring enabling symptom-rhythm correlation. For

example, a prior study has shown that 2 weeks of intermittent

monitoring using single-lead ECG devices was superior in detecting

AF recurrences and resulted in higher patient convenience than

short continuous Holter monitoring (20). Another study

demonstrated how single-lead ECG monitoring can be implemented

into follow-up of these patients with AF detection rates comparable

to standard clinical follow-up (21). PPG monitoring has not been

assessed within this patient cohort, but the fact that it requires no

specific hardware, but uses the patient’s smartphone, is promising

for application in everyday clinical practice outside of clinical trials

(22). Due to limited ambulatory capacities during the COVID-19

pandemic, several European centres collected experience on using

on-demand digital devices for follow-up of patients after ablation

(7). Of note, the total inclusion rate of 31% in this single centre

study was relatively low in our series of consecutive patients and

younger patients were more willing to participate in the study. These

two observations differ from the overall results of the complete

TeleCheck-AF analysis (23). This may be attributed to the pragmatic

onboarding approach or clinical scenario specific factors including

general scepticism towards the technology, the timepoint of

inclusion during the long preparatory outpatient visit prior to

ablation, or limited digital literacy. Additionally, motivation and

adherence to perform the recommended number of measurements

was lower than in the total TeleCheck-AF cohort (23). However, the

higher motivation and adherence in those patients who recorded

arrhythmias might reflect the importance of the symptom-driven

recordings in this specific clinical scenario post PVI. Personal

assistance during the installation process and close monitoring of

adherence including measurement reminders might enhance patient

acceptance, adherence, and motivation.

One potential limitation of the PPG rhythm telemonitoring is the

detection of non-AF tachyarrhythmias. We previously described a

structured stepwise approach on how to deal with specific PPG

tracings which highlights combining specific tachogram and

poincaré plot patterns with the patient’s history to choose which

further diagnostics steps to take (24). In this study, the prevalence of

non-AF tachyarrhythmias was low and most of the documented

arrhythmias were only documented within the first week after

ablation. There was only one single patient with detection of a

previously non-documented clinically relevant arrhythmia (typical

right atrial flutter). If, however, tracings suggestive of AF were

recorded, these were highly predictive of future AF recurrences,

which is also in line with a sub-study of the CIRCA-DOSE trial (18).

While AF ablation procedures have become more standardized,

safe, and reproducible within the past years, days spent in hospital

have decreased within most centres. Same-day discharge has

shown to be feasible and safe with the use of standardized

protocols (25). However, early paroxysmal and persistent

recurrences as well as side effects of antiarrhythmic drugs might

develop within the first days after hospital discharge. On-demand
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remote monitoring using novel rhythm monitoring devices might

facilitate patient-involvement as well as interaction between the

patient and health care providers. Indeed, clinical interventions

were performed in 1 of 4 patients based on PPG recordings. These

interventions included medication changes as well as scheduling

for early cardioversions. This type of monitoring might reduce the

time to intervention, increase patient satisfaction and positively

influence patient outcomes.

In summary, we believe that future applications of PPG

monitoring could be (1) monitoring early after discharge, (2)

patient-initiated monitoring in case of symptoms and (3)

structured periodic monitoring.
Limitations

The current study describes results from a single centre and

included only a limited number of patients in different stages of

AF undergoing different ablation strategies. Therefore, results

may not be generalizable to all AF patients and ablation centres.

The study design relies on accurate recordkeeping and may

include bias; therefore, these findings need to be confirmed in a

larger randomized controlled trial.

Episodes recorded during PPG monitoring were not validated

by simultaneous ECG. However, ECG validation might not be

necessary in this patient population with diagnosed AF. This is

underlined by the fact that unvalidated PPG tracings suggestive

of AF were predictive of later ECG documented AF recurrences.

Despite extensive efforts to detect asymptomatic AF/AT

recurrences, true recurrence rates may have been underestimated

by a lack of continuous AF monitoring. Predictive value of PPG

might have been overestimated by patients from this cohort

seeking for ECG documentation more thoroughly.
Conclusion

A pragmatic approach of PPG rhythm telemonitoring during

the first week after AF ablation often triggered clinical

interventions in patients actively involved in monitoring. In this

cohort, PPG recordings suggestive of AF in the week after

ablation were predictive of late ECG-documented recurrences,

while recurrence of non-AF PPG documented episodes was rare.

Due to its high availability, a structured, PPG-based follow-up
Frontiers in Cardiovascular Medicine 0773
actively involving patients after AF ablation may close a

diagnostic and prognostic gap and increase active patient-

involvement.
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The detection of atrial fibrillation (AF) in patients with cryptogenic stroke (CS) is an
essential part of management to limit the risk of recurrence. However, in practice,
not all patients who need AF screening are screened, or are screened with
significant delays. The disparities of access to examinations, their costs as well as
the increasing workload require an evolution of practices both in terms of
organization and the type of equipment used. The ubiquity and ease of use of
digital devices, together with their evaluation in large population and their
expected lower cost, make them attractive as potential alternatives to current
equipment at all stages of patient management. However, reliability and
accuracy of each digital device for the detection of paroxysmal AF in CS patients
should be established before consideration for inclusion in clinical practice. The
aim of this short analysis is therefore to review the current practical issues for AF
detection in post stroke patients, the potential benefits and issues using digital
devices in stroke patients and to position the different digital devices as
alternative to standard equipment at each stage of stroke patient pathway. This
may help to design future studies for the evaluation of these devices in this
context. Under this condition, the time for digital devices to detect AF after
stroke seems very close.

KEYWORDS

atrial fibrillation, stroke, screening, digital devices, connected tools

Introduction

One quarter of all ischemic strokes (IS) and transient ischemic attacks (TIAs) are of

cardioembolic origin, with atrial fibrillation (AF) being the main cause. In 20 to 30% of

cases, AF is known before the stroke (1). For the remaining patients, the search for

asymptomatic paroxysmal atrial fibrillation should be performed as soon as the patient

arrives at the stroke center. ECG at the time of admission and more prolonged ECG

monitoring can detect new AF in approximately one quarter of patients with IS (2).

Identification of AF allows optimization of secondary prevention treatment by instituting

oral anticoagulant therapy, which can reduce the risk of stroke recurrence by up to two

thirds (3). In current practice, a main issue is that the screening strategy is based not only

on scientific recommandations but also on local resources.

Detection of atrial fibrillation begins on admission of a stroke patient with a 12-

lead ECG, followed by repeated ECGs, scope monitoring or telemetry during hospital

stay and a Holter ECG of at least 24 h (4). Long-term cardiac rhythm monitoring is

recommended in patients with cryptogenic stroke (CS) and negative initial workup

(4). The longer the duration of monitoring, the higher the percentage of AF

diagnosis, around 30% at 3 years for patients with implantable loop recorder

(ILR) (5). Many barriers complicate the current pathway of detecting AF in stroke
01 frontiersin.org75
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patients. Despite some issues, the advantages of digital

devices make them a serious alternative to improve AF

detection in this high-risk population.
Current pathway for stroke patients to
detect AF

When a patient is admitted to a stroke unit, tests are

performed to determine the cause(s) of the stroke. The

patient has an ECG on arrival and is continuously

monitored by a cardiac monitor during their stay in the

intensive care unit (ICU). After the ICU, the patient is

transferred to a conventional neurological inpatient unit

and monitoring continues. At this stage, the screening

strategy is agreed between neurologists and cardiologists to

determine the appropriate tests for the patient. However,

the fluidity of this assessment depends on local

organization, and the issues of this screening are threefold:

the availability of monitoring equipment, the selection of

patients to be proposed for long-term monitoring, and the

level of benefit expected for the patients. Usually, inpatient

monitoring during conventional hospitalization can be

telemetry or, in case telemetry is not available, ECG Holter

(more or less prolonged). However, if there is a strong

suspicion of AF and depending on the local organization,

ILR may be discussed before discharge. Outside of this

case, after hospitalization and depending on the data from

the first monitoring, ambulatory long-term monitoring is

discussed using ILRs as well as mobile cardiac outpatient

telemetry (MCOT), external loop recorders (ELRs) placed

after ILRs in recent guidelines (6) (Figure 1).
FIGURE 1

Current pathway for stroke patients to detect AF. ICU, intensive care unit.
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Current practical issues for AF
detection in post stroke patients

Main barriers

Many practical barriers exist in screening for AF in patients

post-stroke. Economic issues may limit telemetry monitoring in

neurology departments. The availability of Holter devices and

event recorders is not always high. Appointment times for 24-h

Holter ECGs and even more for external loop recorders are often

long. This results in many patients not receiving the necessary

tests for AF detection. This is not a recent problem: the Ontario

Stroke Registry for patients managed between 2003 and 2013

found a 30% rate of 24-h Holter ECGs performed and less than

1% for longer Holter duration (7) whereas this was not the case

for cardiac ultrasound. AF detection is far from optimal today too,

with a use of ECG monitoring in around 10% of post IS patients

in a Danish nationwide cohort, not correlated with risk factors of

AF raising the appropriateness of screening (8). The use of ILR in

daily practice is limited to a subset of patients, estimated at 15%

in a US cohort of nearly 13,000 patients with CS (9).
French experience

A recent national survey of vascular neurologists and heads of

stroke units in France (10, 11) was conducted using structured

online questionnaires. The objective was to evaluate the

methodology of AF screening and to analyze (qualitatively and

quantitatively) the availability and current use of AF screening in

stroke units. Regarding the availability of cardiac rhythm screening,

continuous cardiac monitoring during hospitalization of a stroke
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TABLE 1 Digital devices to monitor heart rhythm, according to their
technology and the mode of heart rate recording. Using a non ECG-
based device needs confirmation via ECG.

Wearable Non wearable
ECG-based Patch, vest (biotextiles),

belt
Handheld ECG,
smartwatch-ECG

Non ECG-based
(including PPG)

Smartwatch-PPG Contactless video PPG

PPG, photoplethysmography.
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patient is considered necessary by 90% of neurologists, but only 1/3 of

them have continuous cardiac recording monitoring (outside the

intensive care unit.). In-hospital AF screening also relies, to a

variable extent among centers, on initial and then repeated ECG

(29%), and 24-h Holter ECG (70%). All vascular neurologists in

this study considered ambulatory cardiac monitoring to be of great

interest or necessity. When the 24-h Holter recording is initially

normal and AF is strongly suspected, additional prolonged

monitoring is suggested. 75% of neurologists request noninvasive

ambulatory monitoring for at least 7 days, and more than half

request ILR. The accessibility of ambulatory monitoring modalities

is ranked as follows: fairly easy for 24/48h-Holter ECG (85%) and

ILR (68%); fairly difficult/impossible for 3–7 days Holter ECG

(51%), 8–21 days Holter ECG (75%), or e-ECG tools (99%). It is

noteworthy that the ambulatory 24-h Holter ECG is obtained

within one week to one month after the stroke in 70% of cases.

The main barriers to developing monitoring capabilities in the SUs

are lack of manpower (80%), effective network with cardiologists

(56%), familiarity with techniques (42%); and cost of technical

equipment (44%). This survey shows the lack of a uniform strategy

regarding the methods used and their access for AF screening.

These results call for the harmonization of practices and the

promotion of a plan to improve AF detection (patient selection,

tools, and prioritization of examinations) after an IS in France.
Selection of patients for the screening
strategy

Age, patient’s cardiovascular risk factors, atheromatous disease

are predictive factors for AF after stroke. The CHAD2DS2-VASC

score includes these parameters (4, 12). Echocardiographic features

and biomarkers—left atrial dilatation, BNP and pro-BNP (2)—and

stroke due to proximal occlusion of an intracerebral artery (and

therefore associated with significant neurological deficit on the

NIHSS score) (13) are also predictive of AF after stroke. AF risk

prediction scores have been evaluated to determine which patients

with cryptogenic stroke should be offered priority for long-term

monitoring. These composite scores are based on clinical, ECG,

echocardiographic, and/or biological parameters to predict AF

after IS but their lack of sensitivity and specificity make them

difficult to use in clinical practice (14–17).

On the other hand, although the benefit of anticoagulation in

secondary prevention is widely recognized (4), it is not certain

that this benefit is present for patients with a very limited AF

burden and it is therefore not certain that there is a need to

detect very short and very rare episodes of AF (18–20). It is

sometimes difficult to establish a link between stroke and AF

episodes detected very long after its occurrence (21).
Potential benefits and issues using
digital devices in stroke patients

Digital devices to monitor heart rhythm can be divided in two

ways (Table 1). First according to the technology used to evaluate
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heart rhythm, devices are electrocardiogram (ECG)-based or non

ECG based including photoplethysmography (PPG). Using a non

ECG based device needs confirmation via ECG and clinician

oversight to confirm AF diagnosis. Second according to the

mode of heart rhythm recording, the devices are wearables such

as smartwatch using PPG, patches, biotextiles, belts or non-

wearables such as handheld ECG, smartwatch ECG, contactless

video PPG (22). The use of digital devices in the context of

stroke patients therefore seems interesting because of the

availability and low cost of the equipment with remote

monitoring capability as well as their ease of use in hospitals,

rehabilitation centers or at home and their acceptability by

patients and healthcare professionals (HCP) (23). Age is not a

barrier to the use of these devices in large studies (20, 24, 25). In

a recent survey, more than 85% of HCP agreed that

reimbursement should be applied for the clinical use of digital

devices, also in the post-stroke setting (26). However, it is

important to emphasize that digital devices are not yet included

in the recommendations on AF detection after stroke. The lack

of evaluation and of a general framework of requirements as for

ambulatory ECG systems (27) make general recommendations

difficult (28, 29). It is indeed essential to know for each device

its sensitivity and specificity in terms of detection and diagnostic

algorithms (29, 30). For example, validation studies using Holter

ECG as controls reveal that chest belt devices have superior

performance (accuracy of >0.90) compared to PPG-based wrist-

worn devices (highly variable accuracy range, 0.36–0.99) (22).

However, given the limitations in terms of access to care,

budgetary constraints, and the incomplete level of evidence for

cardiac rhythm monitoring after stroke, it seems essential to

evaluate the benefit of using these digital devices to address these

concerns. Conventional monitoring combines admission 12-lead

ECG, repeated ECGs, scope monitoring and/or telemetry in the

neurovascular unit, then Holter ECG from 24 h to 7 days, and

finally, depending on the estimated probability of AF, long-term

monitoring, preferably with ILR (1, 6). At each stage of

monitoring, digital devices could play an alternative or even

substitute role (Table 2).
Digital devices as alternative to
standard equipment at each stage of
stroke patient pathway

The 12-lead ECG on admission is mandatory to detect AF and

sometimes conduction disorders or to suspect underlying heart
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TABLE 2 Current pathway of stroke patient with equipment use for AF detection, and potential alternative by digital devices.

Stroke patient’s pathway Current
monitoring

Digital devices as possible alternative

Admission in stroke unit 12-lead ECGs 1. ECGs acquired through wearable devices (ex: patch-type wireless 12-lead ECG)
2. Systematically digitized ECG [AF prediction in sinus rhythm (AI) and/or ECG marker of atrial cardiopathy]

Stroke unit and neurology
department

Serial ECGs
Scope monitoring
Telemetry
In patient 24-h Holter

1. PPG-based monitoring device—Wearable wireless devices (watch)HD video camera in room, cameras from
smartphone/tablets

2. ECG-based monitoring devices (handheld devices or wearable wireless devices such as biotextiles, belt,
watch)

Outpatient shot term 24-h/7 days Holter 1. Adhesive single-use patch: up to 14 days of continuous recording with a single or two leads ECG
2. ECG recordings through connected devices (handheld, watch)

Outpatient long term MCOT
External loop recorder

1. Sequential ECG recordings through wearable devices (watch) or continuous ECG recording (biotextile)
2. Continuous PPG-based with wearable devices or smartphone/tablet cameras

Outpatient very long term Implanted loop
recorder

Initial phase to better select patient for ICM implantation or alternative?
1. Sequential ECG recordings through wearable devices
2. Continuous PPG-based wearable devices or smartphone/tablet cameras
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disease. AF detection rate is around 7.7% in stroke patients without

known AF (1). Simplification of ECG acquisition and digital

processing could provide potential benefits in clinical practice.

New systems are currently developed such as a patch-type

wireless 12-lead ECG (31) allowing a layperson to acquire a 12-

lead ECG in a median time of 3 min. Currently, digital

processing of ECGs seems mandatory to store them, transfer

them for analysis by a cardiologist directly or after triage through

a dedicated algorithm (32). Using artificial intelligence algorithms

(33) or particular ECG measurement (34), recent publications

suggest a potential value of ECG analysis in sinus rhythm to

predict AF occurrence and/or stroke risk. A higher level of

evidence is needed but these potential uses reinforce the need for

routine ECG digitization in daily practice (Figure 2).

Classically, four different types of monitoring are used on stroke

units and neurology wards to detect AF providing a 5.1% rate of AF
FIGURE 2

Digital devices as an alternative for stroke patients to detect AF.
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detection: serial electrocardiography, continuous inpatient ECG

monitoring, continuous inpatient cardiac telemetry and in-hospital

Holter monitoring (1). Serial electrocardiography could be

performed in an easier mode than a standard ECG machine using

a single-lead connected device with a high sensibility and

specificity (35). In the SPOT-AF study, patients were monitored

using a smartphone-enabled handheld ECG (iECG) during routine

nursing observations, and underwent 24-h Holter monitoring

according to local practice. AF was detected in 25/294 (8.5%) by

iECG, and 8/294 (2.8%) by 24-h Holter recordings (non-

randomized comparison) (36). Other techniques could be

evaluated by comparison to scope monitoring and telemetry such

as continuous photoplethysmography (PPG)-based wearable

devices providing a cheap and leadless solution easier to handle in

daily practice. Using facial video cameras from smartphone or

tablets for measurement of pulse rate and AF detection is
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currently under evaluation (37). However it is important to

remember that detection of AF based on PPG currently requires

confirmation of AF by ECG (29). Finally, continuous ECG

monitoring is taking part of bedside AI-based predictive analytics

monitoring (38) that could be useful for post stroke patient

management in the future.

Ambulatory Holter monitoring from 24 h to 7 days provides a

10.7% rate of AF detection (1). Digital devices such as single ECG

patch monitor providing up to 14 days of recording have been

developed to replace conventional Holter ECG with leads. A

randomized controlled trial of 116 patients following stroke

showed superiority compared to a 24-h Holter monitor (detection

of 1 participant in the Holter monitor group compared to 8

participants in the patch group) (39). This patch is currently

recommended by the National Institute for Health and Care

Excellence in the UK as an option for people with suspected

cardiac arrhythmias who would benefit from ambulatory ECG

monitoring for 24 h. Another approach currently under

investigation is the continuous monitoring of PPG-based rhythm

for weeks after stroke: in the Liverpool Huawei stroke study

effectiveness, cost-effectiveness and patient and staff acceptability

of using Huawei smart wearables to detect AF following IS during

four weeks post discharge will be determined in 1,000 stroke

patients (40). Signals will be analyzed through remote monitoring

and patients with suspected AF will be referred to a cardiologist.

In the multicenter CryptoAF study (41), another wearable device,

a textile wearable holter monitoring, have been tested up to 90

days, detecting a high percentage of AF, although a significant

number of patients did not complete the monitoring. A self-

screening procedure using a patch-ECG could be also an

interesting approach as recently demonstrated in individuals aged

more than 65 years from the general population of Norway (42).

Ambulatory long-term monitoring using MCOT, ELRs and ILRs

provides a 16.9% rate of AF detection (1). External monitoring is

sometimes proposed before ILR. The randomized CANDLE-AF

study will evaluate a 72-h single-patch monitor to standard

strategy and to an event-recorder-type device in 600 IS patients

without any history of AF (43). Single-patch monitor arm will

repeat monitoring at 1, 3, 6, and 12 months, event-recorder-type

arm will repeat monitoring twice daily for 12 months. Recent

studies have shown the superiority of ILR on ELR in post-stroke

AF detection (44). ILR is preferred upon MCOT and ELRs in

recent guidelines (6). A predischarge nurse-led implantation of

ICM has been the subject of specific patient pathway leading to

short delay (45) but the follow-up and analysis of electrograms

remain a significant workload despite the development of remote

monitoring and the use of artificial intelligence algorithms (46).

Moreover, the cost of ILR is quite high, although below the limit

of acceptability for cost-effectiveness (47, 48). The constant loop

recording of ECG of ILR for around three years explain its high

yield of AF diagnosis compared to other techniques. Recently, in a

sub-study of LOOP study in 590 patients aged more than 70 years

followed for 3 years, different types of sequential screenings from

10-second ECG recording every day for 14 days to annual 30-day

monitoring were applied. Even with the more intense screenings,

more than 4 in 10 patients with AF and around one in six with
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underlying ≥24-h episodes will go undetected (49). Except

particular case (50), it seems unlikely that any connected tools

used in a sequential way could provide a high AF diagnostic yield

such as ILRs. However, combination of continuous PPG-based

monitoring with wearables devices such as belts, watch or ring-

types and sequential ECG-based monitoring with the same

wearable devices could be an interesting alternative to compare to

ILR. This combination is currently being investigated in the

Heartline randomised trial in people over 65 years-old using a

smartwatch connected to a smartphone compared to using a

smartphone app only (51).

The detection of AF in patients with CS is an essential part of

management to limit the risk of recurrence. In practice, not all

patients who need AF screening do so, or with significant delays.

The disparities of access to examinations, their costs as well as

the increasing workload require an evolution of practices both in

terms of organization and the type of equipment used. The

ubiquity and ease of use of digital devices, together with their

evaluation in large population and their expected lower cost,

make them attractive as potential alternatives to current

equipment at all stages of patient management. However,

reliability and accuracy of each device for the detection of

paroxysmal AF in patients with CS must be established before

inclusion in clinical practice is considered as well as the actual

impact on workload. Under this condition, the time for digital

devices to detect AF after stroke seems very close (52).
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Background: Autonomic neuropathy commonly occurs as a long-term
complication of diabetes mellitus (DM) and can be diagnosed based on heart
rate variability (HRV), calculated from electrocardiogram (ECG) recordings. There
are limited data on HRV using real-time ECG and ambulatory glucose
monitoring in patients with DM. The aim of this study was to investigate real-
time HRV according to ambulatory glucose levels in patients with DM.
Methods: A total of 43 patients (66.3 ± 7.5 years) with DM underwent continuous
real-time ECG monitoring (225.7 ± 107.3 h) for HRV and ambulatory glucose
monitoring using a remote monitoring system. We compared the HRV
according to the ambulatory glucose profile. Data were analyzed according to
the target in glucose range (TIR).
Results: There were no significant differences in the baseline characteristics of the
patients according to the TIR. During monitoring, we checked ECG and
ambulatory glucose levels (a total of 15,090 times) simultaneously for all
patients. Both time- and frequency-domain HRVs were lower when the patients
had poorly controlled glucose levels (TIR < 70%) compared with well controlled
glucose levels (TIR > 70%). In addition, heart and respiratory rates increased with
real-time glucose levels (P < 0.001).
Conclusions: Poorly controlled glucose levels were independently associated with
lower HRV in patients with DM. This was further substantiated by the independent
continuous association between real-time measurements of hyperglycemia and
lower HRV. These data strongly suggest that cardiac autonomic dysfunction is
caused by elevated blood sugar levels.

KEYWORDS

heart rate variability, glucose level, real-time monitoring, electrocadiography, autonomic

dysfunction

Introduction

Heart rate variability (HRV) is the fluctuation in the time interval between adjacent

heartbeats (1). Cardiac autonomic function can be noninvasively assessed by calculating

HRV, which reflects the interaction of the sympathetic and parasympathetic parts of the

autonomic nervous system (ANS) on the sinus node. HRV indexes neurocardiac function
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and is generated by heart-brain interactions and dynamic nonlinear

ANS processes. HRV is an emergent property of the

interdependent regulatory systems that operate at different

timescales to help us adapt to environmental and psychological

challenges. HRV reflects the regulation of autonomic balance,

blood pressure (BP), gas exchange, and gut, heart, and vascular

tone, which refers to the diameter of the blood vessels that

regulates BP (2).

Type 2 diabetes mellitus (DM) is increasingly prevalent

worldwide and is associated with an increase in obesity and

metabolic syndrome (3). The number of people with DM is

predicted to double within the next three decades (4). Besides

macrovascular and microvascular complications, the leading

causes of death in DM are cardiovascular complications.

Cardiovascular mortality is associated with cardiac autonomic

neuropathy, which is frequently associated with DM (5).

Screening for cardiac autonomic neuropathy is recommended

for the diagnosis of DM, particularly in patients with a history of

poor glycemic control, macro and microvascular complications,

and increased cardiovascular risk. Although standard

cardiovascular reflex tests remain the gold standard for the

assessment of cardiovascular autonomic neuropathy, one of the

easiest and most reliable ways to assess cardiac autonomic

neuropathy is by measuring HRV. HRV is the variation between

two consecutive beats; the higher the variation, the higher the

parasympathetic activity (6). A high HRV reflects the fact that an

individual can constantly adapt to microenvironmental changes.

Therefore, low HRV is a marker of cardiovascular risk (7).

Conveniently, the measurement of HRV is non-intrusive and

pain-free (1). Although the evaluation of HRV in DM has been

assessed in several studies, conflicting results have been reported

(2, 3, 6). Moreover, there is no consensus on the decreased levels

of HRV parameters in patients with DM. Furthermore, despite

the link between HRV and DM severity (8), there are limited

data on the association between HRV parameters and glucose

levels using real-time electrocardiogram (ECG) and ambulatory

glucose monitoring in patients with DM. Therefore, we aimed to

simultaneously check HRV and glucose levels in patients with

DM to identify the most explanatory variables for autonomic

dysfunction according to the glucose level.
Methods and methods

Participants

We recruited 83 patients (mean age, 65.5 ± 6.2 years) with DM

from endocrinology out-patient clinic during their usual follow-up.

The participants were recruited between October 2021 and

December 2021. All patients were screened for medication use

and medical conditions.

The inclusion criteria were age > 18 years, type 2 DM, and

treatment with oral antidiabetic agents. The main exclusion

criteria were pregnancy, neurological disease, heart failure,

chronic liver or renal failure (known chronic liver disease or

stage 3 advanced chronic kidney disease), uncontrolled DM,
Frontiers in Cardiovascular Medicine 0283
thyroid disorder, or treatment that could influence HRV

parameters.

In our study, normal candidates (40 patients) without DM were

included as controls. Five patients who were lost to follow-up or

had incomplete monitoring were excluded from the study. Before

HRV measurements, patients answered a questionnaire on

personal information and lifestyle habits (e.g., smoking, alcohol

consumption, coffee drinking, and exercise).

Finally, total 38 patients (16 men and 22 women; mean age:

66.3 ± 7.5 years) who completed the HRV measurements and

glucose monitoring were included in the analysis.
Ethical statement

The study protocol was approved and the requirement for

informed consent of individual patients was approved by the

Ethics Committee of Kosin University Gospel Hospital (IRB No.

2022-06-016). Written informed consent was obtained from all

patients. This study was conducted according to the principles of

the latest version (2013) of Declaration of Helsinki.
Data collection

After ECG and chest radiography, the cardiovascular status of

each patient was evaluated using echocardiography and blood

laboratory data from the initial visit, as determined by the

attending physicians. From the database, the following

information were collected: (1) patient data, including sex, age,

height, and weight; (2) cardiovascular risk factors, including

hypertension (use of antihypertensive agents, systolic blood

pressure ≥140 mmHg, or diastolic blood pressure≥ 90 mmHg on

admission) and DM (use of oral hypoglycemic agents or insulin,

or glycosylated hemoglobin ≥6.5%); (3) cardiovascular disease

status, including structural heart disease, congestive heart failure,

or a history of a disabling cerebral infarction or transient

ischemic attack; and (4) use of medication.
ECG monitoring device

Hicardi® (MEZOO Co., Ltd., Wonju-si, Gangwon-do, Korea)

is an 8 g, 42 × 30 × 7 mm (without disposable electrodes)

wearable ECG monitoring patch device certified as a medical

device by the Ministry of Food and Drug Safety of Korea

(Supplementary Figure S1). This wearable device monitors and

records single-lead ECGs, respiration, skin surface temperature,

and activity. The ECG signal is recorded with a 250 Hz sampling

frequency and 14-bit resolution.

The data from the wearable patch were transferred through

Bluetooth Low Energy to a mobile gateway, which was

implemented as a smartphone application. The mobile gateway

transmitted the data to a cloud-based monitoring server.

After informed consent was obtained from the patient, a

wearable patch was attached to the left sternal border. The ECG
frontiersin.org
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signals and the above-mentioned data were continuously recorded,

and all ECG signals were reviewed by a cardiologist via a cloud-

based monitoring server.
HRV parameters

HRV analysis was performed in the time and frequency domains of

the wearable ECG recordings according to international guidelines (9).

On average, 225.7 ± 107.3 h of ECG were recorded per patient,

and the HRV analysis was performed by excerpting the previous

five-minute segment from the time of glucose measurement.

To calculate the HRV parameters, RR intervals must be

computed from the wearable ECG recordings. The following

steps were performed to obtain the RR interval time series. First,

R-peaks were detected using the geometric angle between two

consecutive samples of the ECG signal (10). Detected R-peaks

were then used to generate an RR interval time series. To remove

the abnormal intervals caused by ectopic beats, arrhythmic

events, missing data, and noise, intervals below 80% or above

120% of the average of the last six intervals were excluded. The

time-domain parameters were calculated from the RR interval

time series.

Second, the RR interval time series was resampled at 4 Hz

using linear interpolation. The resulting series was detrended by

eliminating linear trends. After detrending, the power spectral

density for the RR interval time series was estimated using the

Burg autoregressive model, where the order of the model was 33.

In the time domain, we analyzed the RR intervals, standard

deviations of RR intervals, square root of the mean squared

difference of successive RR intervals, and percentage of adjacent

NN intervals differing by more than 50 ms (NN50).

In the frequency domain, we analyzed low frequency (LF, 0.04–

0.15 Hz), an index of both sympathetic and parasympathetic

activity, and high frequency (HF, 0.15–0.4 Hz), representing the

most efferent vagal (parasympathetic) activity to the sinus node.

Very low frequency (VLF; 0.003–0.04 Hz) partially reflects

thermoregulatory mechanisms, fluctuations in the activity of the

renin–angiotensin system, and the function of peripheral

chemoreceptors. The LF/HF ratio, that is, sympathovagal balance,

was also calculated.
Continuous glucose monitoring

Assessment of glucose status
For continuous glucose monitoring, we used FreeStyle Libre 14

day system®, a continuous glucose monitoring device with real-

time alarm capability indicated for the management of DM. The

flash glucose-sensing technology used was the FreeStyle LibreTM,

which is a sensor-based flash glucose-monitoring system (Abbott

Diabetes Care, Witney, UK). The sensor was worn on the back

of the arm for up to 14 days, and glucose data were

automatically stored every 15 min. Real-time glucose levels can

be obtained as often as every minute by scanning the sensor with

a reader. Data were transferred wirelessly by radio-frequency
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identification from the sensor to the reader’s memory, which

stored historical sensor data for 90 days. Data can be uploaded

using the device software to generate summary glucose reports.

The target in glucose range (TIR) was 70–180 mg/dl. We

analyzed the data according to glucose control and TIR of <70%

or >70%. For these individuals, fasting glucose levels and

information about DM medication were used to determine

glucose metabolism status. Glucose metabolism status was

defined according to the 2006 World Health Organization

criteria as normal glucose metabolism or type 2 diabetes (11).
Statistical analysis

All continuous variables are expressed as mean ± standard

deviation (SD), depending on the distribution. For continuous

data, statistical differences were evaluated using the Student’s t-

test or Mann–Whitney U test, depending on the data

distribution. Categorical variables are presented as frequencies

(percentages) and were analyzed using the χ2 test. One-way

ANOVA analysis of variance was used to compare the

differences between groups according to TIR and DM. To

determine whether any of the variables were independently

related to HRV according to the glucose levels, a multivariate

analysis of variables with a P-value <0.05 in the univariate

analysis was performed using linear logistic regression analysis.

All correlations were calculated using the Spearman’s rank

correlation test. All statistical analyses were conducted using the

SPSS statistical software (version 19.0 (SPSS Inc., Chicago, IL,

USA), and statistical significance was set at P < 0.05 (two-sided).
Results

A total of 38 patients (age, 66.3 ± 7.5 years) with DM

underwent continuous real-time ECG monitoring (225.7 ±

107.3 h) for HRV and ambulatory glucose monitoring using a

remote monitoring system. We compared the HRV according to

the ambulatory glucose profile. Ambulatory glucose levels were

checked every 15 min in all patients during real-time ECG

monitoring.

During monitoring, we checked a total of 15,090 ECG data

points for HRV and ambulatory glucose levels simultaneously for

all patients. There are baseline characteristics and medication in

Tables 1, 2. We analyzed the data according to the TIR. There

were no significant baseline differences in patient characteristics

except for the mean glucose level according to the TIR

(Supplementary Table S1). No significant difference in baseline

medication, according to the TIR, was observed (Supplementary

Table S2).

Both time- and frequency-domain HRVs were lower in patients

with poorly controlled glucose levels (TIR < 70%) than in those

with normally controlled glucose levels (TIR > 70%; Table 3).

In addition, heart and respiratory rates increased according to

real-time glucose levels (P < 0.001) in all patients with DM

(Figure 1).
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TABLE 2 Baseline medications in patients with DM.

Total patients = 38

Variable

Medications
BB (%) 10 (26.3)

CCB (%) 21 (55.3)

ARB/ACEi (%) 24 (63.2)

Diuretics (%) 7 (18.4)

Statin (%) 32 (84.2)

Aspirin/clopidogrel (%) 18 (47.4)

DM medications
Insulin (%) 14 (36.8)

Metformin (%) 23 (60.5)

Sulfonylurea (%) 21 (55.3)

sGLT inhibitor (%) 15 (39.4)

DPP-4 inhibitors (%) 16 (42.1)

DM indicates diabetes mellitus; BB, beta-blocker; CCB, calcium channel blocker;

ARB, angiotensin receptor blocker; ACEi, angiotensin converting enzyme

inhibitor; sGLT inhibitor, sodium-glucose transport protein 2 inhibitor; DPP-4

inhibitor, Dipeptidyl peptidase 4 inhibitor.

TABLE 3 HRV measures according to TIR in patients with DM.

HRV

Time domain TIR < 70% TIR > 70% P-value
SDNN, ms 40.5 ± 38.5 48.1 ± 43.1 <0.001

RMSSD, ms 7.9 ± 6.9 10.0 ± 9.2 <0.001

SDSD, ms 7.9 ± 6.9 10.1 ± 9.2 <0.001

NN50, count 14.6 ± 40.7 25.3 ± 55.6 <0.001

pNN50, % 1.0 ± 2.9 1.8 ± 4.0 <0.001

Frequency domain
Total Power, N.U. *105 5.5 ± 0.3 8.2 ± 0.3 <0.001

VLF, N.U. *105 3.7 ± 0.3 4.7 ± 0.2 0.019

LF, N.U. *105 1.2 ± 0.3 2.3 ± 0.5 <0.001

HF, N.U. *105 0.6 ± 0.1 1.3 ± 0.3 <0.001

*HRV indicates heart rate variability; TIR, target in glucose range; DM, diabetes

mellitus; SDNN, standard deviation of NN intervals; RMMSD, root mean square

of successive RR interval differences; SDSD, standard deviation of differences

between adjacent NN intervals; NN50, number of NN intervals differed by more

than 50 ms; pNN50, ratio of NN50; Total power, 5 min total power in frequency

range ≤0.4 Hz; VLF, power in very low frequency range ≤0.04 Hz; LF, power in

low frequency range 0.04–0.15 Hz; HF, power in high frequency range 0.15–

0.4 Hz; N.U., normalized unit.

TABLE 1 Baseline characteristics in patients with DM.

Total patients = 38

Variable
Mean glucose level (mg/dl) 175.4 ± 74.6

Age (years) 65.4 ± 6.6

Sex (%), male 20 (52.6)

DM (%) 38 (100)

HTN (%) 30 (78.9)

Hyperlipidemia (%) 30 (78.9)

CAD (%) 12 (31.6)

CVA (%) 8 (21.1)

CHF (%) 3 (7.9)

CMP (%) 0 (0)

DM indicates diabetes mellitus; HTN, hypertension; CAD, coronary artery disease;

CVA, cerebrovascular accident; CHF, congestive heart failure; CMP,

cardiomyopathy.
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As shown in Figure 2, continuous measures of glycemia

(plasma glucose levels) were linearly associated with HRV (time

domain, SDNN (A); frequency domain, HF (B); P < 0.001). Both

HRV (time, frequency domains) decreased according to increased

continuous monitored glucose level.

As shown in Figure 3, we compared the frequency-domain

HRV (LF and HF) according to DM and TIR. The patients with

DM had a lower HRV than those without DM (LF, P < 0.001;

HF, P < 0.001). DM patients with TIR < 70% had a lower HRV

than those with TIR > 70% (LF, P < 0.001; HF, P < 0.001).
Discussion

In this study, we simultaneously evaluated heart rate and HRV

according to glucose levels in patients with DM. The results of the

current study demonstrated that poorly controlled DM is

associated with lower HRV. The amount by which HRV was
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lower in patients with DM with TIR < 70% (compared to those

with TIR > 70%) was approximately 2/3 in both the time and

frequency domains. In addition, continuous measures of

glycemia (plasma glucose levels) were linearly associated with

HRV, suggesting a graded decline in HRV with worsening

glucose tolerance. Heart and respiratory rates increased according

to real-time glucose levels in all patients with DM. These

associations were independent of the major cardiovascular risk

factors (7). Therefore, our results support the concept that

cardiac autonomic dysfunction occurs when poorly controlled

glucose levels are measured in real time before checking long-

term glucose level predictors such as HbA1c and C-peptide levels

and may play a role in the development of cardiovascular

diseases earlier in the course of type 2 DM.

Cardiac autonomic dysfunction is a complication of DM that

carries an approximately fivefold increased risk of mortality in

adults (2). Damage to the autonomic innervations of the heart

and blood vessels can lead to lethal arrhythmias and sudden

cardiac death (12). Hyperglycemia is thought to be associated

with abnormal signaling of autonomic neurons via

accumulation of advanced glycation end products, activation

of polyol pathway, and ischemia induced atrophy of the

autonomic nerve fibers innervating the cardiac and vascular

tissues (13).

Previous studies suggested the involvement of sympathetic

activation in early metabolic dysfunction in triggering

perivascular adipose tissue inflammation via increased

uncoupling protein-1 expression and augmented hypoxia,

which could allow unmitigated augmentation of inflammation

driven by hyperglycemia as type 2 DM develops, at which time

brainstem involvement would evoke further autonomic

dysfunction (14–16).

Both divisions of the ANS are typically affected, with

parasympathetic impairment preceding the sympathetic

dysfunction (6). Loss of HRV is one of the earliest manifestations
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FIGURE 1

Heart rate (A) and respiration rate (B) according to continuously monitored glucose levels in patients with DM.

FIGURE 2

Heart rate variability (HRV) according to continuously monitored glucose level in the time domain [SDNN, (A)] and frequency domain [HF, (B)].
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of this process. In the Framingham Heart Study, HRV was found to

be inversely associated with the risk of mortality (17). Similarly, the

Atherosclerosis Risk in Communities study found that decreased

HRV was independently associated with the risk of developing

coronary heart disease (18) and lower HRV was also associated

with the total burden of cerebral small vessel disease (CSVD)

and each of the magnetic resonance image markers of CSVD in

patients with DM (19).

Adaptation to stress is characterized by an increase in

sympathetic activity and a decrease in parasympathetic activity,

inducing a state of alertness (20). Interestingly, common diseases

such as depression, metabolic syndrome, and cancer; smoking

habit; and obesity are associated with a decrease in

parasympathetic activity and activation of sympathetic activity (7, 21).
Frontiers in Cardiovascular Medicine 0586
One explanation is that DM is a metabolic disease responsible

for cardiac autonomic neuropathy, which affects both sympathetic

and parasympathetic fibers. DM has a negative influence on almost

all HRV parameters, indicating that it leads to cardiac autonomic

dysfunction (22, 23).

We demonstrated that an increase in heart rate was associated

with higher glucose levels and a decrease in HRV (HF and LF).

Although no study has previously assessed this relationship in

patients with DM, conflicting results have been reported in the

general population, with either high BP associated with an

increase in all spectral parameters or a decrease in HRV (24,

25). It has also been suggested that a decrease in autonomic

nervous function precedes the development of clinical

hypertension (26). However, in our study, there was no
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FIGURE 3

Heart rate variability (HRV) according to DM. *DM indicates diabetes mellitus; TIR, target in glucose range.
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significant difference in HRV according to hypertension.

Moreover, although age and sex may have a minor role in HRV

parameters compared with the variables linked to DM, a

previous study demonstrated a decrease in both LF and HF

with age and in males (27, 28). In our study also, HRV was

decreased with age and in males.

To the best of our knowledge, this is the first study to

simultaneously investigate the HRV and glucose levels in

patients with DM using a remote monitoring system for a long

duration (225.7 ± 107.3 h, continuously). Importantly, in

contrast to previous population-based studies (9, 29), we found

that virtually all time- and frequency-domain measures of

HRV, either as a composite score or as individual measures,

were associated with worsening glucose tolerance. This may be

explained by the fact that we used a more accurate 14 days

remote-monitoring ECG-derived HRV as opposed to HRV

derived from short-term ECG recordings. In addition, we were

able to adjust for a large series of potential confounders,

including real-time glucose level, respiration, and physical

activity, objectively measured in a live studio at our institute

using a remote monitoring system.

Our study has some limitations that must be addressed. First,

the relatively small sample size was a limiting factor in

generalizing the findings to the DM population. However, it

was sufficient to identify significant correlations between HRV

and glucose levels in individuals with DM using a remote

system for HRV and continuous glucose monitoring, checked

15,090 times simultaneously during the monitoring. Despite

the small number of patients, our analysis demonstrated

significant and interesting relationships, particularly between
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the HRV parameters and glucose levels associated with DM.

Hence, the results of our study should be considered

hypothesis-generating, and future prospective studies are

warranted to confirm these results. Second, in the present

study, we only evaluated patients with DM aged <75 years.

Although a previous study (30) in patients with DM and

prediabetes and healthy participants and another study (27)

that investigated the impact of sex and age on HRV

demonstrated that HRV indices significantly increased with the

participants’ age, we do not know whether older adults with

DM aged >75 years have similar or worse HRV patterns than

older healthy individuals. Third, the health status of the

controls was not detailed in our study, which could have

influenced the HRV parameters. This may also have

minimized the differences in HRV between patients with DM

and controls. Fourth,

In conclusion, poorly controlled glucose levels are

independently associated with lower HRV in patients with

DM. This was further substantiated by the independent

continuous association between real-time measurements of

hyperglycemia and lower HRV. These data strongly suggest

that cardiac autonomic dysfunction is caused by elevated

blood sugar levels.
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Smart devices to measure and
monitor QT intervals
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Careful observation of the QT interval is important to monitor patients with long QT
syndrome and during treatment with potentially QT-prolonging medication. It is also
crucial in the development of novel drugs, in particular in case of a potential side
effect of QT prolongation and in patients with increased risk of QT prolongation.
The 12-lead electrocardiogram (ECG) is the gold standard to evaluate cardiac
conduction and repolarization times. Smartwatches and smart devices offer
possibilities for ambulatory ECG recording and therefore measuring and
monitoring the QT interval. We performed a systematic review of studies on
smartwatches and smart devices for QTc analysis. We reviewed PubMed for
smartwatches and smart devices that can measure and monitor the QT interval. A
total of 31 studies were included. The most frequent devices were (1) KardiaMobile
6L, a Food and Drug Administration-approved device for QTc analyses that
provides a 6-lead ECG, (2) an Apple Watch, a smartwatch with an integrated ECG
tool that allows recording of a single-lead ECG, and (3) the Withings Move ECG
ScanWatch, an analog watch with a built-in single-lead ECG. The KardiaMobile 6L
device and the Apple Watch provide accurate measurements of the QT interval,
although the Apple Watch is studied in standard and non-standard positions, and
the accuracy of QT measurements increased when the smartwatch was moved to
alternative positions. Most studies were performed on patients, and limited results
were available from healthy volunteers.

KEYWORDS

QTc, QT interval, smartwatch, smart device, ECG

Introduction

In 1957, Jervell and Lange-Nielsen described a case of a family in which QT prolongation

was found in multiple children and who subsequently died in infancy without any evidence of

cardiac pathology at autopsy (1). Descriptions of young individuals with prolonged QT

intervals and a history of loss of consciousness and ventricular fibrillation were published in

the following years (2, 3). As a result, physicians showed increased awareness and

recognized the importance of QT interval evaluation, acknowledging that abnormal QT

prolongation may predispose to ventricular arrhythmia and sudden cardiac death. In 1964,

Selzer and Wray described cases of ventricular tachycardia in the context of a prolonged

QT interval in patients prescribed with Quinidine (4). The typical morphology of

ventricular tachycardia was coined Torsades de Pointes (TdP) by Dessertenne (5).

Congenital long QT syndrome (LQTS) is a familial cardiac ion channelopathy. Incomplete

penetrance and variability in genetic expression lead to a heterogeneous phenotype.

Classifying this condition clinically can be challenging (6). Those patients requiring regular

QT interval monitoring are the mutation carriers, especially at a younger age. An increase

in the QT interval can have therapeutic consequences, such as drug treatment with beta-

blockers or pacemaker implantation. The diagnosis of LQTS partly depends on the QT
01 frontiersin.org90
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interval, at rest or during recovery from the exercise stress test.

Furthermore, T-wave morphology and clinical and family history

are a part of the Scoring System for Clinical Diagnosis of Long

QT Syndrome (7). In 1988, it was found that Prenylamine

(Segontin) was associated with QT prolongation and sudden

cardiac death. This resulted in Prenylamine being the first drug to

be withdrawn from the market due to QT prolongation associated

with sudden cardiac death (8). Additional classes of medications

were linked to ventricular arrhythmias and cardiac death in the

following years. Some of these agents were thereafter withdrawn

by the Food and Drug Administration (FDA) (9). Due to these

events, the pharmaceutical industry and government regulators

became aware that careful evaluation of the QT interval during

the development of a new compound devolvement program is

crucial. There are still drugs on the market that have been

associated with prolongation of the QT interval, such as patients

with a need for psychotropic medications, and are linked with

lethal ventricular arrhythmias (10). Monitoring the QT interval in

patients prescribed this kind of medication could be of additional

value. The ICH E14 guidance for industry mentions that other

ways of obtaining a high-quality ECG can be used to collect ECGs

for QT/QTc collection (11, 12). The gold standard for evaluating

cardiac conduction and repolarization times is the 12-lead

electrocardiogram (ECG), which is usually registered for seconds

or minutes. For longer monitoring, Holter analysis can provide

QT analysis for several days. The disadvantage of using a 12-lead

ECG is that this also entails practical difficulties, including that the

12-lead ECG is just a single time point recording. Continuous

monitoring is of added value in some situations. That way,

patients can be monitored at home and possible QT prolongation

after medication with possible effects on the QT time can be

objectified more safely and easily. Other technologies have been

developed to measure conduction times, including the QT interval.

The reliability of these different devices is actively being

investigated. The European Heart Rhythm Association has

published a position paper on using digital devices to detect and

manage arrhythmias (13). They conclude that for QT interval

monitoring, studies are scarce and more studies are needed before

these devices can be safely used on patients. Previous reviews on

ECG monitoring systems were performed in the era before ECG

recordings could be performed with smartwatches and therefore

did not include QTc monitoring using these devices (14, 15).

Other reviews on the use of smartwatches were related to

detecting atrial fibrillation (16). To the best of our knowledge, this

is the first review on using smartwatches to monitor QT intervals.

This systematic review of the literature about the use of

smartwatches and smart devices for QTc analysis is intended to

provide an overview of the current literature regarding the use of

these devices in analyzing QT intervals and to explore how these

devices could change the landscape of QTc analysis.
Materials and methods

We reviewed PubMed (https://pubmed.ncbi.nlm.nih.gov) for

studies published on the use of smart devices for QTc analysis
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until September 30, 2022. For reporting and methodology, the

updated 2020 Preferred Reporting Items for Systematic Reviews

and Meta-Analysis guidelines were used (17). Terms “QTc” and

“smart device,” “QT interval” and “smart device,” “QTc” and

“smartwatch,” “QT interval” and “smartwatch,” “QTc” and “Apple

Watch,” “QT interval” and “Apple watch,” “QTc” and “device,”

“QT interval” and “device,” “device” and “TQT,” and

“smartwatch” and “TQT” were used to identify studies examining

the use of smart devices for QT analysis. Bibliographies of selected

articles were manually reviewed for additional studies. Only

original research articles published in English were considered for

review. Eligibility of the articles was determined based on the

screening of titles and abstracts. Articles that did not publish about

methods and/or devices for QT analysis, implantable devices, 12-

lead ECG monitoring, bed-side ECG monitoring; pediatric studies;

non-human studies; and studies about telemetric monitoring were

excluded.
Results

The initial search identified 1,071 studies. After screening titles,

43 articles were considered for further review. After reviewing the

43 articles, 12 articles were further excluded. The search strategy is

shown in Figure 1. The search identified studies conducted until

September 2022. The most frequently studied device was

AliveCor’s KardiaMobile (N = 16). Five studies examined the

Apple Watch. Another smart watch (SW), the Withings Move

ECG ScanWatch, was examined in three studies. A graphic

representation of the three most studied devices is shown in

Figure 2. In addition to the above-mentioned devices, a single

publication was found for eight other devices an overview of the

studied devices is shown in Table 1. Agreement between devices

and 12-lead ECG was performed through Bland–Altman analysis

in several studies and in a descriptive manner in some other

publications.
KardiaMobile 6L

KardiaMobile 6L (AliveCor Inc., Mountain View, CA, USA) is

a wireless mobile ECG (mECG) device that can directly record a 6-

lead ECG, which consists of leads I, II, and III and also augmented

Vector Left (aVL), augmented Vector Foot (aVF), and augmented

unipolar right arm lead (aVR). It is a small (9.0 cm × 3.0 cm ×

0.72 cm) device that consists of three electrodes each on both the

top surface and the bottom surface. Electrodes on the top surface

make contact with both thumbs, and electrodes on the bottom

surface make contact with either the left knee or the left ankle.

KardiaMobile 6L can subsequently be connected to the

corresponding application through Bluetooth on mobile devices

such as tablets and smartphones to record a 30-s 6-lead mECG.

It then provides an automated assessment of heart rate and

heart rhythm (18). The FDA guidance allows using KardiaMobile

6L to measure QT intervals in patients with COVID-19 (19).

Sixteen studies examined AliveCor’s KardiaMobile 6L. Kleiman
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FIGURE 1

Search strategy.
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et al. (20) compared interval duration measurements (IDMs)

between 6-lead ECGs recorded with AliveCor’s KardiaMobile 6L

and standard 12-lead ECGs. Interpretable 12-lead and 6-lead

recordings were available for 685 out of 705 (97%) eligible
FIGURE 2

Graphical representation of most studied devices.
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patients. The mean difference between the QTc measured on the

6-lead and 12-lead ECGs was −2.6 ms (95% CI −4.1 to

−1.1 ms). The absolute difference of <10 ms was present in

44.3%, ≤10 and <20 ms in 32.9%, ≤20 and <30 ms in 10.3%,
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TABLE 1 Table with an overview of studied devices.

KardiaMobile 6L

Aim N Setting Device Leads Outcome Reference
Comparison of interval duration
measurements between standard 12
lead ECGs and 6 Lead ECGs
recorded with KardiaMobile 6L

705 Patients referred to the Genetic
Heart Rhythm Clinic

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Mean difference between the QTc
measured on the 6-lead and 12-lead
ECGs was −2.6 ms (95% CI −4.1 to
−1.1 ms)

(20)

To access the accuracy of
KardiaMobile 6L in measuring the
QTc

234 Patients visiting the cardiology
clinic for any indication

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Mean absolute difference in QTc
values between the modalities using
lead I was 14 ± 13 ms (r = 0.783;
<0.001). Mean absolute difference in
lead II QTc between the modalities
was 12 ± 9 ms (r = 0.856, p < 0.001)

(18)

To access the feasibility of obtaining
recordings using the KardiaMobile
6L and to qualitative compare with
standard 12-lead ECG recordings

4 COVID-19-positive patients or
patients requiring ECG
monitoring

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

KardiaMobile 6L had the ability to
provide contactless ECGs with
acceptable QT/QTc interval
measurements

(21)

To describe the usefulness of
telemonitoring for management of
QT-prolonging drugs

70 COVID-19-positive patients
receiving hydroxychloroquine,
azithromycin, or lopinavir/
ritonavir

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Intraclass correlation coefficient
points to a good agreement in the
measurements of QTc interval

(22)

To investigate the KardiaMobile 6L
to record and measure the QTc

13 Multidrug-resistant
tuberculosis and non-
tuberculous mycobacterium

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Mean percentage difference between
the automated 12-lead and manually
calculated AliveCor readings was 3%.
The correlation between the automated
QTc and AliveCor QTc was evaluated
with Pearson’s correlation coefficient
= 0.43 (p > 0.05)

(23)

To evaluate the agreement and
clinical precision of Kardia Mobile
1l to measure the QTc interval and
compare it to the 12-lead ECG

128 Patients with a presumed or
confirmed diagnosis of
COVID-19

KardiaMobile 1l Single-lead ECG Values of the QTc interval were
practically the same for both devices
(442.45 ±−40.5 vs. 441.65 ± 40.3 ms,
p = 5.15)

(24)

To evaluate the feasibility of QTc
monitoring with a KardiaMobile 6L

227 182 patients with COVID-19
and 45 healthy patients

KardiaMobile 6L ECG leads I, II, III,
aVL, aVR, and
aVF

No differences were observed between
the monitoring strategies in QTc
prolongation (p = 0.864). In the
control group, all but one ECG
registry with the smart device allowed
QTc measurement, and mean QTc
did not differ between both
techniques (p = 0.612), displaying a
moderate reliability [ICC 0.56 (0.19–
0.76)]

(25)

To access the reliability of using
AliveCor tracings (KardiaMobile 1l)
and compare them to the QTc on
standard ECGs

5 Patients on dofetilide for atrial
fibrillation

KardiaMobile Single-lead ECG No significant difference between the
AliveCor QTc and ECG QTc for any
of the five patients (all ± 20 ms)

(26)

To determine the accuracy of
different ECG-based devices to
detect atrial fibrillation, QRS
morphology, and ECG intervals
compared with 12-lead ECG

176 Patients with congenital heart
disease

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

QTc duration accuracy was acceptable
in 74% of KardiaMobile 6L. QTc
interval of KardiaMobile 6L compared
to the 12-lead ECG illustrates limits of
agreements, which were independent
of the QTc interval

(27)

To train and validate an artificial
intelligence-enabled 12-lead
algorithm to determine the QTc and
test this algorithm on tracings
acquired from a KardiaMobile 6L

686 Patients with genetic heart
disease

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Difference between DNN-predicted
QTc values derived from mECG
tracings and those annotated from 12-
lead ECGs by a QT expert (−0.45 ±
24.73 ms) and a commercial core
ECG laboratory (10.52 ± 25.64 ms)
was nominal

(33)

To describe the implementation of a
remote trial in which self-collected
ECG measurements were recorded
on KardiaMobile 6L

231 Patients with SARS-CoV-2 KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

QT interval can be efficiently
measured and verified within a
remote clinical trial paradigm

(34)

To compare the KardiaMobile 6L
with the 12-lead ECG

1,015 Unselected cardiac inpatients
and outpatients

KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Mean differences between
KardiaMobile 6L and the 12-lead
ECG for QT and QTc were small; the
AUC was >75% for QT but less for
QTc, although overall >60%

(28)

(Continued)
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TABLE 1 Continued

KardiaMobile 6L

Aim N Setting Device Leads Outcome Reference
To examine and compare the level of
similarity between KardiaMobile 6L
ECG and 12-lead ECG

30 Healthy athletes KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Relatively high levels of agreement
between the mean 6-lead and 12-lead
measurements for QTc, with the 6l
readings slightly but significantly
shorter on average. The difference in
the QTc intervals was 391 vs. 401 ms
(p = 0.003)

(29)

Comparison of KardiaMobile 6L
and 12-lead ECG recordings

100 Cardiac patients KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

QT intervals measured by the
KardiaMobile device were
significantly different (shorter) than
those observed in the standard ECG
method: 393 vs. 400 ms (p < 0.001)

(30)

To determine the accuracy of QT
measurement in a KardiaMobile 1l
and compared it with a 12-lead ECG

125 Patients with non-acute
indication in primary care

KardiaMobile Single-lead ECG Mean QTcB interval was 393 ± 25 ms
in 1-lead ECGs and 392 ± 27 ms in
lead I of the 12-lead ECGs, with a
mean difference of 1 ± 21 ms.
Comparing QTcB of 1-lead ECGs with
those of lead II of 12-lead ECGs
showed a mean difference of 8 ± 22 ms

(31)

To provide a brief overview of a
protocol for monitoring the QT
interval using KardiaMobile 6L

81 Patients with SARS-CoV-2 KardiaMobile ECG leads I, II, III,
aVL, aVR, and
aVF

Portable wireless devices may
represent a quick and useful
alternative for QT interval monitoring

(32)

Apple Watch
To compare the feasibility and
reliability using the Apple Watch to
calculate a QT interval to those of
using a standard ECG to calculate a
QT interval

119 100 patients admitted to
Cardiology division 19 healthy
subjects

Apple Watch Leads I, II, and V2 There was agreement among the QT
intervals of I, II, and V2 leads and the
QT mean using the smartwatch and
the standard ECG with Spearman’s
correlations of 0.886, 0.881, 0.793, and
0.914 (p < 0.001), respectively

(38)

To access the accuracy of interval
measurements on Apple Watch
tracings in comparison to lead I on a
12-lead ECG

43 Healthy volunteers Apple Watch Lead I of Apple
Watch and lead I
of 12-lead ECG

Mean difference (d ) of –11.27 ±
22.9 ms for the QT interval (r = 0.79)
and –11.67 ± 27 ms for the QTc
interval (r = 0.57)

(39)

To compare the smartwatch-
recorded QT and QTc assessed
using AccurKardia’s AccurBeat
platform with the 12-lead ECG

50 Healthy volunteers Apple Watch Lead I Apple
Watch and ECG
leads I and II of
12-lead ECG

The Bland–Altman plot results found
that 96% of the average QTc interval
measurements between the platform
and QTc intervals from the 12-lead
ECG were within the 95% confidence
limit of the average difference between
the two measurements, with a mean
difference of –10.5 (95% LoA −71.43
to 50.43). A total of 94% of the
average QT interval measurements
between the platform and the 12-lead
ECG were within the 95% CI of the
average difference between the two
measurements, with a mean difference
of –6.3 (95% LoA −54.54 to 41.94)

(40)

To validate the use of the Apple
Watch for QT measurement

100 100 patients in sinus rhythm
from outpatient or emergency
departments

Apple Watch Apple Watch lead
I, lead II, and AW-
LAT (simulated
lead V6)

Compared with the 12-lead ECG, the
median absolute error in QTc was
18 ms for AW-I, 20 ms for AW-II,
and 16 ms for AW-LAT

(41)

To demonstrate the use of an Apple
Watch to monitor QT prolongation

1 One patient with COVID-19 Apple Watch Apple Watch lead
I

Very similar waveform morphology
and QT measurements compared to
lead I of the 12-lead ECG

(42)

Withings ScanWatch
To compare automated QTc
measurements using a single-lead
ECG of a Withings ScanWatch with
manual measured QTc from a 12-
lead ECG

367 Patients referred to a tertiary
hospital for cardiac work-up

Withings
ScanWatch

Smartwatch lead I Disagreement for QTc measurements
between the SW-AI and the manual
measurements by the cardiologist
using the 12-lead ECG was <15 ms in
38% cases and >20 ms in 54, and 29%
of measurements had a disagreement
>30 ms. In 12 patients (7%), the
difference between the QTc intervals
was greater than the LoA

(43)

(Continued)
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TABLE 1 Continued

KardiaMobile 6L

Aim N Setting Device Leads Outcome Reference
To compare QTc duration measured
on Withings ScanWatch compared
with those measured on 12-lead
ECGs

85 Patients with COVID-19 who
were prescribed
hydroxychloroquine-
azithromycin therapy

Withings
ScanWatch

Smartwatch lead I Bland–Altman analysis resulted in a
bias of 6.6 ms (95% LoA −59 to 72 ms)
comparing automated QTc
measurements (SW-ECG) withmanual
QTcmeasurement (12-leadECG). In12
patients (6.9%) the difference between
the two measurements was greater
than the LoA

(44)

To determine the accuracy of
different ECG-based devices to
detect atrial fibrillation, QRS
morphology, and ECG intervals
compared with 12-lead ECG

176 Patients with congenital heart
disease

Withings
ScanWatch

Smartwatch lead I In the Withings ECG, the QTc
interval was more frequently (49%)
over- or underestimated by more than
40 ms compared to both Eko DUO
(30%) and KardiaMobile 6L (26%)
(p < 0.001 for both comparisons)

(27)

Other devices
To evaluate the diagnostic accuracy
of a patient-operated ECG device
compared with a 12-lead ECG

508 Patients with an indication for
12-lead ECG recording

Omron
HeartScan

Single-lead,
position chest
electrode C4

Linear correlation (r2) between the
patient-operated ECG system and the
standard ECG was 0.89 for QTc

(45)

To evaluate the ease of device use
and quality of transmitted ECG
tracings for QT interval
measurement

31 Adult heart transplant
recipients

HeartOne,
Aerotel medical
systems

Lead II 89% of the ECGs were acceptable
quality for QT interval measurement

(46, 47)

To access the diagnostic accuracy of
a single-lead portable ECG device
for measuring QT intervals in
comparison with a 12-lead ECG

101 Adult patients visiting the
outpatient department with an
indication for a 12-lead ECG
recording

HeartCheck Single-lead
portable ECG
Lead I

The mean QTc interval measured was
430.6 (SD ± 31.1) ms for the 12-lead
ECG and 396.7 (SD ± 47.5) ms for the
single-lead ECG. The difference of the
QTc intervals between the two
measurements was substantially
outside the definition of perfect
agreement of 10 ms difference or less.
Only seven (6.9%) ECG recordings
demonstrated perfect agreement

(47)

To evaluate ECG signal quality and
ECG parameters measured with a
12-lead ECG acquisition T-shirt

30 Healthy subjects 12-lead ECG
acquisition shirt

12 leads QTc intervals obtained with the smart
T-shirt were highly comparable to the
ones measured with Holter

(48)

To evaluate the accuracy of a
Smartphone Home Monitor for
assessing the QTc as compared to
the 12-lead ECG

124 99 healthy volunteers and 25
hospitalized patients receiving
sotalol or dofelitide

Smartphone
heart monitor

Leads I and II In healthy volunteers the ASHM QT
demonstrated a very good agreement
(bias = 4 ms; standard deviation of
bias = 11 ms) with the GE 12-lead
ECG, using the Bland–Altman
method of measurement agreement.
In the hospitalized patients, the
automated GE and ASHM QTc
measurements based on lead I
demonstrated a reasonable agreement
(bias = 3 ms; standard deviation of
bias = 46 ms) using the Bland–Altman
method

(49)

To explore whether automated QTc
measurements by BodyGuardian are
sufficiently reliable compared to
manual measurements on 12-lead
Holter recordings

36 20 LQTS patients and 16
healthy controls

BodyGuardian Lead II QTc automatically measured by BG
was 445 ± 47 ms, and the QTc
manually measured was 446 ± 41 ms.
The disagreement between BG and
manual measurement was <15 ms in
57% of cases 34% of measurements
had a disagreement >20 ms

(50)

To evaluate the diagnostic accuracy
of a handheld bipolar ECG event
recorder

52 52 patients admitted to the
cardiology department

Beurer ME 80
device

Reconstruct 9
leads I, II, III, and
V1–V6

Diagnosis of a prolonged QTc was
inaccurate due to the inherent
difficulties with measuring this
interval because of lower signal
quality and non-simultaneous
tracings that make it difficult to align
the waveforms

(51)

To evaluate the accuracy, usability,
and diagnostic capabilities of a
single-lead ECG device

144 94 patients cardiac patients
and 50 asymptomatic controls

ECG check Lead I No significant differences were found
in QT intervals between the two
modalities

(52)

DNN, deep neural network; AW, apple watch; LAT, lateral; ICC, intraclass correlation.
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≤30 and <40 ms in 7.5%, ≤40 and <50 ms in 2.8%, and ≥50 ms in

2.2%. The authors concluded that 6-lead recordings with this

KardiaMobile 6L can provide high-quality ECG recordings that

may be useful in clinical medicine and during clinical trials.

Bergeman et al. (18) studied the accuracy of the KardiaMobile 6L

device for assessment of QT intervals in 234 outpatients visiting

a cardiology clinic for any indication. Due to artifacts, it was

impossible to perform QTc measurement in any lead in 16

mECGs (7%). In all 12-lead ECGs, QTc measurement was

possible. Lead II was the most accurate lead. The mean (±SD)

absolute difference in QTc values between mECGs and 12-lead

ECGs was 12 ± 9 ms (r = 0.856; p < 0.001) in lead II. The absolute

difference between QTc values was <10 ms in 55% of the

subjects. A mean QTc ≥480 ms in lead II on the 12-lead ECG

was found in six subjects. The sensitivity and specificity for

mECG QTc prolongation in lead II were 80% and 99%,

respectively (n = 203). The authors concluded that using a 6-lead

mECG enables measuring the QT interval with good accuracy

compared with the standard 12-lead ECG. Frisch et al. (21)

published a case series of four patients in which they assessed

the feasibility of obtaining mECG recordings using the

KardiaMobile 6L device. Acceptable QT/QTc interval

measurements were performed. Abellas-Sequeiros et al. (22)

published a research letter about QT interval monitoring in

patients with COVID-19 with KardiaMobile 6L. Seventy patients

were enrolled, and tracings obtained with KardiaMobile 6L were

of sufficient quality to provide an accurate QT interval

measurement in 69 of them (98.6%). The device proved useful

for ECG monitoring in these patients, detecting ECG

abnormalities significant enough to promote a change in

treatment in 17.4% of them. Puranik et al. (23) investigated the

AliveCor device to monitor the QT interval in patients with

multidrug-resistant tuberculosis and non-tuberculous

mycobacterium. For 13 patients, a comparison was made

between an automated QTc readout from the 12-lead ECG, and

the mean QTc value was calculated from each patient’s respective

AliveCor device tracing (lead II). The AliveCor device

underestimated the QTc compared to the corresponding 12-lead

QTc readout in 12 of 13 cases (92%). In this study, not all

patients had a same-day comparison with a 12-lead ECG. Marín

et al. (24) evaluated the agreement and clinical precision of the

KardiaMobile single-lead device (KM-1l). In this study,

performed on 128 patients with a confirmed or presumed

diagnosis of COVID-19, QTc of ECG recordings obtained with

the KM-1l device were compared to QTc obtained with the

standard 12-lead ECG. Values of the QTc interval were almost

the same for the KM-1l device and the 12-lead ECG (442.45 ±

−40.5 vs. 441.65 ± 40.3 ms, p = 0.15). An excellent agreement and

no statistically significant differences in the QTc interval

measurement was found in this study. It was demonstrated that

the KM-1l device has adequate precision and agreement

compared to the standard 12-lead ECG. Minquito-Carazo et al.

(25) evaluated the feasibility of QTc monitoring with

KardiaMobile 6L in 63 COVID-19 patients receiving therapies

that could interfere with the QT interval. QTc could be

measured in lead II in 84.5% of the registries. In a control group,
Frontiers in Cardiovascular Medicine 0796
12- and 6-lead ECGs were recorded for 45 healthy subjects. It

was found that KardiaMobile 6L showed similar diagnostic

feasibility for measurement of the QT interval to the standard

12-lead ECG, with moderate reliability. Chung and Guise (26)

assessed, in five patients receiving dofetilide for atrial fibrillation,

the feasibility of tracings for QTc obtained with the AliveCor

device compared to QTc from the standard ECG. No significant

difference was found in this study. Pengel et al. (27) compared

different devices for ECG monitoring to the standard 12-lead

ECG to examine the accuracy of these devices in adults with

congenital heart disease. ECG intervals were manually evaluated

for these devices. A difference in the QT interval of >40 ms

compared to the 12-lead ECG was considered clinically

unacceptable. A total of 176 patients were enrolled in this study.

In 26%, the QTc difference was >40 ms compared to the

standard 12-lead ECG. Azram et al. (28) compared KardiaMobile

6L with the 12-lead ECG in 1,015 unselected cardiac inpatients

and outpatients. The QT interval was closely accurate to the gold

standard 12-lead ECG. Orchard et al. (29) present data from 30

healthy athletes who underwent a KardiaMobile 6-lead ECG

recording and a subsequent 12-lead ECG recording. The

difference in the QTc interval was not significant. Koltowski

et al. (30) compared KardiaMobile 6L and 12-lead ECGs for a

group of 100 consecutive cardiac patients. QT intervals were

significantly (p < 0.001) shorter in the KardiaMobile 6-lead ECG

than in the 12-lead ECG. Beers et al. (31) determined the

accuracy of QT measured by KM-1l in 125 patients. These

patients had a non-acute indication for a 12-lead ECG. The

authors concluded that KM-1l ECGs measured the QT interval

accurately compared to standard 12-lead ECGs. Gonzales et al.

(32) validated QT intervals measured by KardiaMobile 6L and a

conventional ECG in a study on 50 SARS-CoV2 patients. They

found a very good correlation between the KardiaMobile 6L

device and the 12-lead ECG. The authors showed that the

implementing a monitoring protocol can identify patients who

are prone to prolong the QT interval and that such devices may

represent an alternative for QT interval monitoring. Giudicessi

et al. (33) trained and validated an artificial intelligence (AI)-

enabled 12-lead ECG algorithm to determine the QTc. They

prospectively tested this algorithm on tracings recorded from a

mobile ECG device (equivalent to the AliveCor KardiaMobile

6L). A strong agreement appeared between manually evaluated

and AI-predicted QTc values (−1.76 ± 23.14 ms). Mayfield et al.

(34) described implementing a fully randomized clinical trial

with cardiac monitoring. ECG collection was performed with the

KardiaMobile 6L device. The authors demonstrated that remote

QT interval monitoring can be efficiently performed.
Apple Watch

Apple Watch Series 3 can record pulse frequency. It uses

photoplethysmography located on the back of the watch (35).

Apple Watch Series 4 (Apple Inc., Cupertino, CA, USA) has an

integrated ECG tool with which a single-lead ECG can be

recorded. The negative electrode is placed in the crown, and the
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FIGURE 3

ECG leads recorded by an Apple Watch: lead I Apple Watch ECG 25 mm/s, 10 mm/mV (smartwatch worn on the left wrist); lead II Apple Watch ECG
25 mm/s, 10 mm/mV (smartwatch on left lower abdomen); lead V2 Apple Watch ECG 25 mm/s, 10 mm/mV (smartwatch at the site of V2); and lead
V6 Apple Watch ECG 25 mm/s, 10 mm/mV (smartwatch at the site of V6).
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positive electrode is located on the back of the watch. A bipolar

ECG lead, the simulated lead I, can be derived by recording the

voltage difference over time between the watch’s back electrode

on the left arm wrist and the right index finger on the crown

(36, 37). Electrocardiograms can be stored on a smart device

mobile application (mApp). Afterward, PDFs can be generated

from obtained ECGs. An example of an ECG obtained with an

Apple Watch from standard and non-standard positions is

shown in Figure 3. This wearable SW contains possibilities to

detect atrial fibrillation. Apple Watch has received FDA approval

for the detection of atrial fibrillation. Five studies examined the

Apple Watch in the context of QT interval measurements.

Spaccarotella et al. (38) assessed in 119 patients, admitted to the

cardiology division, the feasibility and reliability of the obtained

QT interval examined in leads I, II, and V2 using an Apple

Watch. Lead I was recorded in the standard SW position with

the watch on the left wrist. For leads II and V2, the SW was

placed in non-standard positions. Lead II was recorded with the

SW on the left lower abdomen; for obtaining lead V2, the SW

was placed in the fourth intercostal space left parasternal. For all

these above-mentioned leads, the right index finger was placed

on the crown. The authors calculated an average of the QT

interval in all of the above-mentioned leads (I, II, V2) using

Bazett’s, Fidericia’s, and Framingham’s formulas. A strong

agreement was found between the QT intervals measured in the

different leads compared to standard 12-lead ECGs, so the

authors concluded that the Apple Watch can accurately measure

the QT interval compared with the standard ECG. Saghir et al.

(39) compared the accuracy of interval electrocardiographic
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interval measurements on Apple Watch ECG tracings to lead 1

on 12-lead ECGs in 43 volunteers. There were no inconclusive

readings. Strong agreement, defined as mean difference (d)

<20 ms, was found in 65.1% of the QT measurements and 48.8%

of the QTc measurements. Moderate agreement, defined as d

<40 ms, was found in 86% of the QT intervals and 74.4% of the

QTc measurements. Chokshi et al. (40) compared the SW-

recorded QT and QTc assessed using AccurKardia’s AccurBeat

platform with the conventional 12-lead ECG. This study

consisted of 50 healthy participants. All analyzable complexes of

the 12-lead ECG were in leads I and II. The AccurBeat platform

annotates ECGs and can also diagnose arrhythmias using AI-

based techniques. More than 90% of the average QT interval

measurements between the platform and the QT intervals from

the 12-lead ECG were within the 95% CI. The authors concluded

that QT and QTc intervals obtained by the Apple SW coupled

with the platform are comparable to those from a 12-lead ECG.

Strik et al. (41) investigated using the Apple Watch for QT

measurement, including using non-standard SW positions, in an

unselected outpatient population (N = 100). Apple Watch lead I

was obtained with the watch on the left wrist, and lead II was

obtained with the watch on the left ankle. Furthermore, the

simulated lead V6 was recorded with the watch on the left lateral

chest. Adequate QT measurements were observed in 85% of the

patients when the SW was worn on the left wrist. This number

of adequate measurements increased to 94% when the SW was

moved to alternative positions. Chinitz et al. (42) published a

case report about a physician in home isolation due to a

COVID-19 infection. She was prescribed hydroxychloroquine
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and considered at moderate risk for drug-associated QT

prolongation. Recordings from the Apple Watch rhythm strips

were transmitted to a cardiologist. After treatment, a 12-lead

ECG was performed in the hospital, which showed a very similar

waveform morphology and QT measurement to lead I from the

Apple Watch.
Withings Move ECG ScanWatch

The Withings ScanWatch (SW, Withings SA, Issy les

Moulineaux, France) is an analog watch with an in-built single-

lead ECG. It offers, without manual measurement of the SW-

ECG or the need for any other software, an automated analysis

of the corrected QT interval (43). An artificial intelligence QTc

(AI-QTc) is systematically measured from the smartwatch ECG

(SW-ECG). After performing the SW-ECG, it is transmitted for

assessment to the Cardiologs platform. The AI-QTc is calculated

by a deep convolutional neural network that identified both the

onset of QRS complexes and the offset of subsequent T waves in

the SW-ECG. Finally, to remove extreme and anomalous values,

the AI-QTc of the SW-ECG was calculated as the median QTc

over all beats (44). A total of three studies examined this SW. In

two studies, the agreement between manual QTc measurement

by a 12-lead ECG and the AI-QTc of the SW-ECG was tested.

Another study examined the accuracy of different ECG-based

devices, including the Withings ScanWatch, compared to the 12-

lead standard ECG on several tasks. Mannhart et al. (43)

compared automated QTc measurements of the Withings

ScanWatch with manually measured QTc from a 12-lead

recorded ECG. A total of 317 patients referred for cardiac work-

up were enrolled in this study. Two blinded cardiologists

manually interpreted the QT interval of a 12-lead ECG by

assessing lead II or V5/V6 with Bazett’s formula. In 177 patients

(56%), the AI algorithm was able to automatically measure the

QTc. A 6.6 ms bias [with 95% limit of agreement (LoA) of −59
and 72 ms] was reported comparing manual measurements and

QTc calculated by the SW-AI. There was a disagreement between

the measurements of <15 ms in 38% of the cases, >20 ms in 54%

of the cases, and >30 ms in 29% of the cases. There was a

substantial difference, defined as greater than the LoA, between

the QTc intervals in 7% of the cases. The authors concluded that

this SW-AI algorithm tends to underestimate the QTc interval;

furthermore, the use of single-lead SW-ECG for QTc monitoring

could be feasible, but further validation is needed. Maille et al.

(44) assessed a group of 85 patients with COVID-19. These

patients underwent hydroxychloroquine−azithromycin therapy,

which is known as a drug that interferes the QT interval. The

authors compared the AI-QTc with a manually measured QTc

on a 12-lead ECG, measured in leads I and II or V5. This study

showed the AI-QTc tends to overestimate QTc compared to the

standard 12-lead ECG. At baseline, there was a difference of less

than 50 ms between the two measurements in 97% of the

patients. On days 6 and 10, there was a difference of less than

50 ms in 96% and 98% of the patients, respectively. The authors

concluded that fair agreement was observed between AI and 12-
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lead ECGs. Pengel et al. (27) compared different devices for ECG

monitoring to the standard 12-lead ECG to examine the accuracy

of these devices in adults with congenital heart disease. ECG

intervals were manually evaluated for these devices. A difference

in the QT interval of >40 ms compared to the 12-lead ECG was

considered clinically unacceptable. A total of 176 patients were

enrolled in this study. In all patients, Withings ScanWatch ECGs

were recorded. In 84% of the patients, the QT interval could be

assessed and identified. The authors concluded that QTc was

underestimated and QTc duration accuracy was acceptable in

only 51% of Withings ECGs. In 49%, the QTc difference was

>40 ms, assessed by a physician, compared to the 12-lead ECG.
Other devices

Kaleschke et al. (45) evaluated the diagnostic accuracy of

another device (Omron HeartScan HCG-80) in 508 patients

with an indication for 12-lead ECG and compared it to that of a

standard 12-lead ECG. This study showed a linear correlation of

continuous ECG parameters (with also QTc measurement)

between Omron HeartScan and the 12-lead ECG in the study

population (R2 = 0.89). Carter et al. (46) evaluated the feasibility

and compliance with daily home ECG monitoring of the QT

interval in 31 heart transplant patients using the HeartOne

(Aerotel Medical Systems, Holon, Israel) device. During the

study period, 644 ECGs were successfully received; of these, 569

ECGs (89%) were acceptable for QTc measurement. Bekker

et al. (47) assessed the diagnostic accuracy of a single-lead ECG

recorder (HeartCheck) for measuring QTc prolongation. The

authors concluded an inferior diagnostic accuracy of this device

to measure QTc intervals in cardiology patients to the gold-

standard 12-lead ECG. Fouassier et al. (48) evaluated the quality

of signals measured with a 12-lead acquisition smart T-shirt

(Cardioskin) or a 12-lead Holter recording in 30 healthy

subjects. All measured parameters, including QTc, were

comparable to the ones obtained with the Holter. Garabelli et al.

(49) compared QT interval readings between a Smartphone

Home Monitor (SHM) and a 12-lead ECG in 99 healthy

volunteers and 25 patients receiving sotalol or dofetilide. An

AliveCor-designed prototype was used that allowed the

recording of various leads. A very good agreement in QT

interval measurements was shown between the Smartphone

Home Monitor and the 12-lead ECG in healthy volunteers.

However, just a reasonable agreement was demonstrated in

patients. Castelletti et al. (50) investigated whether automated

QTc measurements obtained by BodyGuardian (BG), a wearable

remote monitor system, were reliable compared to manual

measurements in 20 patients with long QT syndrome and 16

healthy controls. Measurements of the QT interval obtained by

BG were very similar to the manual measurements. Nigolian

et al. (51) evaluated the diagnostic accuracy of the Beurer ME 80

device (Ulm, Germany) in 52 patients. It was difficult to

recognize the waveforms due to technical issues such as lower

signal quality and non-simultaneous tracings. Because of this, it

was not possible to measure the QT interval, so diagnosis of
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1172666
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Hoek et al. 10.3389/fcvm.2023.1172666
prolonged QTc was inaccurate. Haverkamp et al. (52) investigated

the accuracy and usability of single-lead ECG obtained by ECG

Check in 94 cardiac patients admitted to the hospital and 50

asymptomatic controls. No significant differences were found in

QT intervals.
Discussion

Measuring and monitoring QTc intervals are frequently

performed in the early phases of novel drug development

programs and in daily clinical practice during antiarrhythmic

drug initiation. The golden standard for QTc analyses is the 12-

lead ECG, but it is not practical to monitor QTc intervals over a

longer period of time. During the last few years, many wearable

devices that can measure QTc intervals have become available.

Only three of them have been adequately compared to 12-lead

ECG measurements. Two of these are commercially available

smartwatches (Apple Watch and Withings ScanWatch) with

possibilities for ECG and QTc measurements. When an SW is

worn on the wrist, which is common practice, the device can only

provide lead I recording, which has significant limitations.

Historically, measurement of conduction intervals is preferably

performed in lead II (53), which is not possible when the watch is

worn on the wrist. Furthermore, Cheung et al. (54) suggested that

the acquisition of accurate and reproducible QTc values is only

possible after obtaining multiple leads. However, this limitation

can be overcome by performing recording at non-standard

positions. This can be done by placing the SW in other places

and positions on the body, which improved the accuracy of the

Apple Watch from 85% to 94%. The Withings ScanWatch was

only studied using a single lead position. The benefit of this

Withings ScanWatch is the automated analysis of the corrected

QT interval remotely without needing third-party software or

manual measurement of SW-ECG. However, this is limited by the

finding that the automated algorithm was able to measure QTc in

only 56% of cases (43). On the other hand, a fair agreement was

found between the QTc interval durations measured manually on

a standard 12-lead ECG and assessed by AI on single-lead SW

recordings (44). At this time, the Apple Watch does not offer an

automated QTc measurement; addition of this feature might be

desirable in the future. A cardiology-focused digital health

company (AccurKardia) had developed a device diagnostic

platform (AccurBeat) to analyze Apple Watch-generated ECGs. It

was found that a total of 94% of the average QT interval

measurements by the platform and the 12-lead ECG were within

the 95% CI of the average difference (40). Some studies have

shown that manual measurement is even more accurate (48).

However, manual QT interval assessment is time-consuming and

tedious, and, even when performed by experts, the discrepancy

between manual QTc measurements is wide, ranging from 34 to

80 ms (55). Furthermore, the QT interval is a dynamic parameter

due to sympathovagal interaction in diurnal variation (56). The

best-studied device was KardiaMobile 6L, an FDA-approved

device for QTc analyses in COVID-19 patients that provides a 6-

lead ECG. Two studies examined the earlier version of the
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KMobile-1l device. Most studies found good accuracy between the

QTc measurements of the Kardia device and 12-lead ECG. One

study found KardiaMobile 6L underestimated the QTc compared

to the corresponding 12-lead QTc. However, this was a small

study and not all recordings were taken on the same day. In

addition to good accuracy, another great advantage of

KardiaMobile 6L is that multiple lead recordings were obtained,

which improves accuracy. ECG registration time was found to be

significantly lower with KardiaMobile 6L compared with the 12-

lead ECG, which suggests good usability. A disadvantage of

KardiaMobile 6L is that it can only be used to make ECG

recordings and offers no other functionalities. Smartwatches offer

many functionalities, including the option for ECG recordings.

Many households already own an SW, increasing the potential

availability of measurements with these devices. Only a single

study provided information on their accuracy in measuring QTc

intervals from a few other devices. Other studies only described

the feasibility and compliance of these devices. Omron HeartScan

HCG-801-E, CardioSkin, BodyGuardian, ECG Check, and

HeartOne showed comparable QTc results to 12-lead ECGs. The

QTc analysis results of Beurer ME 80 and HeartCheck were

inferior compared to the 12-lead ECG. QTc measurements by the

Smartphone Home Monitor demonstrated very good agreement

with the 12-lead ECG in healthy volunteers and reasonable

agreement in patients. We note that some of these other

investigated devices clearly showed promising results, but hardly

anyone had these devices at home, which makes using such a

device for monitoring the QTc interval in households less

practical. Most studies were performed on patients, either with

COVID-19 or various cardiac diseases. Garabelli et al. (49)

showed important differences in the accuracy of the same device

between patients and healthy volunteers, with very good

agreement in healthy volunteers and reasonable agreement in

hospitalized patients. This finding suggests that it is recommended

for phase 1 studies only to use a device that has also been studied

on healthy people. There are clear advantages in monitoring QTc

intervals using a smart device. Remote monitoring offers the

opportunity to reduce the duration of confinement and might

reduce the study burden on the participants as well as the costs of

the study. Remote monitoring can also be promising for patients

who are prescribed QT-prolonging medications. Another

advantage is the potential reduction of the ecological footprint.

Because many people already own an SW, no extra material needs

to be manufactured for this. Furthermore, less paper is used than

if all these ECGs were produced in the traditional way. In

addition, less travel, and therefore less CO2 emissions, is required

because patients have the option of sending an ECG to their

doctor from the home. This is an assumption and needs further

investigation. However, it can be argued that home measurement

of QT intervals may allow for a reduction in time and resources

for travel. A potential limitation of using smart devices for

measurement of the QT interval is the fact that one of the parts

of the Schwartz score, the recommended method for diagnosing

prolonged QT intervals, includes measurement of the QT interval

after exercise testing (7). Measurement of the QT interval using a

smart device after exercise testing has not yet been investigated.
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Future studies need to focus on several issues. Safety and adequate

alerting in case of QT prolongation need to be prospectively

studied. Healthy volunteers have been underrepresented in the

presented studies. In addition, many studies were conducted

during the COVID-19 pandemic. Conducting studies during the

COVID-19 pandemic has its limitations, which should be taken

into account. Another limitation of the studies comparing 12-lead

ECG to SW-ECG is inconsistent criteria for what is considered an

acceptable difference between the two measurements. QT

intervals, even if corrected for heart rate, are not only prone to

change by drug therapy but also by circadian rhythms and vagal

and sympathetic tone. This needs to be taken into account when

designing future studies. If you think about an optimal situation,

a wearable device should be able to transmit ECGs via remote

monitoring to the treating physician for periodic QT analysis but

also be able to transmit alerts in case of QT prolongation

exceeding a certain threshold or in case of proarrhythmic events

such as self-limiting TdP.
Conclusions

Smartwatches and smart devices offer possibilities for

monitoring the QT interval and could be of great additional

value. Compared to a 12-channel ECG, patients can record an

ECG themselves, which is also possible at home. Results differ

from device to device, but some devices can provide comparable

results with the gold standard 12-lead ECG and allow adequate

QT measurements. Given that smartwatches are already owned

by many people and offer additional functionalities, these are

promising devices. However, it is recommended to not only

measure the QT interval from standard lead I but also at least

from lead II and preferably one of the precordial leads. Further

studies are needed to evaluate and validate QTc monitoring in

healthy subjects and patients. While much research has been

done into detecting atrial fibrillation with an SW, this review
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proves that reliable measurement of the QT interval is also

possible. This can have an important impact on drug safety

monitoring and monitoring of patients at risk for QT

prolongation and offers opportunities in drug research. These

devices have the potential to lead to future clinical applications

in the evaluation of any drug-induced arrhythmogenicity related

to prolongation of the QT interval, needing close monitoring of

QT intervals. Before they can be used in daily clinical practice

for antiarrhythmic drug initiation, alerts for QT prolongation or

arrhythmic events need to be prospectively studied.
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