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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 common worldwide and accounts for more 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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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.

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 PPGbased “heart-watch” for detecting potentially life-threatening
arrhythmias is reported.

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 ttest. 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.

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 lifethreatening 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.

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.

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 beatby-beat basis. PPG is used for atrial fibrillation detection by other
manufacturers, including the Apple Watch (8–11).
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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.

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.

TABLE 1 | Baseline characteristics, n = 18.
Variable
Age–mean (SD)

59.4 (21.3)

Male gender

13 (72.2)

DM

4 (22.2)

HTN
EF% mean (SD)

8 (44.4)
48.63 (12.71)

AF

6 (33.3)

Brugada syndrome

3 (16.6)

DFT after ICD implant

5 (27.7)

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 tachyarrhythmiarelated arrest) due to absence of minimal amplitude PPG signals
during tachyarrhythmias causing low- or no cardiac output.

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
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This proof-of-concept study suggests that wearable devices using
PPG technology, currently used to detect atrial fibrillation (6–11),
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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.

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 lifethreatening 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.

CONCLUSION
The results of this proof-of-concept study suggest that PPGbased 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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