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Abstract

Background: As an emerging arrhythmia monitor, ambulatory smartwatch electrocardiogram (ECG) provides an option for home-
based monitoring of delayed new-onset arrhythmic events after transcatheter aortic valve replacement (TAVR). We aimed to validate
the diagnostic efficacy of a consumer smartwatch ECG in TAVR recipients, while further explore the occurrence rate of both tachy-
and brady-arrhythmia for 30 days after discharge to support risk management. Methods: Consecutive TAVR recipients from February
26th, 2021 to December 13th, 2021 were enrolled prospectively, receiving simultaneous 24-hour Holter and 12-lead ECG compared with
smartwatch ECG during hospitalization and daily smartwatch ECG collection for 30 days after discharge. Results: Among 110 patients,
the efficacy of smartwatch ECG presented sensitivity and specificity in diagnosing atrial fibrillation (AF) as 1.00 and 0.97, left bundle
branch block (LBBB) as 0.61 and 0.88, and right bundle branch block (RBBB) as 0.60 and 0.97, respectively, compared with 24-hour
Holter; presented sensitivity and specificity in diagnosing AF as 0.88 and 1.00, LBBB as 0.90 and 0.96, and RBBB as 0.83 and 0.94,
respectively, compared with 12-lead ECG. At 30-day follow-up, new-onset arrhythmia included new-onset severe conduction disturbance
(SCD) (23.6%), new-onset AF (21.8%), new-onset permanent LBBB (14.5%) and new-onset permanent RBBB (0.9%); 69.2% (36/52) of
early new-onset LBBB recovered at 30-day follow-up. Conclusions: The diagnostic efficacy of consumer smartwatch ECG in arrhythmic
events among TAVR population was acceptable, which provided a recommendable option for home-based management. Clinical Trial
Registration: “Continuously ambulatory rhythm monitoring and predictors of electrocardio-related adverse events in 30 days after
transcatheter aortic valve replacement”; Identifier: ChiCTR2000041244; http://www.chictr.org.cn/showproj.aspx?proj=66324.
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1. Introduction

Degenerative aortic stenosis accounts for more than
3% of people aged 75 years or older, with high mortality
without proper intervention [1]. Transcatheter aortic valve
replacement (TAVR) is now a guideline-recommended al-
ternative therapy instead of surgery in terms of selected
patients with severe aortic stenosis. The number of pa-
tients who received TAVR has reached more than 200 thou-
sand in the United States [2]. However, postprocedural
arrhythmic events including new-onset conduction distur-
bances and atrial fibrillation postprocedurally, are one of
the most frequent complications of TAVR, which are also
associated with worse clinical outcomes [3]. The new-onset
conduction disturbance after TAVR is still one of those fre-
quently encountered complications despite device iteration,
still remaining the main drawback of the procedure. Atrial
fibrillation (AF) is common among the TAVR population.
Patients discharged with AF were associated with higher
risk of mortality [4]. Moreover, the rates of new-onset

high-degree atrial ventricular block (AVB) requiring per-
manent pacemaker implantation (PPI) and new-onset AF
surge within the first month postprocedurally, and then de-
crease thereafter [5,6]. The prevalence of new-onset severe
bradyarrhythmia and new-onset AF can be approximately
9.8% and 81.5% respectively within 1 month after TAVR
[7,8]. However, data on daily arrhythmia monitoring early
after TAVR are still insufficient.

Ambulatory electrocardiogram (ECG) has been used
for post-TAVR monitoring primarily by real-time cardio-
vascular telemetrymonitors or invasively implantable mon-
itors to delineate arrhythmic events post-TAVR, but is lim-
ited by frequent electrode changes, cost or the invasive na-
ture [7,9]. As an emerging wearable device for health moni-
toring, consumer smartwatches have ECGmonitoring func-
tions with the advantages of portability, high acceptance
and low cost. The efficacy of smartwatch ECG in screening
and diagnosing AF has been preliminarily verified [10]. On
account of the expansion of TAVR indications, the manage-
ment of post-TAVR arrhythmic events is increasingly im-
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portant. Therefore, more evidence is required to elucidate
the arrhythmic events postprocedurally and to guide risk
management. Thus, we conducted an observational study
prospectively to explore the occurrence rate of both tachy-
and brady-arrhythmic events in TAVR recipients for 30-day
follow-up based on a consumer smartwatch, after validation
by in-hospital 12-lead ECG and 24-hour Holter ECG.

2. Methods
2.1 Patient Recruitment and Research Flow

Consecutive patients undergoing TAVR in our cen-
ter were prospectively enrolled from February 26th, 2021
to December 13th, 2021. This clinical trial was a single-
center, prospective and single-arm observational clinical
study approved by the Institutional Ethics Committee. The
administration was approved by the Chinese Clinical Trial
Registry Center (http://www.chictr.org.cn) on December
22nd, 2020 (registration number: ChiCTR2000041244).

Inclusion criteria included (i) patients with TAVR indi-
cation after the heart team’s discretion; (ii) patients having
smartphones based on the Android or IOS system with the
ability to download and use the “Midong health” applica-
tion; and (iii) patients able to use the smartwatch indepen-
dently after teaching. Exclusion criteria included: (i) pa-
tients refusing to wear the smartwatch; (ii) patients unable
to use the smartwatch due to impaired cognitive function,
bilateral upper extremity disability or allergic reaction to
smartwatch material; and (iii) patients unable to acquire ac-
curate smartwatch data due to abnormal skin color, severe
occlusive vascular disease or obvious edema of the upper
extremity.

The research process was shown in Fig. 1. After com-
prehensively preoperative evaluation, patients who met the
inclusion criteria underwent informed consent. After that,
enrolled patients were taught the detailed process to col-
lect smartwatch ECG by inpatient nurses. The single-lead
smartwatch ECGwas actively collected by patients. During
ECG collection, the back electrode of the smartwatch clung
to the skin of the unilateral wrist, and the fingers of the con-
tralateral upper extremity pressed on the front electrode of
the smartwatch. Each ECG collection duration time was 60
seconds. After patients mastered the ECG collection pro-
cess, the simultaneous acquisition of bedside 12-lead ECG
and smartwatch ECG was conducted at least twice a day
preoperatively, with patients in the supine position. The
smartwatch ECG would be uploaded to the online Midong
Health Physician’s Management Platform via a smartphone
which connected to the smartwatch through Bluetooth. In-
vestigators needed to confirm the completeness and accu-
racy of the online data. Patients were routinely monitored
by 24-hour Holter ECG after TAVR combined with smart-
watch ECG during the same period. After the completion
of the 24-hour Holter ECG acquisition, the simultaneous
collection of bedside 12-lead ECG and smartwatch ECG
was resumed until discharge. After discharge, patients wore

the smartwatch continuously for 30 days, collecting smart-
watch ECG every morning, afternoon and night, except
when smartwatch was charging. The simultaneous 24-hour
Holter ECG and 12-lead ECG were not collected after dis-
charge. Moreover, initiating the “Midong Health” applica-
tion on the smartphone should be achieved at least once a
day to successfully upload data to the online platform. Ad-
ditional smartwatch ECG collection should be conducted if
patients had obvious symptoms such as dizziness, palpita-
tions, amaurosis or syncope, etc. Physicians needed to eval-
uate all smartwatch ECG after discharge on the online Mi-
dong Health Physician’s Management Platform every day
and confirmed and replied to patients’ message. Major or
urgent adverse arrhythmic events included new-onset AF,
ventricular fibrillation, ventricular tachycardia with heart
rate >150 beats/minute, second- or third-degree AVB or
other high-degree AVB, sustained bradycardia with heart
rate <30 beats/minute for more than 30 seconds and asys-
tole with consciousness for more than 2 seconds. Inves-
tigators were required to conduct urgent telecommunica-
tion for major or urgent arrhythmic events. Other tachy-
cardic or bradycardic events that did not meet the afore-
mentioned standard were inquired by text or voice com-
munication through the application. Inquiries were also
sent if there were no smartwatch data received. Anticoag-
ulant therapy should be initiated in patients with new-onset
AF episodes lasting >5.5 hours daily or >6 minutes daily
along with CHA2DS2VASc scores ≥3 after discharge. Pa-
tients needed to return the smartwatch and finish echocar-
diographic assessment 30 days after discharge.

2.2 Smartwatch and Data Processing

The smartwatch used in this study was reported pre-
viously (configuration in Supplementary Fig. 1) [11–
14]. The biomonitoring function of the smartwatch named
Amazfit used in this study had the same core structure
and data process algorithm as a former version from the
same company (Anhui Huami Information Technology Co.
Ltd.), which has been approved for medical use by the Na-
tional Medical Products Administration in China (Anhui
Device Registration Approval No. 20182210012). This
study mainly involved the function of this smartwatch in
collecting single-lead ECG. The collecting process was ac-
tivated by the patients themselves, with a sampling fre-
quency of 250 Hz. Each ECG collection duration was 60
seconds, forming a single-lead ECG similar to the limb I
ECG of the traditional 12-lead ECG. A high-precision opti-
cal sensor, the photoplethysmograph (PPG), automatically
collected the pulse signal on the back of the smartwatch at a
frequency of 50 Hz. The data collected by the smartwatch
were transmitted to the “Midong health” application on a
smartphone through Bluetooth, and further transmitted to
the online Midong Health Physicians’ Management Plat-
form through the Internet. The data were further analyzed
by an artificial intelligence engine (RealBeats Artificial In-
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Fig. 1. Flowchart of main study process. TAVR, transcatheter aortic valve replacement; N, number; ECG, electrocardiograph.

telligence Biological Data Engine), which was trained and
verified by deep a convolutional neural network (SERes-
Net). The smartwatch, “Midong health” application and
online Midong Health Physicians’ Management Platform
were all provided by the same company.

2.3 PPI Criteria

In our center, PPI would be implanted with informed
content and at least one of these criteria: (i) high-degree
atrial ventricular block (AVB) (second-degree Mobitz II,
third-degree AVB or other high-degree AVB); (ii) sick sinus
syndromewith symptoms; (iii) first-degreeAVB and persis-
tent left bundle branch block; (iv) severe bradyarrhythmia
dependent on temporary cardiac pacing.

2.4 Outcomes of Interest and Definitions

The arrhythmic events of interest included early
new-onset AF, early new-onset left bundle branch block
(LBBB), early new-onset right bundle branch block
(RBBB), early new-onset severe conduction disturbance
(SCD); delayed new-onset AF, delayed new-onset LBBB,
delayed new-onset RBBB, delayed new-onset SCD; new-
onset AF, new-onset permanent LBBB, new-onset perma-
nent RBBB, new-onset SCD. Early new-onset AF, LBBB,
and RBBB were defined as corresponding new-onset ar-

rhythmia postoperatively detected by 12-lead ECG, 24-
hour Holter ECG or smartwatch ECG before discharge.
Early new-onset SCD was defined as new-onset SCD
(including third-degree or other high-degree AVB, sus-
tained pacing rhythm or RR interval greater than 2 seconds
on smartwatch ECG) postoperatively detected by 12-lead
ECG, 24-hour Holter ECG or smartwatch ECG before dis-
charge. If the diagnostic results of smartwatch ECG were
inconsistent with the in-hospital 24-hour Holter ECG or 12-
lead ECG, the latter two were regarded as the gold standard.
Delayed new-onset AF, LBBB, and RBBB were defined
as new-onset corresponding arrhythmias detected by smart-
watch ECG within 30 days after discharge. Delayed new-
onset SCD was defined as new-onset SCD (including third-
degree or other high-degree AVB or RR interval greater
than 2 s) detected by smartwatch ECG within 30 days af-
ter discharge. New-onset permanent LBBB and RBBB
were defined as corresponding early new-onset LBBB and
RBBB presented persistently on the smartwatch ECGs ev-
ery day for 30 days after discharge. New-onset AF or SCD
meant early new-onset AF or SCD plus delayed new-onset
AF or SCD. The diagnosis of AF, LBBB, RBBB, and SCD
of the smartwatch ECG was based on the interpretation of
two cardiologists (Y. Z. and TY. X.), without awareness of
the corresponding 12-lead ECGs or 24-hour Holter ECGs.
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Disagreements were settled by consensus. The diagnosis of
AF, LBBB, RBBB, and SCD on 24-hour Holter ECGs was
conducted by electrocardiographic specialists in theDepart-
ment of Electrocardiogram, without the awareness of the
corresponding smartwatch ECG results. The diagnosis of
AF, LBBB, RBBB, and SCD 12-lead ECGs was conducted
by physicians in the Department of Cardiology, without the
awareness of the corresponding smartwatch ECG results.

The diagnostic criteria for RBBB on smartwatch ECG
were (i) QRS duration ≥120 milliseconds; and (ii) S wave
duration was longer than R wave or>40 milliseconds. The
diagnostic criteria for LBBB on smartwatch ECG were (i)
QRS duration ≥120 milliseconds and (ii) blunt or wide
notch on R wave. The diagnostic criteria for AF on smart-
watch ECG were (i) irregular R-R intervals; (ii) absence of
distinct repeating P waves; and (iii) irregular atrial activa-
tions. The diagnostic criteria for SCD on smartwatch ECG
were at least one of the following conditions: (i) second-
degree type 2 AVBwhen QRS≥120milliseconds; (ii) AVB
with 2:1 conduction when QRS ≥120 milliseconds; (iii)
at least 2 consecutive sinus P waves at constant physio-
logic frequency did not conduct to ventricle, or the pres-
ence of RR intervals greater than 2 s; (iv) prolonged asys-
tole time (>3 s) or sustained ventricular bradyarrhythmia
(<50 beats/min) based on AF rhythm; (v) constant P wave
in stable frequencywith isolated ventricular rhythm (no cor-
relation between P and R waves), or a fixed slow ventricu-
lar rhythm in the presence of AF. The clinical outcomes of
interest mainly included rehospitalization and mortality at
30-day follow-up.

2.5 Statistical Analysis

Continuous variables with normal distributions were
represented as the mean value ± standard deviation. Con-
tinuous variables with skewed distributions were repre-
sented as the median value [25th percentile, 75th per-
centile]. Categorical variables were represented by fre-
quency (%). Logistic regression was used for the analy-
sis of risk predictors of new-onset arrhythmic events. Fac-
tors with a p value < 0.1 in univariate regression analy-
sis and with clinical significance were included in further
multivariate regression analysis. The diagnostic perfor-
mance of the smartwatch ECG was evaluated by sensitiv-
ity, specificity, positive predictive value, negative predic-
tive value and their corresponding 95% confidence intervals
(CI) [15,16]. In addition, the minimalist sample size of this
diagnostic study was calculated based on a previous study
using smartwatch from the same company, with predicted
sensitivity as 0.87, predicted specificity as 0.99, permitted
error rate as 0.025, two-sided error rate α as 0.05, and with-
draw rate as 20% [11,17–20]. All analyses involved in this
study were based on SPSS software (version 26.0.0.0, IBM
Corp., Chicago, IL, USA) and R software (version 4.1.0, R
Foundation for Statistical Computing, Vienna, Autria). A p
value < 0.05 was considered to be statistically significant.

3. Results
3.1 Baseline Information and Post-TAVR In-Hospital
Outcomes

Consecutive TAVR patients in our center from Febru-
ary 26th, 2021 to December 13th, 2021 were enrolled, with
final analysis of 110 patients who completed daily smart-
watch monitoring for 30 days after discharge (Fig. 1). The
evaluated minimalist sample size was 55 patients. The me-
dian age of the included patients was 72 years. The me-
dian STS-PROM score was 2.50%. For the preoperatively
arrhythmic events, AF, LBBB, RBBB and AVB accounted
for 21.8% (24/110), 4.5% (5/110), 4.5% (5/110), and 17.4%
(19/110), respectively (Table 1). During the TAVR opera-
tion, patients who received self-expanding prostheses and
first-generation prostheses reached 92.7% (101/110) and
55.5% (61/110), respectively. After TAVR, the proportion
of patients who received PPIs reached 16.4% (18/110) (Ta-
ble 1).

Table 1. Baseline information of patients with accomplished
30-day follow-up.

Parameter All (N =110)

Demography and medical history
Age, year 72.0 [67.0, 76.0]
BMI, kgꞏm–2 22.7 [19.8, 24.5]
Male (%) 62 (56.4%)
STS-PROM, % 2.5 [1.6, 3.3]
NYHA III-IV (%) 81 (73.6%)
CAD (%) 69 (62.7%)
Renal dysfunction (%) 8 (7.3%)
Pre-TAVR statins (%) 47 (42.7%)

Pre-TAVR arrhythmic events
PPI (%) 3 (2.7%)
AF (%) 24 (21.8%)
LBBB (%) 5 (4.5%)
RBBB (%) 5 (4.5%)
AVB (%) 19 (17.4%)

Pre-TAVR echocardiography and CT assessment
PGmean, mmHg 52.0 [42.0, 72.3]
Vmax, mꞏs–1 4.82 ± 0.77
LVEF, % 60.5 [51.3, 68.3]
Bicuspid aortic valve (%) 67 (60.9%)
Severe aortic stenosis (%) 78 (70.9%)

BMI, body mass index; STS-PROM, Society of Thoracic Surgeons
predicted rate of mortality; NYHA, New York Heart Association;
CAD, coronary artery disease; TAVR, transcatheter aortic valve re-
placement; AF, atrial fibrillation; LBBB, left bundle branch block;
RBBB, right bundle branch block; AVB, atrial ventricular block;
PGmean, mean value of transaortic valve pressure gradient; Vmax,
maximum velocity of transaortic valve blood flow; LVEF, left ven-
tricular ejection fraction.

After TAVR, AF, AVB, LBBB, and RBBB accounted
for 20.9% (23/110), 42.7% (47/110), 50.0% (55/110) and
10.0% (11/110), respectively. Early new-onset AF, early-
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onset new-onset LBBB, early-onset new-onset RBBB and
early-onset new-onset SCD accounted for 7.3% (8/110),
47.3% (52/110), 6.4% (7/110) and 15.5% (18/110), respec-
tively, with median occurrence times of 4.5 days, 4.0 days,
3.0 days and 2.0 days after TAVR, respectively (Table 2).

Table 2. Post-TAVR in-hospital outcomes of patients with
accomplished 30-day follow-up.

Parameter All (N =110)
Intra-TAVR information
Self-expanding prosthesis (%) 102 (92.7%)
First generation prosthesis (%) 61 (55.5%)
Pre-dilation (%) 93 (84.5%)
Post-dilation (%) 54 (49.1%)
THV implantation depth, mm 5.0 [2.7, 8.8]

Post-TAVR clinical outcomes and assessment
New PPI (%) 18 (16.4%)
PPI time, day† 5 [1, 6]
Post-TAVR hospitalization duration, day 6.0 [5.0, 8.0]
Vmax, mꞏs–1 2.4 [2.0, 2.8]
PGmean, mmHg 13.0 [8.8, 18.0]
LVEF, % 61.5 [47.5, 68.3]

Post-TAVR arrhythmic events
AF (%) 23 (20.9%)
AVB (%) 47 (42.7%)
LBBB (%) 55 (50.0%)
RBBB (%) 11 (10.0%)
Early new-onset AF (%) 8 (7.3%)
Early new-onset AF time, day†† 4.0 [2.3, 5.0]
Early new-onset LBBB (%) 52 (47.3%)
Early new-onset LBBB time, day†† 4.0 [2.0, 6.0]
Early new-onset RBBB (%) 7 (6.4%)
Early new-onset RBBB time, day†† 2.0 [2.0, 10.0]
Early new-onset SCD (%) 17 (15.5%)
Early new-onset SCD time, day†† 3.0 [0, 4.0]

TAVR, transcatheter aortic valve replacement; PPI, permanent pace-
maker implantation; THV, transcatheter heart valve; Vmax, maxi-
mum velocity of transaortic valve blood flow; PGmean, mean value
of transaortic valve pressure gradient; LVEF, left ventricular ejec-
tion fraction; AF, atrial fibrillation; LBBB, left bundle branch block;
RBBB, right bundle branch block; SCD, severe conduction distur-
bances.
†PPI time meant time between TAVR and PPI procedure.
††Early new-onset arrhythmia time meant time between TAVR pro-
cedure and first day of new-onset arrhythmia.

3.2 Diagnostic Efficacy of Smartwatch ECG

The diagnostic efficacy of smartwatch ECG in terms
of AF, LBBB, and RBBB was validated by 100 paired
simultaneous 24-hour Holter ECGs and 438 paired 12-
lead ECGs (Supplementary Tables 1,2). When compared
with 24-hour Holter ECG, the sensitivity, specificity, pos-
itive predictive value (PPV), and negative predictive value
(NPV) of smartwatch ECG in the diagnosis of AFwere 1.00
(95% CI 0.66–1.00), 0.97 (95% CI 0.89–0.99), 0.77 (95%

CI 0.46–0.94), and 1.00 (95% CI 0.94–1.00), respectively;
the sensitivity, specificity, PPV, and NPV of smartwatch
ECG in the diagnosis of LBBB were 0.61 (95% CI 0.41–
0.78), 0.88 (95% CI 0.78–0.94), 0.68 (95% CI 0.46–0.84),
and 0.84 (95% CI 0.74–0.92), respectively; the sensitivity,
specificity, PPV, and NPV of smartwatch ECGs in the diag-
nosis of RBBB were 0.60 (95% CI 0.17–0.93), 0.97 (95%
CI 0.90–0.99), 0.50 (95% CI 0.14–0.86), and 0.97 (95% CI
0.91–1.00), respectively (Table 3).

Taking simultaneous 12-lead ECG as the gold stan-
dard, the sensitivity, specificity, PPV, and NPV of smart-
watch ECG in the diagnosis of AF were 0.88 (95%CI 0.76–
0.95), 1.00 (95% CI 0.98–1.00), 0.98 (95% CI 0.87–1.00),
and 0.98 (95% CI 0.96–0.99), respectively; the sensitivity,
specificity, PPV, and NPV of smartwatch ECG in the diag-
nosis of LBBB were 0.90 (95% CI 0.82–0.94), 0.96 (95%
CI 0.94–0.98), 0.90 (95% CI 0.82–0.94), and 0.96 (95% CI
0.94–0.98), respectively; the sensitivity, specificity, PPV
and NPV of smartwatch ECG in the diagnosis of RBBB
were 0.83 (95% CI 0.60–0.98), 0.94 (95% CI 0.91–0.96),
0.45 (95% CI 0.30–0.61), and 0.99 (95% CI 0.97–1.00), re-
spectively (Table 3).

3.3 Arrhythmic Events and Clinical Outcomes at 30-Day
Follow-Up

At 30-day follow-up, the incidence of AF, LBBB,
RBBB, and SCD diagnosed by smartwatch ECGwas 39.1%
(43/110), 44.5% (49/110), 7.3% (8/110), and 8.2% (9/110),
respectively. Among the 9 patients with SCD, 33.3% (3/9)
presented bradyarrhythmia-related symptoms. The inci-
dence of delayed new-onset AF, delayed new-onset LBBB,
and delayed new-onset SCD after discharge was 14.5%
(16/110), 1.8% (2/110), and 7.3% (8/110), respectively. Pa-
tients with delayed new-onset AF after discharge had a me-
dian CHA2DS2VASc score of 2 and a median AF episode
duration of 1.2 minutes. The median occurrence times of
delayed new-onset AF, delayed new-onset LBBB, and de-
layed new-onset SCD were 10.0 days, 6.0 days, and 15.0
days after TAVR, respectively (Table 4).

In total, the incidence rates of overall new-onset AF,
new-onset permanent LBBB, new-onset permanent RBBB,
and new-onset SCD after TAVR were 21.8% (24/110),
14.5% (16/110), 0.9% (1/110), and 23.6% (26/110), respec-
tively. A total of 69.2% (36/52) of early new-onset LBBB
recovered at the 30-day follow-up. The median occurrence
times of new-onset AF, new-onset permanent LBBB, new-
onset permanent RBBB, and new-onset SCDwere 7.0 days,
3.0 days, 2.0 days, and 4.0 days after TAVR, respectively
(Table 4). The total numbers of AF, LBBB, RBBB and
SCD observed preoperatively, postoperatively, 1week after
discharge, 2 weeks after discharge, 3 weeks after discharge
and 4 weeks after discharge were displayed in Fig. 2.

There were 110 patients completing the 30-day
follow-up (Table 5). At 30-day follow-up, the rate of re-
hospitalization was 1.8% (2/110), and the rate of death was
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Table 3. Diagnostic efficacy of smartwatch ECG for AF, LBBB and RBBB evaluated by sensitivity, specificity, PPV and NPV.
AF LBBB RBBB

estimate [95% CI] estimate [95% CI] estimate [95% CI]

24-hour Holter ECG
Sensitivity 1.00 [0.66–1.00] 0.61 [0.41–0.78] 0.60 [0.17–0.93]
Specificity 0.97 [0.89–0.99] 0.88 [0.78–0.94] 0.97 [0.90–0.99]
PPV 0.77 [0.46–0.94] 0.68 [0.46–0.84] 0.50 [0.14–0.86]
NPV 1.00 [0.94–1.00] 0.84 [0.74–0.92] 0.97 [0.91–1.00]

12-lead ECG
Sensitivity 0.88 [0.76–0.95] 0.90 [0.82–0.94] 0.83 [0.60–0.94]
Specificity 1.00 [0.98–1.00] 0.96 [0.94–0.98] 0.94 [0.91–0.96]
PPV 0.98 [0.87–1.00] 0.90 [0.82–0.94] 0.45 [0.30–0.61]
NPV 0.98 [0.96–0.99] 0.96 [0.94–0.98] 0.99 [0.97–1.00]

ECG, electrocardiograph; AF, atrial fibrillation; LBBB, left bundle branch block;
RBBB, right bundle branch block; PPV, positive predictive value; NPV, negative pre-
dictive value.

Table 4. Arrhythmic events at 30-day follow-up of patients
with accomplished 30-day follow-up.

Arrhythmic events at 30-day follow-up All (N = 110)
AF (%) 43 (39.1%)
LBBB (%) 49 (44.5%)
RBBB (%) 8 (7.3%)
SCD (%) 9 (8.2%)
Delay new-onset arrhythmic events
Delay new-onset AF (%) 16 (14.5%)
Delay new-onset AF time, day† 10.0 [7.0, 15.3]
CHA2DS2VASc scores of delay new-onset AF, point 2.0 [2.0, 3.8]
Duration of delay new-onset AF, minute 1.2 [1.0, 1.7]
Delay new-onset LBBB (%) 2 (1.8%)
Delay new-onset LBBB time, day† 6.0 [4.5, 6.8]
Delay new-onset SCD (%) 8 (7.3%)
Delay new-onset SCD time, day† 15.0 [8.5, 21.5]
Overall new-onset arrhythmic events
New-onset AF (%) 24 (21.8%)
New-onset AF time, day†† 7.0 [5.0, 12.0]
New-onset permanent LBBB (%) 16 (14.5%)
New-onset permanent LBBB time, day†† 3.0 [2.0, 6.0]
New-onset permanent RBBB (%) 1 (0.9%)
New-onset permanent RBBB time, day†† 2.0
New-onset SCD (%) 26 (23.6%)
New-onset SCD time, day†† 4.0 [0, 7.3]
AF, atrial fibrillation; LBBB, left bundle branch block; RBBB, right
bundle branch block; SCD, severe conduction disturbances.
†Delayed new-onset arrhythmia time was time between TAVR and
first day of delayed new-onset arrhythmia.
††New-onset arrhythmia time was time between TAVR and first day
of new-onset arrhythmia.

0. Moreover, the mean values of Vmax and PGmean were 2.4
m·s−1 and 12 mmHg, respectively. The rate of moderate
aortic regurgitation reached 1.8% (2/110). The value of left
ventricular ejection fraction assessed by echocardiography
was 61% on average.

Fig. 2. The total number of AF, LBBB, RBBB and SCD
observed pre-operatively, post-operatively, 1 week after dis-
charge, 2 weeks after discharge, 3 weeks after discharge and
4 weeks after discharge. TAVR, transcatheter aortic valve re-
placement; AF, atrial fibrillation; LBBB, left bundle branch block;
RBBB, right bundle branch block; SCD, severe conduction distur-
bance.

Table 5. Clinical outcomes including echocardiographic
assessment of included patients at 30-day follow-up.
Parameter All (N = 110)

Vmax, mꞏs–1 2.4 [2.0, 2.7]
PGmax, mmHg 12.0 [9.0, 17.0]
moderate AR (%) 2 (1.8%)
LVEF, % 61.0 [53.0, 68.0]
Re-hospitalization (%) 2 (1.8%)
Re-hospitalization time, day 15.0 ± 2.8
Death (%) 0
Vmax, maximum velocity of transaortic valve blood
flow; PGmean, mean value of transaortic valve pressure
gradient; AR, aortic regurgitation; LVEF, left ventricu-
lar ejection fraction.
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4. Discussion
We analyzed post-TAVR arrhythmic events until 30

days after discharge mainly detected by smartwatch ECG
in our single-center study. Our results demonstrated that
smartwatch ECG showed acceptable diagnostic perfor-
mance when compared with 24-hour Holter ECG and 12-
lead ECG in diagnosing AF, LBBB and RBBB. At 30-
day follow-up, the overall new-onset arrhythmic events
were new-onset SCD, new-onset AF, new-onset permanent
LBBB, and new-onset permanent RBBB in the order of
most to least proportion. Over half of the early new-onset
LBBB recovered within 30 days after discharge.

4.1 New-Onset Conduction Disturbances Early after TAVR

Patients with new-onset SCD or new-onset permanent
LBBB accounted for the majority of arrhythmic subjects at
30-day follow-up after TAVR. Patients who received PPI
accounted for 16.4% (18/110), with the indication of new-
onset SCD reaching 88.9% (16/18). All aforementioned
PPIs were conducted during index hospitalization. A recent
systematic review presented that the overall rate of PPI after
TAVR with early- and new-generation valves ranged from
2.3% to 37.7% [21]. A previous study including subjects
receiving mobile cardiac telemetry monitoring after TAVR
presented 9% (21/245) of high-degree AVB or complete
heart block leading to PPI at 30-day follow-up, of which
the majority (75%) were asymptomatic [3]. For most pa-
tients with delayed new-onset SCD after discharge in our
study, the absence of bradyarrhythmia-related symptoms
was also observed. This might be related to a relatively
low degree of atrioventricular block (AVB), short duration
time of brady-arrhythmic attack and inappropriate judg-
ment of smartwatch ECG due to pitfall caused by single-
lead ECG. Previous studies also reported a major propor-
tion of transient and asymptomatic delayed new-onset high-
degree AVB [9,22]. In our study, a total of 3 patients pre-
sented with SCD-related symptoms whose ECGs were cap-
tured by smartwatch during follow-up. The symptoms dis-
appeared, and ECGs recovered after out of touch with the
electrical cord (1 patient with PPI) or suspension of beta-
blocker (2 patients without PPI). We did not find any de-
layed new-onset SCD that needed PPI at 30-day follow-up.
This might be related to the relatively longer hospitaliza-
tion duration (6.8 days on average) of our included patients
compared with the next-day discharge achieved mostly in
other studies [23,24]. Thus, a longer in-hospital monitor-
ing time might result in the timely detection and treatment
of new-onset SCD that requires PPI during hospitalization,
with a median time of 5 days (interquartile range: 1 to 6)
from TAVR to PPI, which was similar to other investiga-
tions [25]. We also analyzed risk predictors for new-onset
arrhythmias additionally (Supplementary Table 3). Our
results suggested that baseline RBBB and statin usage were
independent predictors of new-onset SCD. Consistently, a
review has recommended 2 to 4 weeks of ambulatory ECG

monitoring after TAVR in all patients with baseline RBBB
discharged without PPI [3]. No related studies have indi-
cated an association between statins and conduction distur-
bances in the TAVR population. Complete AVB might be
caused by hyperkalemia due to rhabdomyolysis after using
statins [26].

Rates of new-onset LBBB after TAVR ranged from
4% to 65% depending on the type of prosthesis, presented
9% to 65% in subjects receiving CoreValve and 4% to 18%
in subjects receiving Edwards Sapien valve [27]. Apart
from the above, the majority of early new-onset LBBB
seemed to decrease over time after discharge, which might
be related to the remission of edema and/or inflammation
caused during the TAVR procedure in the adjacent area of
the cardiac conduction system. As progressive first AVB
with LBBB and worsening or new onset LBBB were com-
monly reported indications of PPI, the aforementioned con-
ditions make the decision to PPI difficult. Previous studies
reported many predictors of new-onset LBBB such as fe-
male sex, first-degree AVB, and lower implantation depth
[28]. After excluding spontaneously resolved early new-
onset LBBB, we did not find any independent predictors for
new-onset permanent LBBB (Supplementary Table 3).

4.2 New-Onset Atrial Fibrillation Early After TAVR

Patients presented new-onset AF reaching from 8.6%
to 16.9% in studies at different risk profiles at 30-day
follow-up [29–31]. The first report of subjects receiving
implantable cardiac monitors after TAVR presented at least
73.35% of new-onset AF within the first month after the
procedure [3]. Our results indicated that new-onset AF af-
ter TAVR was not rare at 30-day follow-up, which was in
concordant with a previous study [3]. This implied the ef-
fectiveness and necessity of home-based AF monitoring to
guide changes in anticoagulation therapy. In one previous
clinical trial including TAVR recipients with new-onset per-
sistent LBBB, nearly 8.3% of the enrolled population who
presented new-onset AF received newly started anticoagu-
lation treatment [3]. Research recommended initiating an-
ticoagulation therapy in patients who presented with a daily
AF duration>5.5 hours and/or a daily AF duration>6min-
utes combined with a CHA2DS2VASc score ≥3 [3]. How-
ever, patients with new-onset AF in our study presented
a short AF episode duration (1.2 minutes on average) and
low risk of stroke (2 of CHA2DS2VASc score on average).
Therefore, no patient received newly initiated anticoagu-
lation therapy. This also indicated the high sensitivity of
smartwatch ECG in detecting AF. As a relatively elderly
and commonly antiplatelet-undertaking population, TAVR
recipients should be given individualized consideration for
anticoagulation therapy after balancing stroke and bleed-
ing in the setting of AF. Previous studies have reported
that nontransfemoral access (the strongest predictor), age,
worse functional status, etc., were independent risk fac-
tors for new-onset AF after TAVR [32]. However, we did
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not find any significant predictors in our study, nor did
we include patients who received TAVR through nontrans-
femoral access (Supplementary Table 3). Moreover, we
did not find a significant difference in 30-day clinical out-
comes (stroke and rehospitalization) between patients with
and without new-onset AF due to the small sample size of
our study.

4.3 Efficacy of Smartwatch ECG in Diagnosing
Arrhythmias among the TAVR Population

To our knowledge, this was the first study to validate
of the efficacy of consumer smartwatch ECG in diagnos-
ing AF, LBBB and RBBB in a TAVR population. Our re-
sults suggested that the consumer smartwatch ECG demon-
strated acceptable efficacy in diagnosing AF, LBBB, and
RBBB. However, the sensitivity of smartwatch ECG in di-
agnosing LBBB and RBBB was poorer than that of 24-
hour Holter ECG and with 12-lead ECG. This might be
related to the presence of transient LBBB or RBBB de-
tected by real-time 24-hour Holter monitors. Previous stud-
ies have demonstrated that the performance of smartwatch
ECG from different companies in diagnosing AF was satis-
factory [11,33,34]. The accuracy of AF diagnosis based on
single-lead ECGwith artificial intelligence algorithm of the
smartwatch used in our study was identified before as well,
demonstrating promising results (sensitivities: 88.68% and
96.67%; specificities: 100% and 98.01%) [11,13]. Apart
from smartwatch ECG, the screening of AF is usually rec-
ommended by passive detection through photoplethysmog-
raphy coupled with artificial intelligence algorithms [35].
However, we judged all smartwatch ECGs artificially by
investigators because of a lack of algorithms for diagnosing
LBBB and RBBB. There have been no studies about vali-
dating of efficacy of smartwatch ECG in diagnosing SCD,
either in our results. The ECG of SCD early after TAVR,
which was anticipated to be detected by 24-hour Holter and
smartwatch was difficult to collect simultaneously. In our
study, one patient presenting with high-degree AVB after
TAVR, which was detected by both smartwatch ECG and
12-lead ECG, received PPI 6 days after TAVR during in-
dex hospitalization. Moreover, a total of 9 patients had
SCD events detected at home at 30-day follow-up. Three of
the aforementioned patients presented symptoms related to
bradyarrhythmia, of which 2 received concordant changes
in medical treatment. This indicated the value of smart-
watch ECG when combined with physicians’ discretion for
monitoring SCD in post-TAVR recipients at home.

The rates of new-onset arrhythmias after TAVR by
daily ECG monitoring in our study or the aforementioned
similar studies for continuous ECG monitoring seemed to
be relatively high. The reasons might be as follows: (i)
Continuous ECG monitoring is more sensitive to those
transient or asymptomatic new-onset arrythmias than tra-
ditional 12-lead ECG because of the longer duration or
higher frequency of ECGmonitoring. The high proportions

of transient or asymptomatic new-onset arrhythmias after
TAVR detected by continuously ambulatory monitors were
also commonly reported [3]. (ii) Most patients in our cen-
ter received the first-generation bioprosthesis (55.5%) and
self-expanding bioprosthesis (92.7%), which were prone to
have a higher risk of new-onset conduction disturbances af-
ter TAVR than the new-generation bioprosthesis and bal-
loon expandable bioprosthesis.

4.4 Smartwatch for Remote Health Care in the TAVR
Population

A previous study has proposed that smartwatch is
valuable in clinical trials, as a tool for assessing patient-
reported outcomes via wireless telecommunication, which
we also used to guide remote health care (drug withdrawal,
symptoms inquiry, health advice, etc.) [36]. Smartwatches
with similar functions of single-lead ECG collection have
also been reported in other brands, such as Apple Watch
and Huawei Smartwatch [10,23]. The telecare function
of smartwatch might be especially demanded during the
COVID-19 pandemic nowadays to overcome the difficulty
in achieving in-site outpatient assessment. The smartwatch
in our trial had telecare monitoring of sleep and activity.
We also analyzed the daily sleep, step and heartbeat of our
population, but no difference was found between 30 days
after discharge and periprocedural time (Supplementary
Fig. 2). The incomplete 30-day ECG monitoring data of
some patients (29%, 45/155) in our study revealed a cer-
tain practical threshold of smartwatch for elderly patients,
especially in terms of the difficulty of digital devices com-
bined with Internet application. However, with the assis-
tance from family members and telecommunication guid-
ance from doctors, the compliance of patients in our study
was satisfactory by and large. The smartwatch we used
in this study was sold to approximately 97 U.S. dollars
in China. The smartwatch was a cost-saving device for
arrhythmia monitoring when compared with other cardiac
telemetry monitors such as implantable cardiac monitors,
and with the expense of the TAVR operation. Wearable
devices with biomonitoring functions will be increasingly
used due to the low cost. Moreover, their advantage in
terms of the extreme clinical and practical usefulness to ob-
serve changes in health state and anomaly documents was
also predictive of potential serious and disabling complica-
tions. Different types of smartwatches are commonly used
by many other people in society for health monitoring. This
could also avoid reminding patients as being ill and affect-
ing their social life. Moreover, it provided an option to meet
early-discharge demands nowadays while lowering the risk
of major or urgent health events at home, achieving timely
contact with patients and guiding changes in medical man-
agement.
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4.5 Limitations
Our study had some limitations: (i) Due to the inter-

fering vulnerability of single-lead smartwatch ECG, the ac-
curacy of diagnosis of smartwatch ECG might be affected
because of the poor image quality. However, after the val-
idation of in-hospital 12-lead ECG and 24-hour ECG, the
diagnostic performance of smartwatch ECG was accept-
able. (ii) The included sample size of patients was small
due to single-center enrollment, which also impeded fur-
ther grouping or comparative analysis. However, this study
might open the prospect of the possibility of icloud-based
monitoring by a low-cost wearable device for the main
multinationals of TAVR devices to investigate arrhythmias
among recipients. (iii) The training of older patients to use
smartwatches was more complicated to apply, as the aver-
age age of patients in our study was 72 years. However,
it could be very useful to use the smartwatch in low-risk
patients who are usually younger and more familiar with
digital technologies.

5. Conclusions
The diagnostic efficacy of consumer smartwatch ECG

in diagnosing LBBB, RBBB and AF among the TAVR pop-
ulation was acceptable. After TAVR, new-onset SCD and
AF were the most frequent new-onset arrhythmic events
until 30-day follow-up, while over half of early new-onset
LBBB recovered within 30 days after discharge. Smart-
watch ECGwas safe and effective for home-based manage-
ment of TAVR recipients. Large-scale prospective studies
are needed to analyze the clinical and economic impact of
smartwatch ECG, further prompting the establishment of
recommendations for TAVR management at home.
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