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Impact of the COVID-19 Pandemic
and Public Restrictions on Outcomes
After Catheter Ablation of Atrial
Fibrillation
Daehoon Kim, Hee Tae Yu, Tae-Hoon Kim, Jae-Sun Uhm, Boyoung Joung,
Moon-Hyoung Lee and Hui-Nam Pak*

Yonsei University College of Medicine, Yonsei University Health System, Seoul, South Korea

Background: Here we aimed to analyze changes in the outcomes of atrial fibrillation
(AF) catheter ablation (AFCA) during the coronavirus disease 2019 (COVID-19)
pandemic and examine the relationship between rhythm outcomes and the stringency
of government social distancing measures.

Methods: We included 453 patients who underwent de novo AFCA between May 2018
and October 2019 (pre-COVID-19 era) and 601 between November 2019 and April
2021 (COVID-19 era). The primary outcome was late recurrence, defined as any episode
of AF or atrial tachycardia documented after a 3-month blanking period. A multivariable
Cox regression analysis was performed to estimate the relative hazards of AF recurrence
in the two eras.

Results: In the study population (24.3% women; median age, 60 years), 660 (62.6%)
patients had paroxysmal AF. Among those with paroxysmal AF, the late recurrence
rate was significantly lower in the COVID-19 era than in the pre-COVID-19 era
[9.4% vs. 17.0%, respectively, log-rank P = 0.004; adjusted hazard ratio (HR) 0.56,
95% confidence interval (CI) 0.35–0.90] during a median follow-up of 11 months.
In patients with persistent AF, the late recurrence rate did not significantly differ
between the pre-COVID-19 and COVID-19 era groups (18.9% vs. 21.5%, respectively;
log-rank P = 0.523; adjusted HR 0.84, 95% CI 0.47–1.53) during the median follow-
up of 11 months.

Conclusion: A decrease in AF recurrence after catheter ablation was observed in
patients with paroxysmal AF during the COVID-19 outbreak, whereas no change was
observed in those with persistent AF.

Keywords: atrial fibrillation, COVID-19, pandemic, catheter ablation, rhythm outcome

INTRODUCTION

Severe acute respiratory syndrome coronavirus-2, which causes coronavirus disease 2019 (COVID-
19), has affected over 2 million people worldwide (1). As a result, many countries have implemented
public health restrictions to mitigate its spread. In Korea, non-pharmaceutical interventions (NPIs),
including compulsory mask-wearing, social distancing, and enhanced screening and testing, were
implemented in February 2020, the early phase of the outbreak (Supplementary Figure 1A) (2).
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Electrophysiologic issues, including arrhythmias or
device-related issues, have been increasingly recognized as
a manifestation of COVID-19. While the need for services from
electrophysiology laboratories continues to increase, a recent
consensus paper recommended canceling or postponing elective
cases during the pandemic (3). However, little is known about
the impact of the COVID-19 pandemic and associated public
health restrictions on clinical outcomes of catheter ablation for
atrial fibrillation (AF).

METHODS

Study Population
This single-center retrospective observational study aimed to
analyze changes in the outcomes of AF catheter ablation
(AFCA) during the COVID-19 pandemic and examine the
relationship between rhythm outcomes and the stringency
of government social distancing measures. We included 453
consecutive patients who underwent de novo AFCA between May
2018 and October 2019 (18 months of the pre-COVID-19 era)
and 601 between November 2019 and April 2021 (18 months
of the COVID-19 era) at Severance Cardiovascular Hospital, a
tertiary referral center in the Republic of Korea (Supplementary
Figures 1B,C). The study protocol adhered to the Declaration
of Helsinki and was approved by our institutional review
board. Written informed consent was obtained from all patients
(ClinicalTrials.gov: NCT02138695). The exclusion criteria were:
(1) permanent AF refractory to electrical cardioversion; (2)
AF with valvular disease ≥ grade 2; (3) a previous cardiac
surgery with concomitant AF surgery or AFCA; and (4) empirical
extra-pulmonary vein (PV) ablations other than the typical
circumferential PV isolation. All antiarrhythmic drugs (AADs)
were discontinued for at least five half-lives, and amiodarone was
stopped at least 4 weeks before the procedure.

Echocardiographic Evaluation
All patients underwent transthoracic echocardiography (Sonos
5500, Philips Medical System, Andover, MA or Vivid 7, GE
Vingmed Ultrasound, Horten, Norway) prior to their ablation.
Chamber size, left ventricular ejection fraction, transmitral
Doppler flow velocity, and the ratio of early diastolic peak
mitral inflow velocity to early diastolic mitral annular velocity
(E/Em) were acquired according to the American Society of
Echocardiography guidelines (4).

Electrophysiological Mapping and
Radiofrequency Catheter Ablation
Intracardiac electrograms were recorded using a Prucka
CardioLab Electrophysiology system (General Electric Medical
Systems, Inc., Milwaukee, WI, United States). Three-dimensional
electroanatomic mapping (NavX, St. Jude Medical, Inc.,
Minnetonka, MN, United States; CARTO, Biosense-Webster,
Inc., Diamond Bar, CA, United States) was performed using a
circumferential PV mapping catheter (Lasso, Biosense-Webster
Inc.) through a long sheath (Schwartz left 1, St. Jude Medical,
Inc.). Transseptal punctures were performed, and multiview

pulmonary venograms were obtained. The details of the
AFCA technique were described previously (5, 6). All patients
underwent circumferential PV isolation (CPVI) during the de
novo procedure. Two-thirds of the patients (62.1%) underwent
the creation of a cavotricuspid isthmus block during the de
novo procedure. Systemic anticoagulation was achieved with
intravenous heparin to maintain an activated clotting time
of 350–400 s during the procedure. After completion of the
protocol-based ablation, the procedure was completed when no
recurrence of AF was observed within 10 min after cardioversion
with isoproterenol infusion (5–10 µg/min depending on β-
blocker use, target sinus heart rate, 120 bpm) (6). Complications
were defined according to the 2017 HRS (Heart Rhythm
Society)/EHRA (European Heart Rhythm Association)/APHRS
(Asia Pacific Heart Rhythm Society)/SOLAECE (Latin American
Society of Cardiac Stimulation and Electrophysiology) expert
consensus (7). Detailed definitions of the complications have
been described previously (8).

Follow-Up and Atrial Fibrillation
Recurrence
We discharged patients not taking AADs except for those who
had recurrent extra-PV triggers after the AFCA procedure,
symptomatic frequent atrial premature beats, non-sustained
atrial tachycardia, or an early recurrence of AF on telemetry
during the admission period. Electrocardiography was performed
for all patients visiting the outpatient clinic 1, 3, 6, and 12 months
after AFCA and every 6 months thereafter or whenever
symptoms developed. Twenty-four-hour Holter recordings were
performed at 3, 6, and 12 months and every 6 months thereafter.
Patients who reported episodes of palpitations suggestive of
arrhythmia recurrence underwent Holter monitoring or event
monitoring recordings.

The primary outcome was late recurrence defined as any
episode of AF or atrial tachycardia (AT) lasting at least 30 s
after a 3-month blanking period. Early recurrence was defined
as any documentation of AF or AT recurrence on ECG
within the 3-month blanking period. Follow-up lasted up to
January 31, 2020 for the pre-COVID-19 era group and July
31, 2021, for the COVID-19 era group with equal follow-up
durations for the groups with a minimum follow-up of 3 months
(Supplementary Figure 1B).

Statistical Analysis
Continuous variables are summarized as median (interquartile
range), while categorical variables are summarized as frequencies
(percentages). A Kaplan–Meier analysis with the log-rank test
was used to calculate AF recurrence-free survival over time across
groups. Multivariable Cox regression analysis was performed to
estimate the relative hazards of AF recurrence. The following
variables were adjusted: age, sex, duration of AF, body mass
index, CHA2DS2-VASc, medical history, antiarrhythmic drug
use, alcohol use, echocardiographic parameters, an inflammatory
marker, ablation lesion set, and follow-up duration (variables in
Table 1). The proportional hazards assumption was tested based
on Schoenfeld residuals (9).
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TABLE 1 | Baseline characteristics of patients with paroxysmal and persistent atrial fibrillation undergoing catheter ablation.

Variables Paroxysmal AF (n = 660) Persistent AF (n = 394)

Overall
(n = 660)

Pre COVID-19
era (n = 318)

COVID-19 era
(n = 342)

P-value Overall
(n = 394)

Pre COVID-19
era (n = 135)

COVID-19 era
(n = 259)

P-value

Age, years 60 (52–67) 59 (51–66) 61 (54–68) 0.018 61 (53–67) 58 (50–65) 61 (55–68) 0.001

Female, n (%) 179 (27.1) 84 (26.4) 95 (27.8) 0.760 77 (19.5) 27 (20.0) 50 (19.3) 0.975

AF duration, months 15 (7–36) 14 (7–36) 15 (7–36) 0.628 20 (9–48) 19 (9–47) 20 (9–48) 0.746

BMI, kg/m2 24.6
(22.9–26.7)

24.5
(22.8–26.6)

24.7
(23.1–26.7)

0.562 25.3
(23.3–27.4)

25.7
(23.7–27.5)

25.2
(23.0–27.2)

0.092

CHA2DS2-VASc score 1 (0–2) 1 (0–2) 1 (0–2) 0.140 2 (1–2.75) 2 (1–2) 2 (1–3) 0.019

Comorbidities, n (%)

Heart failure 54 (8.2) 22 (6.9) 32 (9.4) 0.317 102 (25.9) 32 (23.7) 70 (27.0) 0.553

Hypertension 298 (45.2) 150 (47.2) 148 (43.3) 0.354 208 (52.8) 65 (48.1) 143 (55.2) 0.220

Diabetes mellitus 92 (13.9) 47 (14.8) 45 (13.2) 0.625 75 (19.0) 27 (20.0) 48 (18.5) 0.828

Stroke 53 (8.0) 19 (6.0) 34 (9.9) 0.084 37 (9.4) 10 (7.4) 27 (10.4) 0.428

TIA 6 (0.9) 4 (1.3) 2 (0.6) 0.617 1 (0.3) 0 (0.0) 1 (0.4) 1.000

Vascular disease 20 (3.0) 10 (3.1) 10 (2.9) 1.000 24 (6.1) 3 (2.2) 21 (8.1) 0.036

Current drinking, n (%) 158 (23.9) 93 (29.2) 65 (19.0) 0.003 121 (30.7) 46 (34.1) 75 (29.0) 0.352

Total alcohol intake per week in
current drinkers, g

51.8
(17.7–148.9)

64.8
(19.4–155.4)

51.8
(15.5–103.6)

0.155 77.7
(17.7–207.2)

90.7
(24.2–207.2)

77.7
(17.8–155.4)

0.544

Drinking frequency per week 1.5 (0.9–2.5) 1.5 (1.0–3.0) 1.0 (0.8–2.0) 0.190 2.0 (1.0–3.0) 2.0 (1.0–3.5) 1.5 (1.0–3.0) 0.375

AAD use prior to the ablation, n
(%)

Class Ic 378 (57.3) 189 (59.4) 189 (55.3) 0.316 158 (40.1) 51 (37.8) 107 (41.3) 0.568

Class III 306 (46.4) 142 (44.7) 164 (48.0) 0.441 264 (67.0) 98 (72.6) 166 (64.1) 0.112

Echocardiographic parameters

LA dimension, mm 39 (35–43) 38 (35–43) 39 (36–43) 0.331 43 (39–46) 44 (40–48) 43 (39–45) 0.011

LV ejection fraction,% 65 (61–69) 65 (61–69) 65 (62–69) 0.448 62 (57–66) 61 (56–65) 62 (58–67) 0.030

E/Em 9.1 (7.4–11.8) 9.0 (7.2–11.1) 9.3 (7.6–12.3) 0.133 9.0 (7.3–11.5) 8.4 (7.4–10.6) 9.4 (7.4–12.0) 0.009

hsCRP, mg/dL 0.60
(0.30–1.10)

0.70
(0.40–1.37)

0.50
(0.20–1.00)

< 0.001 0.70
(0.40–1.35)

0.80
(0.60–1.72)

0.60
(0.20–1.20)

< 0.001

CPVI, n (%) 660 (100.0) 318 (100.0) 342 (100.0) 1.000 394 (100.0) 135 (100.0) 259 (100.0) 1.000

CTI, n (%) 399 (60.5) 206 (64.8) 193 (56.4) 0.035 256 (65.0) 111 (82.2) 145 (56.0) < 0.001

Follow-up duration, months 11 (6–15) 11 (7–15) 12 (6–15) 0.898 11 (6–15) 11 (7–15) 11 (6–14) 0.609

Values are presented as median (interquartile range) or n (%).
AAD, antiarrhythmic drug; AF, atrial fibrillation; BMI, body mass index; CPVI, circumferential pulmonary vein isolation; CTI, cavotricuspid isthmus; E/Em, ratio of the peak
mitral flow velocity of the early rapid filling to the early diastolic velocity of the mitral annulus; hsCRP, high sensitive C-reactive protein; LA, left atrium; LV, left ventricle; TIA,
transient ischemic attack.

FIGURE 1 | (A) Proportion of current drinkers, (B) total alcohol intake per week, (C) frequency of drinking per week in atrial fibrillation patients undergoing catheter
ablation, and (D) amounts of national alcohol deliveries in Korea. COVID-19, coronavirus disease 2019.
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TABLE 2 | Clinical rhythm outcomes.

Paroxysmal AF (n = 660) Persistent AF (n = 394)

Pre COVID-19 era COVID-19 era P-value Pre COVID-19 era COVID-19 era P-value

(n = 318) (n = 342) (n = 135) (n = 259)

Follow-up months 11 (7–15) 12 (6–15) 0.898 11 (7–15) 11 (6–14) 0.609

Compliant to Holter monitoring 235 (73.9) 235 (68.7) 0.166 90 (66.7) 145 (56.0) 0.052

Post-ablation medication

ACEi, or ARB, n (%) 105 (33.0) 100 (29.2) 0.335 43 (31.9) 110 (42.5) 0.052

Beta blocker, n (%) 134 (42.1) 146 (42.7) 0.949 79 (58.5) 154 (59.5) 0.942

Statin, n (%) 115 (36.2) 144 (42.1) 0.138 53 (39.3) 123 (47.5) 0.146

AAD use

AADs at discharge, n (%) 93 (29.2) 76 (22.2) 0.048 70 (51.9) 95 (36.7) 0.005

AADs after 3 months, n (%) 116 (36.5) 87 (27.0) 0.013 84 (62.2) 106 (45.1) 0.002

AADs at final follow-up, n (%) 92 (28.9) 80 (25.2) 0.326 65 (48.1) 109 (47.4) 0.975

Early recurrence, n (%) 80 (25.2) 58 (17.0) 0.013 73 (54.1) 129 (49.8) 0.485

Recurrence type AF, n (% in early recur) 72 (90.0) 54 (93.1) 0.739 68 (93.2) 123 (95.3) 0.735

Recurrence type AT, n (% in early recur) 8 (10.0) 4 (6.9) 5 (6.8) 6 (4.7)

Late recurrence, n (%) 54 (17.0) 32 (9.4) 0.005 29 (21.5) 49 (18.9) 0.636

Recurrence type AF, n (% in recur) 48 (88.9) 29 (90.6) 1.000 28 (96.6) 48 (98.0) 1.000

Recurrence type AT, n (% in recur) 6 (11.1) 3 (9.4) 1 (3.4) 1 (2.0)

Cardioversion, n (% in recur) 10 (18.5) 1 (3.1) 0.083 12 (41.4) 12 (25.0) 0.211

AAD, antiarrhythmic drug; ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; AT, atrial tachycardia; COVID-19,
coronavirus disease 2019.

FIGURE 2 | Kaplan–Meier analysis of atrial fibrillation: (AF) recurrence-free survival in paroxysmal AF (A); and in persistent AF (B). AF, atrial fibrillation; COVID-19,
coronavirus disease 2019.

A two-sided P-value of less than 0.05 was considered
statistically significant. Statistical analyses were performed using
R version 4.0.2 software (The R Foundation).1

RESULTS

In the study population (24.3% women; median age, 60 years),
660 (62.6%) had paroxysmal AF. Patients ablated in the
COVID-19 era tended to be older and more frequently had a

1www.R-project.org

history of stroke than those in the pre-COVID-19 era group
(Table 1). The proportion of current drinkers was lower in
the COVID-19 era than in the pre COVID-19 era (23.3%
vs. 30.3%, respectively; P = 0.009) (Figure 1A) whereas there
were no differences in the amount of weekly alcohol intake
(Figure 1B) and the frequency of drinking (Figure 1C) between
the groups. Procedural complication rates did not differ between
the pre-COVID-19 era (2.4%) and COVID-19 era (3.2%) groups
(P = 0.606). There were no differences in the compliances to
Holter monitoring between the pre-COVID-19 era and COVID-
19 era groups (Table 2). Among those with paroxysmal AF, the
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rate of late recurrence was significantly lower in those ablated
in the COVID-19 era than in those ablated in the pre-COVID-
19 era (9.4% vs. 17.0%, respectively; P = 0.005) during a median
follow-up of 11 months (Table 2). The cumulative incidence of
late recurrence at 1 year of follow-up was significantly lower in
the COVID-19 era group (9.8%) than in the pre-COVID-19 era
group (19.2%; log-rank P = 0.004) (Figure 2A). In multivariable
Cox regression, the patients ablated in the COVID-19 era were at
a lower risk of recurrence than those ablated in the pre-COVID-
19 era [adjusted hazard ratio (HR) 0.56; 95% confidence interval
(CI), 0.35–0.90]. In patients with persistent AF, the recurrence
rate did not significantly differ between the pre-COVID-19 and
COVID-19 eras (18.9% vs. 21.5%, respectively; P = 0.636) during
the median follow-up of 11 months (Table 2). There was no
difference in the cumulative incidence of recurrence at 1 year
of follow-up between the two eras (26.4% in the pre-COVID-
19 era vs. 22.1% in the COVID-19 era; log-rank P = 0.523)
(Figure 2B). Risk of late recurrence did not differ between the
two eras in multivariable Cox regression (adjusted HR 0.84; 95%
CI, 0.47–1.53).

DISCUSSION

The reasons for the association of the pandemic situation
and public restrictions with a lower recurrence rate after
AFCA in paroxysmal AF patients are unclear. After the
implementation of NPIs in Korea, the monthly drinking rate,
indicating the proportion of citizens who drink at least once
a month for the past year, decreased from 59.9% in 2019
to 54.7% in 2020, the lowest value in the last 15 years
(10). The Korean nationwide liquor delivery decreased from
3,841,169 kl in 2019 to 3,611,777 kl in 2020 (Figure 1D)
(11). Takahashi et al. reported that alcohol reduction was
associated with a 37% lower risk of recurrence after AFCA
(12). In particular, the risk almost halved in those with
paroxysmal AF (12). The proportion of current drinkers
among patients with paroxysmal AF in this study was
significantly higher in the pre-COVID-19 era (29.2%) than
in the COVID-19 era (19.0%; P = 0.003), whereas there
was no significant difference between 34.1% in the pre-
COVID-19 era and 29.0% in the COVID-19 era among
patients with persistent AF (P = 0.352). High-sensitivity
C-reactive protein levels were also lower among patients
undergoing AFCA in the COVID-19 era than those in the
pre-COVID-19 era. Importantly, up-regulation of inflammatory
biomarkers has been shown to be a valid predictor for AF
recurrence (13, 14), and inflammation is known to alter
atrial electrophysiology and structure to increase vulnerability
to AF (15). Thus, changes in alcohol habits and systemic
inflammation during the period of COVID-19 pandemic
and associated social distancing might partly explain the
results of this study.

This retrospective observational cohort study was performed
at a single center and included patients using strict selection
criteria for AF ablation; hence, our findings cannot be used
to establish causal relationships. Although the follow-up period

of this study was designed to enable a 3-month blanking
period in all patients and to equalize follow-up durations
between groups, there might be a discrepancy depending
on the timing at which procedures were performed during
the inclusion period. However, there were no differences
in the follow-up durations between patients in the pre-
COVID-19 and COVID-19 groups. In the pandemic period,
the Korean medical system was under normal operation,
and all elective AFCA procedures proceeded in the same
manner as that before the pandemic without significant
delay. Among the patients included this study, there were
no differences in the compliances to Holter monitoring
between the pre-COVID-19 era and COVID-19 era groups.
In both paroxysmal AF and persistent AF patients, the
uses of AADs at discharge and at 3 months of follow-
up were more frequently observed in the pre-COVID-19
era than in the COVID-19 era, whereas there were no
differences at the time of final follow-up. This difference might
impact the outcomes.

CONCLUSION

This study reveals comparable outcomes of AFCA performed
during the COVID-19 pandemic vs. the pre-pandemic period.
Rather, a striking decrease in AF recurrence after catheter
ablation was observed in patients with paroxysmal AF during the
COVID-19 outbreak, whereas no change was observed in those
with persistent AF.
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Background:Cardioversion (CV) for atrial fibrillation (AF) is common.We aimed to assess

changes in QTc over time following electrical CV (ECV) for persistent AF, and to compare

the benefit of using continuous Holter monitoring vs. conventional follow-up by ECG.

Methods: Prospective observational cohort study. We comprised 90 patients admitted

to our center for elective ECV due to persistent AF who were prospectively enrolled from

July 2017 to August 2018. All patients underwent 7-days Holter started prior to ECV.

Baseline QTc was defined as median QTc during 1 h post ECV. The primary endpoint

was QTc prolongation defined as QTc ≥500ms, or ≥10% increase (if baseline QTc was

>480ms). Conventional monitoring was defined as 2-h ECG post ECV.

Results: Mean age was 67 ± 11 years and 61% were male. Median baseline QTc

was 452ms (IQ range: 431–479ms) as compared with a maximal median QTc of

474ms (IQ range: 433–527ms; p <0.001 for the change in QTc from baseline). Peak

median QTc occurred 44 h post ECV. The primary endpoint was met in 3 patients (3%)

using conventional monitoring, compared with 39 new patients (43%) using Holter (p

<0.001 for comparison). The Holter monitoring was superior to conventional monitoring

in detecting clinically significant QTc prolongation (OR = 13; p <0.001).

Conclusions: ECV of patients with persistent AF was associated with increased

transient risk of QTc prolongation in nearly half of the patients. Peak median

QTc occurs during end of second day following ECV and prolonged ECG

monitoring provides superior detection of significant QTc prolongation compared with

conventional monitoring.

Keywords: persistent atrial fibrillation, cardioversion, safety, QT interval, QTc prolongation

INTRODUCTION

Atrial fibrillation (AF) is themost common sustained arrhythmia worldwide and represents amajor
challenge in patients’ management (1).

Rhythm control is the preferred strategy in patients with symptomatic AF. Electrical cardio-
version (ECV) and pharmacological cardio-version (PCV) are widely used in order to restore sinus
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rhythm (SR). ECV is more effective than PCV, particularly in
persistent AF (2), and while proven to be a safe, in some cases it
could lead to serious adverse events, including QT prolongation
and Torsade de pointes (3, 4).

It has been suggested that persistent AF induces ventricular
repolarization remodeling leading to transient QT prolongation
following ECV (5). This might increase the risk for Torsade de
pointes, especially when other QT prolonging conditions exists
(4). Furthermore, the European Heart Society and the American
Heart Association guidelines recommend the initiation of
antiarrhythmic drug therapy 1–3 days before ECV to promote
sustainable cardioversion (6, 7). In fact, many of these drugs have
a potential of further QTc prolongation, increasing the risk even
more (8). Currently, there are no guidelines specifying the time
needed tomonitor patients following ECV. The common practice
is to watch the patients for 1–2 h following ECV, and thereafter to
discharge them.

We hypothesized that patients with persistent AF on
antiarrhythmic treatment might develop significant QTc
prolongation following ECV during long-term monitoring.
Therefore, in this prospective clinical study we aimed to (1)
assess changes in QTc following ECV and to identify the time to
maximal QTc prolongation, (2) to compare the current standard
of care to 7-days Holter monitoring, and (3) to identify clinical
predictors for clinically significant QTc prolongation.

METHODS

Study Patients
From 09/07/2017 to 27/08/2018, we prospectively enrolled
consecutive patients with persistent AF who were admitted to
the cardiology ward at the Chaim Sheba Medical Center (Tel
Hashomer, Israel) for electiveECV. Our study inclusion criteria
were: (1) age ≥18 years old, (2) symptomatic persistent AF/AFL
(atrial fibrillation or atrial flutter), (3) baseline QTc >300ms,
(4) no contraindication for ECV, and (5) no contraindication
for anticoagulation. Study exclusion criteria included: (1) recent
initiation of medication that is well-known to prolong QTc, (2)
recent increase in dose of potentially prolonging medication
(other than the medication desired for the ECV), (3) pregnancy,
(4) patients with congenital long QT syndrome, (5) baseline
QTc >500ms, and (6) history of Torsade de Points. Out of the
136 consecutive patients admitted to the award who met the
inclusion criteria, 100 patients agreed to participate in the study.
All enrolled patients were connected to a 7-day 3-lead Holter
prior to ECV (in order to monitor QTc during AF) (Figure 1A).

All patients underwent transesophageal echocardiography
(TEE) if effective anticoagulation status was not confirmed
or upon physician discretion. In addition, all underwent
transthoracic echocardiography (TTE) within 3 months prior
to the study enrollment, or on the day of ECV. Of note,
after connecting patients to Holter, ten patients (10%) were
withdrawn from the study due to left atrial appendage thrombus
or severe swirling in TEE (4 patients), Holter malfunction (3),
failure to cardiovert to sinus rhythm (2) and a patient who
spontaneously converted to sinus rhythm following TEE. All
remaining 90 patients were successfully electrically cardioverter

to sinus rhythm and were monitored according to the study
protocol using the Holter for 7 days.

The protocol was approved by the institutional review board
of the Chaim Sheba medical center (2711-15-SMC) affiliated
to the University of Tel Aviv. All patients provided written
informed consent. The primary hypothesis was that signifcant
QTc prolongation can occur following ECV during 7 days of
prolonged ECG monitoring, and that the use of Holter would
be superior to the conventional protocol in detecting potentially
clinically significant QTc prolongation.

Cardioversion
All patients were on antiarrhythmic drugs at baseline
(Amiodarone 200mg once daily, Sotalol 80–120mg twice
daily, Flecainide 100mg twice daily, or Propafenone 150–225mg
three times daily). After light sedation with Midazolam (up to
a maximum of 5mg, based on the patient weight), all patients
underwent ECV with 200 Joules using a biphasic defibrillator
patches. If sinus rhythm was not achieved and upon discretion
of the treating physician, antiarrhythmic drugs were given
for 4–12 h (Amiodarone 900–1,200mg, Flecainide 400mg,
Propafenone 450mg). After several hours (12 h for Amiodarone,
4 h for Flecainide and Propafenone) an ECG was performed. If
the patient was still in AF, ECV shock was re-delivered using
the same sedation and shock protocol as described above. After
achieving SR, patients were monitored for 2 h (conventional
monitoring) and thereafter discharged home with Holter
monitoring (Figure 1B). Patients were seen in office for clinical
follow-up at 1–3 months following ECV.

QTc Measurement
The methods of computerized QT analysis and their
reproducibility have been described in detail previously
(9, 10). For this study, a 3 lead Life card CF (OSI systems)
Holter was used and data were analyzed using the Spacelab
Pathfinder SL software with measurements in lead number II.
The Bazett formula was used to obtain heart rate-corrected
values of parameters of QTc interval. Median QTc was given
hourly. All measurements were adjudicated by electrophysiology
fellow (AY) and by internal Emergency Medicine resident
(NN). If a change between two consecutive measurements,

calculated as
QTc second−QTc first

QTc first
× 100, was >10%, a manual

validation/correction was performed. Furthermore, manual
adjustment was made for patients with pacemaker during
pacing periods. In order to minimize the errors that may occur
during short tachy-arrhythmic events, or secondary to diurnal
variability, the median of every 4 h values was used. Accordingly,
each patient had 6 measurements per day. Examples are listed
in the Supplementary Figure A. In order to validate the results
further, 10 random Holter strips were printed and evaluated
blindly by a senior electrophysiologist (RB), and a fellow
(AY), and the results were compared with the computerized
results. The matching rate was 99.7%. Examples are listed in the
Supplementary Figures B,C.
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FIGURE 1 | (A) Study flow chart. (B) Patients management chart flow. *Trans esophageal echocardiography (TEE) was performed in two third of the patients due to

their high risk profile. ∧Two patients had very bad recordings quality, and in one patient lead three was disconnected prior to the CV and remained disconnected

thereafter.
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TABLE 1 | Baseline characteristics.

Study cohort

(No. = 90)

Study cohort P value

Significant QTc prolongation

No (No. = 48) Yes (No.42)

Male, % 55 (61) 26 (60) 27 (61) 0.83

Age, mean (SD) 67 ± 11 67 ± 12 67 ± 11 0.91

BMI, mean (SD),

kg/m2

30 ± 5 29 ± 4 30 ± 5 0.44

Atrial flutter 7 (8) 5 (11) 2 (4) 0.25

Heart rate in AF,

mean (SD), bpm

80 ± 20 78 ± 21 82 ± 20 0.56

Ischemic heart

disease, %

19 (21) 8 (16) 12 (27) 0.30

CHF, % 30 (36) 12 (29) 18 (43) 0.25

TEE, % 63 (70) 31 (63) 32 (76) 0.67

EF, mean (SD), % 52 ± 12 54 ± 12 49 ± 14 0.11

LA size, mean (SD),

cm

4.5 ± 0.4 4.5 ± 0.5 4.4 ± 1 0.64

Mitral regurgitation, % 56 (62) 23 (48) 33 (79) 0.049

Mitral stenosis, % 14 (15) 7 (15) 7 (17) 0.86

Aortic stenosis, % 12 (13) 6 (14) 6 (15) 0.87

SPAP, mean (SD),

mmHg

34 ± 8 34 ± 8 35 ± 7 0.75

Diabetes, % 25 (28) 9 (19) 16 (36) 0.093

Hypertension, % 60 (67) 29 (67) 30 (68) 0.83

Renal disease, % 21 (23) 10 (24) 11 (25) 0.85

CHA2DS2VASc,

mean (SD)

3.5 ± 1.5 3.3 ± 1.6 3.7 ± 1.7 0.32

ICD/CRTD, % 2 (2) None 2 (4) 0.49

Pacemaker 11 (12) 5 (11) 6 (15) 0.74

ACE Inhibitor or ARB,

%

47 (52) 22 (46) 25 (60) 0.64

Aldosterone, % 10 (11) 4 (9) 6 (15) 0.74

Beta-blocker, % 67 (74) 30 (63) 37 (88) 0.04

Calcium channel

blocker, %

25 (28) 12 (26) 13 (29) 0.81

Digitalis, % 6 (7) 2 (4) 4 (9) 0.67

Amiodarone, % 60 (67) 30 (63) 30 (69) 0.83

Flecainide, % 20 (22) 10 (21) 10 (23) 0.79

Propafenone, % 5 (6) 4 (9) 1 (2) 0.36

Statins, % 39 (43) 21 (46) 18 (42) 0.56

NOAC, % 66 (73) 33 (69) 33 (76) 0.47

Warfarin, % 24 (27) 14 (30) 10 (23) 0.41

Creatinine, mean

(SD), mg/dl

1 ± 0.3 1 ±0.3 0.9 ± 0.3 0.32

K, mean (SD), mg/dl 4.3 ± 0.4 4.3 ± 0.4 4.3 ± 0.4 0.73

Na, mean (SD), mg/dl 140 ± 4 140 ± 3 140 ± 2 0.49

Mg, mean (SD),

mg/dl

2 ± 0.4 2± 0.2 2 ± 0.4 0.94

AF, atrial fibrillation; ACE, angiotensin converting enzyme; ARB, angiotensin receptor

blocker; BMI, body mass index; CHF, congestive heart failure; COPD, chronic obstructive

pulmonary disease; CRTD, cardiac resynchronization therapy with a defibrillator; ICD,

implantable cardioverter defibrillator; EF, ejection fraction; LA, left atrial dimension;

NOAC, novel oral anti-coagulant; SPAP, systolic pulmonic arterial pressure; TEE, trans-

esophageal echocardiography.

Definitions and Endpoints
Baseline QTc was defined as the median QTc during the first hour
post ECV. Conventional monitoring was defined as the Holter
tracing at the second hour following ECV. Holter monitoring was
defined as tracings starting from the beginning of the third hour
following ECV throughout the end of the monitoring period.
The primary endpoint was clinically significant QTc prolongation
defined as; (1) new prolongation of QTc≥500ms (if baseline QTc
was <480ms) or (2) prolongation of QTc ≥10% if baseline QTc
was >480 ms (11).

Statistical Analysis
Continuous variables are expressed as mean ± SD. Categorical
data are summarized as frequencies and percentages. All variables
were tested for normality using four tests; the Shapiro-Wilk
(Shapiro & Wilk, 1965), the Kolmogorov-Smirnov test, Cramer
von Mises test, and the Anderson-Darling test. All QTc values
(during AF, after 2 h, and max) were all non-normal distributed.
Therefore, we report median QTc instead of mean QTc. The
test that was used to compare the medians was Wilcoxon rank
Sum test. Median QTc baseline (first hour post ECV), median
QTc during the second hour (conventional monitoring), and the
median QTc every 4 consecutive hours (Holter monitoring) were
displayed in a graph with 25%−75% confidence interval, while
the Y axis is the QTc, and X axis is time from ECV.

We included 18 potential clinical, electrocardiographic,
echocardiographic and laboratory binary risk factors for QTc
prolongation (Supplementary Table A). Numeric variables were
made binary by the use of cut points with the goal of finding
simple, easily implemented predictors to be derived from them.
Thresholds for categorization of numeric variables were based
on the mean value. Univariate relationships between candidate
covariates and a further event were assessed by t tests (2 for binary
responses). The covariates with values of P <0.10 were further
evaluated by carrying out a best-subset regression analysis,
examining the models created from all possible combinations of
predictor variables, and using a penalty of 3.84 on the likelihood
ratio 2 value for any additional factor included (corresponds to a
P of 5% for a 1-df 2 test).

Detection rates were calculated as a fraction of all patients
who had received 7-days Holter monitoring. The cumulative
probability of AF was displayed according to the Kaplan-Meier
method. The differences between detection rates for different
monitoring intervals within each patient were tested using
McNemar’s test as appropriate. All statistical tests were two-
sided, a p-value of <0.05 was considered statistically significant.
Analyses were carried out with SAS software (version 9.4, SAS
institute, Cary, North Carolina).

RESULTS

The baseline clinical characteristics of study patients are shown in
Table 1. The mean age of the study cohort was 67 ± 11 years, 55
patients (61%) were male. The mean CHA2DS2VASc was 3.5 ±

1.5. Baseline mean heart rate in AF was 80± 20 bpm and median
was 76 (IQR 64–92). In 7 patients (8%), ECV was performed

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 June 2022 | Volume 9 | Article 88144614

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Younis et al. QTc Following Cardioversion for AF

TABLE 2 | QTc values and atrial fibrillation recurrence rates based on the loading and re-loading of antiarrhythmic drugs.

All patients (N = 90) All patients (N = 90)

Prior loading of

AAD (N = 36)

No loading of

AAD (N = 54)

p-value Reloading (N =

11)

No reloading (N

= 79)

p-value

Amiodarone 26 (72) NA 7 (64) NA

Flecanide/propafenone 10 (28) NA 4 (36) NA

Max QTc prior to ECV 465 (446–500) 466 (440–494) 0.36 454 (424–483) 466 (445–500) 0.49

2 h post ECV 451 (433–471) 465 (432–500) 0.76 463 (422–494) 458 (433–494) 0.38

Max QTc 537 (472–590) 522 (475–555) 0.32 489 (451–523) 537 (481–580) 0.056

Patients with prologed QTc 22 (61) 24 (44) 0.13 2 (18) 43 (54) 0.066

Patients with AF recurrence 8 (22) 12 (22) 0.97 7 (64) 12 (15) <0.001

AAD, antiarrhythmic medications; ECV, electrical cardioversion; AF, atrial fibrillation/flutter.

FIGURE 2 | Median QTc obtained by Continuous 7 days Holter following Elective Cardioversion (CV) for Persistent Atrial Fibrillation. Time Zero Represents the CV

Time. At time 132 h post CV, 33 (37%) of the patients were no longer connected to the 7-days Holter (due to longer detection prior to CV). The rate of patients

connected to the Holter became lower every further hour beyond the 132 h post CV, making it incorrect to calculate for means and draw conclusions from it.

Therefore, the graph applies only until 128 h post CV.

due to persistent atrial flutter. Most patients had hypertension
60 (67%) and were likely to receive novel oral anti-coagulants
66 (73%). Amiodarone was the most common antiarrhythmic
medication used prior to ECV (60 patients, 67%). Despite the
fact that the vast majority of patients were on adequate anti-
coagulation status, TEE was performed in 63 (70%) patients prior
to CV, due to increased stroke risk in this population.

A total of 36 patients (40%) were treated with
oral antiarrhythmic medication loading prior to the
scheduled ECV (72% with amiodarone, and 28% with
Class IC). Median max QTc was 537 (IQR 472–590) in
the loading group and did not differ significantly from
the no-loading group [522 (IQR 475–555); p = 0.32;
Table 2].
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TABLE 3 | Predictors for clinically significant QTc prolongation 7-day Holter vs.

2-h conventional monitoring.

End point Hazard ratio 95% CI p-value

Clinically significant QTc prolongation (39 events)

Beta blocker 3.5 1.04-−12.3 0.042

Median QTc ≥ 450

during first hour post ECV

2.2 0.92-−5.2 0.093

Eleven patients did not convert to SR with the first electrical
shock. Re-loading of the same anti-arrhythmic medication, as
described in the methods section, was performed in them (8
patients with Amiodarone and 3 with Flecainide). Among them,
8 patients (5 Amiodarone, 3 Flecainide) converted to SR with the
second ECV. The remaining 3 patients needed a third ECV with
360 Joules in order to convert to SR.

QTc Dynamics During Long-Term Holter
Recording
Patients underwent long term Holter monitoring for an average
of 6.2 ± 1.2 days. Median baseline QTc (defined as the median
QTc during first hour after ECV) was 452 (IQR 413–477) ms
and was significantly lower than the median QTc during the
continuous Holter monitoring [467 (IQR 432–497) ms, p = 0.01
for comparison]. The maximal median QTc occurred 44 h post
CV and was 474 (IQR 439–511) ms (p <0.001 for comparison
with baseline QTc). Following this peak, the QTc returned to
the baseline QTc 132 h post ECV, with a median QTc of 458
(IQR 412–501) ms (p = 0.58 for comparison with baseline
QTc) (Figure 2). The baseline clinical characteristics were similar
between those who had significant prolongation within the 44 h
post ECV and those who developed it after. A trend toward
more Amiodarone use was seen in those who developed a later
QTc prolongation (87% vs. 63%, p = 0.07). In 32 patients
(35%), the median QTc reached new values ≥500ms, and in 14
patients (16%) it even reached QTc ≥550ms (baseline QTc was
<480 ms).

Independent Predictors of QTc
Prolongation
In best subset forward regression analysis only prior beta
blocker usage (HR 3.5, 95% CI 1.04–12.3, p = 0.042) was
found to be independent predictor for potentially clinically
significant QTc prolongation. Baseline QTc≥ 450 was significant
enough to enter the final model (p < 0.10), however, in
the final multiple regression model the p-value was not
statistically significant (HR 2.2, 95% CI 0.89–5.2, p = 0.09)
(Table 3).

During the 2 h following ECV (conventional monitoring),
3 (4%) patients met the primary endpoint. Among them,
two patients had median QTc ≥ 500ms (564 and 500ms),
and one had an increase of 11%. With the use of the 7-
days Holter, significant QTc prolongation was detected in 39
patients (45%), significantly higher than the rate observed
using the conventional monitoring period (p < 0.001). Notably,

TABLE 4 | Rates of clinically significant QTc during conventional monitoring and

during 7-day Holter.

New

Clinically

Significant

QTc

Prolongation

Percentage

of new

events

No. of

remaining

patients

without QTc

prolongation

McNemar’s

p for

comparison

with

conventional

monitoring

Conventional 3 3% 87

First day 16 18% 71 0.0003

Second day 8 11% 63 0.025

Third day 7 11% 56 0.045

Fourth day 3 5% 53 NS

Fifth day 4 8% 49 NS

Sixth day 1 2% 48 NS

Seventh day 0 0% 48 NS

7 days Holter 39 43% 51 <0.001

among the 87 patients without clinically significant QTc
prolongation detected using conventional 2-h monitoring,
sixteen patients (18%) developed new QTc prolongation during
the first day, 8 patients (11%) during the second day, and
the rest thereafter. Importantly, as shown in Table 4, more
than half of the QTc prolongation were detected within the
first 2 days. Notably, during the second day, 5 patients
had QTc > 550ms (baseline QTc was <480ms in all
of them).

Detection rates for every single day, and cumulative detection
rates over the monitoring period are depicted in Figure 3. There
was a strong recognizable pattern of detection rates favoring the
first 48 h of the monitoring period.

Using McNemar test for comparison, the Holter monitoring
was superior to conventional monitoring in detecting the PE with
an OR of 13; 95% CI 5–65; p <0.001.

Clinical Events and Death
During the study period, one patient died on the 5th day
post ECV. The cause of the death was congestive heart
failure exacerbation and pulmonary edema. This patient
did not have clinically significant QTc prolongation.
None of our patients had Torsade de points or sustained
ventricular arrhythmia. No other significant clinical events
were reported.

DISCUSSION

To the best of our knowledge this is the first observational
prospective study that monitored closely the QTc interval
following ECV in patients with persistent AF using 7-days Holter
monitoring. The main finding of this study include (1) significant
QTc prolongation that was detected in 47% of patients following
ECV, (2) the maximal median QTc prolongation occurred
during the second day (44 h following ECV), (3) there was a
substantial increase in detection rates of clinically significant QTc
prolongation using prolonged Holter monitoring compared with
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FIGURE 3 | Daily/conventional (columns) and cumulative (line) detection rates of clinically significant QTc prolongation following cardioversion during 7 days of Holter

monitoring.

standard monitoring, and (4) chronic beta blockers and QTc
≥ 450ms were the only predictors associated with significant
QTc prolongation.

QTc Prolongation Following ECV
In our study, during prolonged monitoring using 7-days Holter,
we were able to demonstrate a significant number of patients
with new significant QTc prolongation following ECV. Our
observations are in line with previous case series and small
studies (12, 13). Houltz and colleagues had previously reported
QTc prolongation up to a mean of 672 ± 26ms in patients
that, in fact, developed Torsade de pointes (14). In another
study Choy and colleagues reported that QTc was prolonged
from 405 ± 55 to 470 ± 67ms following ECV (3). These
reports, however, included a relatively small number of patients
(<10 patients in average) or included patients who were
treated with antiarrhythmic drugs, that are known to prolong
the QTc significantly, such as Sotalol or Dofetilide. Notably,
in our study, patients with these antiarrhythmic medications
(Sotalol or Dofetilide) were excluded, and all patients with
other antiarrhythmic medication were already on these drugs
more than 1 week before enrollment in the study. The
exact mechanisms of QTc prolongation following ECV remain
unclear. Possible causes include: (1) bradycardia—several studies

demonstrated that lower heart rates following ECV may prolong
the QTc interval (11), however, in our study the median HR was
similar between those with significant QTc prolongation when
compared to those without (Supplementary Table B), however
this might be influenced by the AF recurrence in some patients,
(2) increased drug toxicity—changes in the neuro-hormonal
status, such as change in sympathetic nervous activity and ANP
were reported following ECV (15), and can potentially modulate
the sensitivity to antiarrhythmic drugs (3), abrupt slowing of
heart rates, following termination of fast ventricular rates, that
may lead to QTc prolongation (16), (4) ventricular repolarization
remodeling during AF—QTc during SR following ECV was
reported to be significantly and transiently prolonged [although
of limited in magnitude, the prolongation was substantial
(approximately 15%) in some individuals (5)], and (5) ion
channels modification—in several previous studies (17) an
alterations in ion channels and several gene expressions in the
atria and ventricle of patients with persistent AF were reported
leading to change in QTc interval; In particular, the inward
rectifier I(K1) channel, affecting the inward rectifier potassium
current which regulates the terminal portion of phase 3 of
the repolarization (18). Midazolam use and regardless the need
to additional use/reloading of antiarrhythmic medication peri-
cardioversion.
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Holter Monitoring vs. Conventional
Monitoring
Although the highest detection rate was observed during the
first 24 h following ECV, a significant number of patients with
QTc prolongation were detected thereafter. Furthermore, the
maximummedian QTc prolongation occurred during the second
day (hour 44 post ECV), which attenuated thereafter, returning
to baseline QTc. Similar findings were reported in a study
that tested the QT/RR relationship following ablation of the
atrioventricular junction in patients with AF. It demonstrated
that the highest change in QTc was documented on the second
day [(516 ± 51ms on second day vs. 468 ± 26ms baseline,
p = 0.02) and (497 ± 37ms on second day vs. 458 ± 25ms
baseline, p = 0.02)], afterwards the QTc normalizes with no
statistical difference observed from days 3 to 7 at all heart
rates (14). In light of our findings there might be a need for
further monitoring beyond several hours post ECV in some
individuals. In the past, and in accordance with this concept, the
ACC/AHA/ESC 2006 Guidelines for the Management of Patients
with AF recommended in hospital QT interval monitoring for
24–48 h following ECV in patients receiving drugs that prolong
the QT interval. However, in the most recent AHA/ACC and
ESC guidelines, the above-mentioned recommendations were
omitted, and the monitoring time following ECV in patient on
antiarrhythmic drugs became undefined. Hence, we believe that
Holter monitoring or repeated ECGs are essential during the 48 h
post ECV in some patients with persistent AF on antiarrhythmic
drugs to identify patients with prolonged QTc.

Predictors Associated With Significant QTc
Prolongation
We found that chronic Beta blocker usage was associated
with clinically significant QTc prolongation. Surprisingly, no
other independent clinical or demographic characteristic was
found to be associated with QTc prolongation. Previous studies
have demonstrated controversy regarding the effect of beta
blocker on the QT interval. Studies in patients with long
QT demonstrated that at faster heart rates, beta-blockers
shortened the maximum QT interval and resulted in shorter
QTc, whereas at slower heart rates beta-blockers lengthened
the maximum QT interval and resulted in longer QTc (19).
We believe that these results are consistent with our findings
as the prolongations of the QT interval were most likely to
occur during relative bradycardia post ECV. Furthermore, in
patients with AF, Beta blocker medication may be a marker
of a more resistant or more progressive AF disease with
rapid ventricular response, resulting in the need for treatment
with Beta blockers for rate management. In our study, we
failed to show association between previously reported risk
factors [female gender, age, potassium level, and magnesium
level (20)] and the subsequent risk for QTc prolongation.
We believe this is mainly due to the small number of
our cohort.

Our study has several limitations. The major limitation is
that the majority of the patients were already on antiarrhythmic
medication which may affect the QTc duration. Yet these

medications were baseline medication and were not initiated
during the study. Another important limitation is the lack
of control group which plays an important role in such a
study. The detection of a higher percentage of patients with
QTc prolongation over time might be caused by physiological
QT variability, together with long observational period, yet
we aimed to assess the benefit of further monitoring per
patient, using the conventional monitoring period as our control
measurement. Importantly, in our study, some patients had in
addition to their AF an abnormal conduction system (bundle
branch blocks or complete block and were therefore paced),
which may have prolonged the QTc interval. Nevertheless, the
use of individualized comparisons (patient level analysis—holter
vs. baseline) allows to adjust for these cofounders, which are
found also at baseline and not only during the holter recording.
Some of the patients had AF recurrence (whether transient or
persistent) which may affect the accuracy of the QTc calculation
made by the software (using the Bazzet formula which may
overestimate the QTc during tachycardia), however, we educated
all the results with delta of more than 10%, and we used a 4 h
median to correct for short episodes of tachyarrhythmia’s or
bradyarrhythmias. Data on EHRA score or AF duration was not
captured, however all patients were symptomatic patients with
persistent AF.

Unfortunately, the vast majority of our patients did
not attend the 1–3 months office visit. Follow-up was
performed remotely using the phone and addressed
questions regarding clinical events (hospitalization,
health care utilization for arrhythmia, and/or death).
ECG was performed only in 13 patients. Information
on QTc on the long term remained unknown.
However none of our patient has reported on health
care utilization for arrhythmia or other arrhythmia
related hospitalizations.

CONCLUSION

ECV of patients with persistent AF was associated with
increased transient risk of QTc prolongation in nearly
half of the patients. Peak median QTc occurred during
end of second day following ECV and prolonged ECG
monitoring (by Holter or repeated ECGs) provided
superior detection of significant QTc prolongation
compared with conventional monitoring. In our study,
this transient QTc prolongation did not result in clinical
significant events.
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Introduction: The Withings Scanwatch (Withings SA, Issy les Moulineaux, France)
offers automated analysis of the QTc. We aimed to compare automated QTc-
measurements using a single lead ECG of a novel smartwatch (Withings Scanwatch,
SW-ECG) with manual-measured QTc from a nearly simultaneously recorded 12-lead
ECG.

Methods: We enrolled consecutive patients referred to a tertiary hospital for cardiac
workup in a prospective, observational study. The QT-interval of the 12-lead ECG was
manually interpreted by two blinded, independent cardiologists through the tangent-
method. Bazett’s formula was used to calculate QTc. Results were compared using the
Bland-Altman method.

Results: A total of 317 patients (48% female, mean age 63 ± 17 years) were enrolled.
HR-, QRS-, and QT-intervals were automatically calculated by the SW in 295 (93%),
249 (79%), and 177 patients (56%), respectively. Diagnostic accuracy of SW-ECG for
detection of QTc-intervals ≥ 460 ms (women) and ≥ 440 ms (men) as quantified by
the area under the curve was 0.91 and 0.89. The Bland-Altman analysis resulted in a
bias of 6.6 ms [95% limit of agreement (LoA) –59 to 72 ms] comparing automated QTc-
measurements (SW-ECG) with manual QTc-measurement (12-lead ECG). In 12 patients
(6.9%) the difference between the two measurements was greater than the LoA.

Conclusion: In this clinical validation of a direct-to-consumer smartwatch we found
fair to good agreement between automated-SW-ECG QTc-measurements and manual
12-lead-QTc measurements. The SW-ECG was able to automatically calculate QTc-
intervals in one half of all assessed patients. Our work shows, that the automated
algorithm of the SW-ECG needs improvement to be useful in a clinical setting.

Keywords: QTc, smartwatch, intelligent ECG, digital health, artificial intelligence, remote patient monitoring
(RPM), single-lead ECG
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INTRODUCTION

During the COVID-19 pandemic, the need for affordable and
simple-to-use end-consumer solutions for health monitoring
spiked (1). During the intake of certain medications, screening
and monitoring for QT prolongation with frequent ECG checks is
indicated and critical for patient safety. The Withings Scanwatch
(SW, Withings Scanwatch, Withings SA, Issy les Moulineaux,
France) offers automated analysis of the corrected QT-interval
(QTc) remotely without the need for third-party software, manual
measurement of SW-ECG or requiring different device positions
during recording (2). Prior reports using other smart devices
focused on the feasibility regarding manual measurements of the
QT-interval via a single, six or more lead ECG (2–7). However,
there is limited data available regarding the clinical validation
of artificial intelligence (AI)-generated QT-measurements from
commercially available smart devices (4, 5). We therefore sought
to validate the use of automated SW-QTc-measurements in
unselected patients referred to a cardiology service. The aim of
this study was to compare automated QTc-measurements using
a single lead ECG of a novel smart device compared to manual-
measured QTc from a standard 12-lead ECG.

METHODS

We conducted a prospective, observational study enrolling
consecutive adults (≥ 18 years) presenting to the University
Hospital Basel from May 7 to June 18 2021 referred for obtaining
a 12-lead ECG. The study was approved by the local ethics
committee and complied with the Declaration of Helsinki.
Written informed consent was provided by all participants.
A trained nurse performed a 12-lead ECG immediately before or
after instructing the patient in recording a single-lead ECG with
the SW. These recordings were considered nearly simultaneously.
To obtain a SW-ECG, patients were instructed to hold the
stainless steel ring on the top case of the SW continuously for
30 s. Readings from the automated SW-algorithm (HR, PR-, and
QT-interval plus QTc) were recorded and a PDF-file of the 30
s single-lead (lead I) SW-ECG was saved. QT-interval on the
corresponding 12-lead ECG was manually interpreted by two
blinded, independent cardiologists applying the tangent-method
(8), using lead II or V5/V6 as suggested in previous work (6, 8, 9).
Bazett’s formula was used to calculate QTc (10). If the discrepancy
between the two manual 12-lead ECG measurements was < 20
ms, the mean of the two was taken to compare against the AI-
determined measurement. If there was a mismatch ≥ 20 ms
between the two QT-measurements in the 12-lead ECG, a third
cardiologist performed a re-measurement. In this case, the mean
of the two measurements with the least difference of the three QT-
measurements was used to compare against the AI-measurement.

Agreement between QTc-measurements (manual QTc on 12-
lead ECG and AI-measured SW-ECG) were assessed applying
the Bland-Altman method. Mean difference (bias) in the QTc-
interval between the two methods was calculated, so was the
lower and upper limits of agreement (LoA, defined as ± 1.96
standard deviations). The same method was applied to show

discrepancy between the manual measurements of the 12-lead
ECGs by the cardiologists. The percentage of AI-SW and manual
measurements that differed < 15, > 20, and > 30 ms for QTc
have also been calculated. Area under the receiver operator
characteristic curve (AUC) was used to determine the efficacy of
the algorithm to discriminate measurements ≥ 460 ms in women
and ≥ 440 ms in men.

RESULTS

We enrolled 317 patients (48% female, mean age 63 ± 17 years,
Figure 1). Clinical reasons for obtaining an ECG were routine
check-up (n = 230; 73%), rhythm assessment (n = 24; 8%), QT-
measurement (n = 16; 5%), ischemia (n = 4; 1%) and various

FIGURE 1 | Flowchart showing pathway of pre-analysis data management
and acquisition. AI, artificial intelligence.
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reasons (n = 43, 14%). The AI algorithm measured automatically
the following intervals: HR, PR, QRS, and QTc. Among these 317
patients, HR, PR, QRS as well as QTc was automatically calculated
by the SW in 295 (93%), 226 (71%), 249 (79%), and 177 patients
(56%), respectively. Differences between patients with/without
QTc measurements are highlighted in Table 1. Significantly more
often the watch was able to detect and measure the QT-interval
in younger women without a history of hypertension or heart
failure. Reasons for missing automated QT measurement were
technical artifacts (noise) such as fibrillation of the baseline or
a moving/jumping baseline in 70 patients (50% of all missing),
inconclusive recordings (27 cases, 19% of all missing), and tachy-
or bradycardia (17 cases, 12% of all missing) amongst others.
Manual measures of the QT-interval in the 12-lead ECG were
possible in all patients. Two patients were excluded, since there
was substantial time difference between ECG recordings. The
175 SW-ECG and 12-lead ECG were recorded within 63 s
(95% CI 57–69 s) of each other. Median HR was 69 bpm
(interquartile range 62–77). 21% of patients had a heart rate
of < 60 or > 100 bpm. When comparing the HR calculated by
the SW-AI with the HR manually measured by the cardiologists
using the 12-lead ECG, we were able to report a bias of −0.14 bpm
with 95% LoA of −8.95 and 7.86 bpm with 6 outliers using the
Blant-Altman method. QT-prolonging drugs and/or beta-blocker

TABLE 1 | Baseline characteristics of patients available for analysis.

Overall
population
(n = 317)

QT-interval
detectable in

SW-ECG
(n = 177)

QT-interval not
detectable in

SW-ECG
(n = 140)

Female sex-no. (%) 151 (48) 93 (56) 58 (41) p < 0.05

Mean age -yr 63.3 (± 17.2) 60.9 (± 18.5) 66.3 (± 14.9) p < 0.01

≥65 yr-no. (%) 171 (54) 85 (48) 86 (61) p < 0.05

BMI, kg/m2 26.7 (± 5.2)
n = 233

26.4 (± 5)
n = 124

27.0 (± 5.5)
n = 109

p = 0.44

Hypertension-no. (%) 159 (50) 77 (44) 82 (59) p < 0.01

DM-no. (%) 71 (22) 38 (22) 33 (24) p = 0.66

Stroke/TIA-no. (%) 16 (5) 10 (6) 6 (4) p = 0.62

History HF-no. (%) 46 (15) 16 (9) 30 (21) p < 0.01

CAD-no. (%) 87 (27) 42 (24) 45 (32) p = 0.10

Sinus rhythm-no. (%) 242 (90) 165 (93) 119 (85) p < 0.05

AF-no. (%) 33 (10) 12 (7) 21 (15) p < 0.05

Indication for ECG

Ischemia-no. (%) 4 (1) 1 (1) 3 (2)

Rhythm-no. (%) 24 (8) 13 (7) 11 (8)

QT-no. (%) 16 (5) 7 (4) 9 (6)

Routine check-up-no.
(%)

230 (73) 125 (71) 105 (75)

Other -no. (%) 43 (14) 31 (18) 12 (9)

Branch block

Right BBB-no. (%) 20 (6) 10 (6) 10 (7) p = 0.65

Left BBB-no. (%) 28 (9) 9 (5) 19 (14) p < 0.01

Left AFB-no. (%) 9 (3) 7 (4) 2 (1) p = 0.31

AF, atrial fibrillation; AFB, anterior fascicular block; BBB, bundle branch block; BMI,
body mass index; CAD, coronary artery disease; DM, diabetes mellitus; ECG,
electrocardiogram; HF, heart.

were present in 70 of 175 patients (40.0%). QTc prolongation
defined as ≥ 460 ms for women and ≥ 440 ms for men was
noted in 7 (8%) of 91 women and in 10 (12%) of 84 men.
AUC of correctly detecting measurements over 460 ms (women)
by the SW was 0.91 (95% CI 85–97%) and for measurements
over 440 ms (men) 0.89 (95% CI 83–96%). When comparing
QTc measurements calculated by the SW-AI with the QTc
measurements manually measured by the cardiologists using the
12-lead ECG, we were able to report a bias of 6.6 ms with 95% LoA
of −59 and 72 ms using the Blant-Altman method (Figure 2).
The 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, > 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. When only including patients with prolonged QTc
interval defined as ≥ 460 ms for women and ≥ 440 ms for
men, we were able to report a bias of 16 ms with 95% LoA
of −78 and 111 ms using the Blant-Altman method. Among
the 12 patients (7%) with a greater difference between the QTc-
intervals than the LoA, 3 patients (2%) belonged to the subgroup
of prolonged QT-intervals. Premature ventricular complexes
and noise were observed in most of outliers. Examples are
provided in circles in Figure 2. A total of 81 (46%) of patients
presented with lower than 20 ms difference between the two QT-
measurements in the 12-lead ECG, which is considered perfect
(4). Differences between the manual QT-measurements of the
cardiologists resulted in a bias of 0.13 ms (95% LoA −15 to
15 ms), measurements in 10 (6%) patients were outside the LoA.
In 9 recordings, the remeasurement of a third cardiologist was
necessary. A scatterplot showed a linear R2 of 0.94 between
measurements of the cardiologists.

DISCUSSION

In this clinical validation of a direct-to-consumer smartwatch
in a real world cohort of patients we report the following main
findings: (1) The automated algorithm was able to measure QTc
in 56% of cases. Main reasons for missing QTc measurements
were technical artifacts. By manual review, QT-measurements
were possible in additional 20% of SW-ECGs. Interestingly,
more often the algorithm provided automated measurements
in younger women without a history of hypertension or heart
failure. It was more challenging for the algorithm to obtain
interval measurements in abnormal ECGs, therefore impeding
clinical application in patients at risk. In another study (6)
using a multilead handheld device, it was shown, that QTc
could be obtained by the device most frequent in lead II.
Changing of the Scanwatch’s position for recording might
lead to more usable data. However, might also be difficult
for patients to record. (2) We found fair to good agreement
between automated-SW-ECG QTc-measurements and manual
12-lead-QTc measurements. This SW-AI algorithm tends to
underestimate the QTc interval which has also been reported
with another device (3). Consumers and healthcare providers
need to be aware of this discrepancy when applying this
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FIGURE 2 | Comparison of QT-interval measurements, manually measured QTc on a 12-lead ECG and automated SW-ECG. Measurement Agreement was
analyzed using the Bland-Altmann Method. Bias is represented by the solid black line, limit of agreement is represented via d dashed red line. Sections of SW-ECG
from outliners are shown in red circles. SW-ECG, Single-Lead Withings Electrocardiogram; QTc, corrected QT-interval; AI, Artificial Intelligence.

technology in real-world patients. (3) Adapting this smartwatch
to a clinical setting such as the use of assisted measurement of
QT-prolongation screening in pharmacies, we propose that until
an improved algorithm is available, manual review is required in a
high percentage of recordings to achieve conclusive findings and
measurements. However, the SW-AI’s abilities in measuring the
heartrate indicate the possibilities of this technology.

Our findings corroborate and extend other studies
investigating QTc-intervals through either device based single
lead or device assisted multilead-ECG (2–5, 11, 12). This SW
is currently the only single-lead open market device offering
AI-based easy available QT-measurement. Contrary to the Kardia
AliveCor 6L, a six-lead ECG, the Withings SW does not have an
FDA-approval for QTc-measurements.

LIMITATIONS

Limitations of this study are as follows: First, although we were
able to enroll 317 patients, this is a single center cohort study,
we tested a single device on a single position and uniquely
lead I was recorded. The comparison between the SW-ECGs
lead I measurement and the 12-lead EKGs measurement of
lead II could be responsible for the small bias, however, when
comparing QTc-intervals measured in lead I from both SW- and
12-lead ECG, findings were confirmed with a bias of 0.7 ms
with 95% LOA between −65 and 66 ms with 9 outliers reported.
Second, while AI-determined QTc intervals from a single lead

ECG can be accurate in monitoring changes in the QTc interval
over time, it can never be as accurate for the measurement
of the actual QTc when compared to a 12-lead ECG since
factors like e.g., QT dispersion can never be accounted for.
Third, the time-pressured recording could have contributed to an
increased number of tracings of elevated noise possibly leading
to a decrease of numbers of successful QT-measurements by the
algorithm. No repeat measurements were taken, since they would
have increased the time between recordings. This approach,
however, allowed us to record the single lead ECG and 12-
lead ECG within 63 s (95% CI 57–69 s) of each other. Fourth,
despite being the most popular used method for measuring the
QTc interval, the tangent method might underestimate the QTc
interval as shown by Sharif et al. (13). However, this method was
chosen since it allows the most reliable approach and reports
a higher reproducibility. Fifth, despite being able to perform
measurements within 63 s of each other, the gold standard would
have been simultaneously recording SW-ECG and Holter-ECG
allowing measurements of QT-intervals without any beat-by-beat
variability (14).

CONCLUSION

In conclusion, utilization of single-lead SW-ECG for QTc
monitoring could be practicable but still needs further validation,
algorithm improvement and long-term research to be of possible
use in a widespread clinical setting.
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Uğur Canpolat,

Hacettepe University, Turkey

Reviewed by:

Ozcan Ozeke,

Ankara City Hospital, Turkey

Hani Sabbour,

Cleveland Clinic Abu Dhabi, United

Arab Emirates

*Correspondence:

Carlo de Asmundis

carlo.deasmundis@uzbrussel.be;

carlodeasmundis@me.com

†These authors have contributed

equally to this work and share first

authorship
‡These authors have contributed

equally to this work and share last

authorship

Specialty section:

This article was submitted to

Cardiac Rhythmology,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 10 April 2022

Accepted: 23 May 2022

Published: 28 June 2022

Citation:

Pannone L, Eltsov I, Ramak R,

Cabrita D, Verherstraeten M,

Gauthey A, Sorgente A, Monaco C,

Overeinder I, Bala G, Almorad A,

Ströker E, Sieira J, Brugada P, La

Meir M, Chierchia G-B and de

Asmundis C (2022) Universal Method

of Compatibility Assessment for Novel

Ablation Technologies With Different

3D Navigation Systems.

Front. Cardiovasc. Med. 9:917218.

doi: 10.3389/fcvm.2022.917218

Universal Method of Compatibility
Assessment for Novel Ablation
Technologies With Different 3D
Navigation Systems

Luigi Pannone 1†, Ivan Eltsov 1,2†, Robbert Ramak 1, David Cabrita 2, Marc Verherstraeten 3,

Anaïs Gauthey 1, Antonio Sorgente 1, Cinzia Monaco 1, Ingrid Overeinder 1, Gezim Bala 1,

Alexandre Almorad 1, Erwin Ströker 1, Juan Sieira 1, Pedro Brugada 1, Mark La Meir 4,

Gian-Battista Chierchia 1‡ and Carlo de Asmundis 1*‡

1Heart Rhythm Management Centre, Postgraduate Program in Cardiac Electrophysiology and Pacing, Universitair Ziekenhuis

Brussel - Vrije Universiteit Brussel, European Reference Networks Guard-Heart, Brussels, Belgium, 2Medtronic Inc,

Minneapolis, MN, United States, 3 Boston Scientific, Marlborough, MA, United States, 4Department of Cardiac Surgery,

Universitair Ziekenhuis Brussel - Vrije Universiteit Brussel, Brussels, Belgium

Background: New technologies for ablation procedures are often produced by different

companies with no cross-compatibility out of the box. This is not a negligible clinical

problem since those separately developed devices are often used together. The aim

of this study was to develop a bench-testing method to assess compatibility between

the DiamondTemp ablation system (DTA) and the Rhythmia electroanatomic mapping

system (EAM).

Methods: Different setups were tested. DTA was connected to the Rhythmia EAM using

the following configurations: 3.1. An Ensite EPT GenConnect box (GCB) and Rhythmia

Maestro GCB (Maestro GCB, native Rhythmia setup); 3.2. The Medtronic GCB-E and

Maestro GCB; 3.3. The Medtronic GCB-E out via the Medtronic GCB-E directly to the

Rhythmia at box 1 (pin A61 to A64).

Results: The DTA location was represented in real-time on the Rhythmia EAM. A

proper tracking of the DTA was observed in all setups tested by visual comparison of

physical catheter movements and its representation on EAM. In configuration 3.1, a

significant shift was observed after the first radio frequency (RF) application; however,

further applications caused no further shift. In setup 3.2, no significant shift was observed.

The setup 3.3 showed a massive shift in the catheter position before ablation compared

to baseline points acquired using the Orion catheter as a reference.

Conclusions: A universal and reproducible solution for compatibility testing between the

various mapping systems and the ablation catheters has been described. DTA has been

demonstrated as compatible with Rhythmia EAM with satisfactory results if a specific

setup is used.

Keywords: catheter ablation, universal compatibility, DiamondTemp ablation system, Rhythmia electroanatomic

mapping system, cardiac arrhythmias
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INTRODUCTION

The medical device industry is a fast-growing field and various
companies are developing novel products to ensure precise and
personalized treatment for cardiac arrhythmias.

New technologies are often produced by different companies
with no cross-compatibility out of the box. This is not a negligible
clinical problem since those separately developed devices are
often used together. In the absence of a compatibility statement
from the companies involved, their use may be considered
“off label”.

One of the most challenging clinical settings is the use of
an ablation catheter with a 3D-electroanatomic mapping system
(EAM), when both systems are produced by different, often
competitive, manufacturers. These systems are intended to create
3D models of the dedicated heart chamber and to track the
ablation catheters in the model with sufficient precision to
deliver therapy.

All existing EAMs use 2 main catheter tracking
technologies: magnetic field-based or impedance-
based technology, either separately or in a hybrid
mode (1).

The magnetic-based systems are using a magnetic field
generator placed under the patient’s table, which creates
a magnetic field around the patient’s heart. Catheters
introduced into the patient have a magnetic sensor,

FIGURE 1 | DiamondTemp and Rhythmia connectivity configurations. (A) Setup 3.1. An EPT GCB and Rhythmia Maestro GCB (Maestro GCB, native Rhythmia

setup). (1) 14-pin twist connector to RFG via the GCC; (2) 9-pin quick connector to DTC via the GCC to the DTC to RFG cable; (3) DTA RFG; (4) DTA GCC; (5) DTC;

(6) DTC to RFG cable; (7) IC out cable; (8) 9-pin quick connector of the Maestro GCB; and (9) Connector from the Maestro GCB to the Rhythmia MS. (B) Setup 3.2.

This configuration shows the best accuracy results—The catheter connection is connected to Rhythmia GCB using Genconnect cable and then to MDT GCB as

shown in the picture. (1) 14-pin twist connector to RFG via the GCC; (2) 9-pin quick connector to DTC via the GCC to the DTC to RFG cable; (3) DTA RFG; (4) DTA

GCC; (5) DTC; (6) DTC to RFG cable; (7) IC out cable; (8) 9-pin quick connector of the Maestro GCB; and (9) Connector from the Maestro GCB to the Rhythmia MS.

(C) Setup 3.3. The MDT GCB-E and IC out via the MDT GCB-E directly to the Rhythmia IC in at box 1 (pin A61 to A64) (1) 14-pin twist connector to RFG via the GCC;

(2) 9-pin quick connector to DTC via the GCC to the DTC to RFG cable; (3) DTA RFG; (4) DTA GCC; (5) DTC; (6) DTC to RFG cable; (7) IC out cable; and (8)Rhythmia

IC out to the EP recording system.

constantly sending localization information based on the
magnetic field measurements, which allows the system to
track it and represent it in the 3D model. In this case, the
catheter is developed by the manufacturer of the EAM,
ensuring compatibility.

Impedance-based tracking allows visualizing and tracking
virtually any catheter using the impedance measurement
between the external patches and an electrode on the
catheter. However, the precision of the tracking system
may be influenced by external factors such as locator signal
frequencies, system tracking algorithms, catheter electrode
spacing, filter settings, cables, interface cables, and RF energy
delivery. The hybrid tracking systems are using both the
magnetic and impedance-based methods where magnetic
tracking enhances localization accuracy and impedance
measurement allows visualizing the third party catheters.
The Rhythmia mapping system (Boston Scientific MA)
is one of the most common EAMs, which uses a hybrid
tracking algorithm.

The novel DiamondTempTM ablation system (DTA),
(Medtronic Inc, Minneapolis, MN) and RhythmiaTM

EAM (Boston Scientific) are both CE-Marked and
FDA-approved medical devices. The DTA has been
validated by its manufacturer only in combination
with Ensite PrecisionTM System (Abbott, Inc., Chicago,
Illinois) (2).
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The aim of this study was to develop a bench testingmethod to
ensure the compatibility between the DTA and Rhythmia EAM.

METHODS

Ablation Catheter and Mapping System
The DTA ablation catheter is a 7.5-F irrigated radiofrequency
(RF) catheter; the 4.1-mm composite tip electrode delivers RF.
The ablation electrode tip is embedded with 2 interconnected
diamonds which allow rapid RF delivery (due to isoelectric
diamond properties) and shunting heath from externalized
thermocouples. This allows accurate temperature measurement
at the tip-tissue interface. The catheter operates in a temperature
control mode and a dedicated RF generator (RFG) titrates
rapidly the delivered power to the target temperature. The dual
composite ablation tip behaves as a single electrode during
ablation and the electrical insulation of the tip allows for high-
resolution EGM sensing (3, 4).

RhythmiaTM is a high-density EAM that offers detailed
insights into tissue electrical activity (5). Indeed, the reliability
of electrogram annotation, the density of recorded electrograms,
the low noise, and the enhanced characteristics of recordingmake
RhythmiaTM a reliable tool in clinical practice (6).

Configurations for Compatibility
Assessment
The following endpoints were evaluated for compatibility
assessment: (1) there is no energy leak or a sudden
shortcut within the proposed connectivity configuration,
which ensures that the RF energy power and time
shown on the device correspond to the delivered power
and therapy duration, and (2) the DTA is correctly
represented inside the 3D model, with a precise and
reliable position not influenced by external factors,
especially RF energy delivery. Four different configurations
were tested.

The DTA can be connected to the navigation system either
by using EGM out cables from the RF generator or by using
special ablation connection boxes (provided by the mapping
system manufacturer) to filter out RF energy so that it does
not affect localization. DTA is using Maestro-type connectors
and all the following experimental configurations are based
on that.

Testing configurations:

1.0 DTA connected only to the DTA RFG - No GenConnect
(GC) nor Genconnect Cable (GCC) connected to the DTA

1.1 An Ensite EPT GenConnect box (EPT GCB).

FIGURE 2 | Accuracy testing setup “in vitro”. Dedicated testing phantom with all EAM cables connected, IntellaMap Orion catheter, and DiamondTemp ablation

catheter submerged in the saline within the phantom.
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1.2 The Medtronic (MDT) Generator Connection Box E
(MDT GCB-E).

1.3 The MDT GCB-E and intracardiac (IC) signal out via
the MDT GCB-E.

2.0 DTA not connected to a mapping system (MS) but
connected to

2.1 An Ensite EPT GenConnect box (EPT GCB).
2.2 The Medtronic Generator Connection Box E

(MDT GCB-E).
2.3 The MDT GCB-E and IC out via the MDT GCB-E.

3.0 DTA connected to the Rhythmia MS using (Figure 1)

3.1 An EPT GCB and Rhythmia Maestro GCB (Maestro
GCB, native Rhythmia setup).

3.2 The MDT GCB-E and Maestro GCB.

3.3 The MDT GCB-E and IC out via the MDT GCB-E
directly to the Rhythmia IC in at box 1 (pin A61 to A64).

Configurations 1.x and 2.x were used for functional and safety
assessment only.

Functional and Safety Parameters
Assessment
To assess the functional and safety parameters of the DTA
with the different setups proposed, a calibrated electrosurgery
analyzer “FLUKE Biomedical QA-ESII” was used. This device
allows for the continuous measurement of power, current,
peak-to-peak voltage (closed load only), and crest factor for
each RF application. (7) The test and connectivity of the
FLUKE Biomedical QA-ESII Electrosurgery Analyzer equipment
to different components is performed in “continuous operation
mode” with no footswitch. In this mode, the analyzer continues

FIGURE 3 | Representation of both Orion and DT catheter in the 3D map on the EAM. This snapshot is showing catheter shift during RF application with configuration

3.1 and distance measurement of 19mm for configuration 3.3.
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TABLE 1 | Functional and safety parameters with different setups.

Functional and safety parameters observed with setup 0.0.

Load (Ohm) 50 150

Max power programed on RFG (W) 50 30 15 50 30

Difference between the power output indicated on RFG and the power measured at the tip of

the DTC with the electrosurgery analyzer during ablation (W)

3 2 1 1 1

Functional and safety parameters observed with setup 1.1

Load (Ohm) 50 150

Max power programed on RFG (W) 50 30 15 50 30

Difference between the power output indicated on RFG and the power measured at the tip of

the DTC with the electrosurgery analyzer during ablation (W)

3 3 1 1 1

Functional and safety parameters observed with setup 1.2

Load (Ohm) 50 150

Max power programed on RFG (W) 50 30 15 50 30

Difference between the power output indicated on RFG and the power measured at the tip of

the DTC with the electrosurgery analyzer during ablation (W)

4 2 1 1 1

Maximum variation in current measured at the tip of the DTC using the electrosurgery analyzer

between the 3 measurements performed (mA)

4 0 0 0 0

Functional and safety parameters observed with setup 3.1

Load (Ohm) 50 150

Max power programed on RFG (W) 50 30 15 50 30

Difference between the power output indicated on RFG and the power measured at the tip of

the DTC with the electrosurgery analyzer during ablation (W)

4 3 1 1 1

Maximum variation in the current measured at the tip of the DTC using the electrosurgery

analyzer between the 3 measurements performed (mA)

1 0 0 0 0

Functional and safety parameters observed with setup 3.2

Load (Ohm) 50 150

Max power programed on RFG (W) 50 30 15 50 30

Difference between the power output indicated on RFG and the power measured at the tip of

the DTC with the electrosurgery analyzer during ablation (W)

4 3 1 1 1

Maximum variation in the current measured at the tip of the DTC using the electrosurgery

analyzer between the 3 measurements performed (mA)

4 0 0 0 0

Load (Ohm) 50 150

Functional and safety parameters observed with setup 3.3

Load (Ohm) 50 150

Max power programed on RFG (W) 50 30 15 50 30

Difference between the power output indicated on RFG and the power measured at the tip of

the DTC with the electrosurgery analyzer during ablation (W)

4 3 1 1 1

Maximum variation in the current measured at the tip of the DTC using the electrosurgery

analyzer between the 3 measurements performed (mA)

4 0 0 0 0

Load (Ohm) 50 150

DTC, DiamondTemp catheter; RFG, radio frequency generator.
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TABLE 2 | DiamondTemp catheter location after RF1, RF2 or RF3 for all setups tested.

CONTROL VALUES: baseline points Point 1 Point 2 Point 3 Point 4 Point 5

Distance to baseline points before any other testing variables (mm) NA NA NA NA NA

Distance to baseline points after reinsertion of the DTC in the

phantom (mm)

NA NA NA NA NA

Distance to baseline points after reconnection of the DTC (mm) 0.0 0.0 0.0 0.0 0.0

Distance to baseline points after RF1 was performed (mm) 0.9 1.2 1.1 1.1 1.2

Distance to baseline points after reinserting the DTC following RF1

(mm)

0.4 0.6 1.0 1.4 1.2

Distance to baseline points after reconnecting the DTC following

RF1 (mm)

0.4 0.6 1.0 1.4 1.2

Distance to baseline points after RF2 was performed (mm) 1.0 1.5 1.6 1.2 1.9

Distance to baseline points after reinserting the DTC following RF2

(mm)

0.5 0.4 1.2 1.6 1.0

Distance to baseline points after reconnecting the DTC following

RF2 (mm)

0.5 0.4 1.2 1.6 1.0

Distance to baseline points after RF3 was performed (mm) 0.9 1.2 0.9 1.4 1.2

Distance to baseline points after reinserting the DTC following RF3

(mm)

0.5 0.8 1.0 1.8 1.6

Distance to baseline points after reconnecting the DTC following

RF3 (mm)

0.5 0.8 1.0 1.8 1.6

Distance to baseline points after variables tested (mm) NA NA NA NA NA

Quantitative data on Rhythmia MS reliability when connect to the DTA using setup 3.1

Registered baseline points Point 1 Point 2 Point 3 Point 4 Point 5

Distance to baseline points before any other testing variables (mm) NA NA NA NA NA

Distance to baseline points after reinsertion of the DTC in the

phantom (mm)

NA NA NA NA NA

Distance to baseline points after reconnection of the DTC (mm) 0.0 0.0 0.0 0.0 0.0

Distance to baseline points after RF1 was performed (mm) 0.5 0.5 1.2 2.5 12.4

Distance to baseline points after reinserting the DTC following RF1

(mm)

1.2 1.5 3.5 4.5 9.8

Distance to baseline points after reconnecting the DTC following

RF1 (mm)

1.2 1.5 3.5 4.5 9.8

Distance to baseline points after RF2 was performed (mm) 1.5 1.0 4.0 9.6 10.5

Distance to baseline points after reinserting the DTC following RF2

(mm)

0.4 0.6 1.4 11.8 12.0

Distance to baseline points after reconnecting the DTC following

RF2 (mm)

0.4 0.6 1.4 11.8 12.0

Distance to baseline points after RF3 was performed (mm) 2.9 2.8 4.9 10.0 10.2

Distance to baseline points after reinserting the DTC following RF3

(mm)

0.6 0.8 1.0 12.0 12.2

Distance to baseline points after reconnecting the DTC following

RF3 (mm)

0.6 0.8 1.0 12.0 12.2

Distance to baseline points after variables tested (mm) NA NA NA NA NA

Quantitative data on Rhythmia MS reliability when connect to the DTA using setup 3.2

Registered baseline points Point 1 Point 2 Point 3 Point 4 Point 5

Distance to baseline points before any other testing variables (mm) NA NA NA NA NA

Distance to baseline points after reinsertion of the DTC in the

phantom (mm)

NA NA NA NA NA

(Continued)
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TABLE 2 | Continued

Quantitative data on Rhythmia MS reliability when connect to the DTA using setup 3.3

Distance to baseline points after reconnection of the DTC (mm) 0.0 0.0 0.0 0.0 0.0

Distance to baseline points after RF1 was performed (mm) 0.9 1.2 1.1 3.1 3.2

Distance to baseline points after reinserting the DTC following RF1

(mm)

0.4 0.6 1.0 2.4 2.2

Distance to baseline points after reconnecting the DTC following

RF1 (mm)

0.4 0.6 1.0 2.4 2.2

Distance to baseline points after RF2 was performed (mm) 1.0 1.5 1.6 3.2 3.9

Distance to baseline points after reinserting the DTC following RF2

(mm)

0.5 0.4 1.2 1.6 2.0

Distance to baseline points after reconnecting the DTC following

RF2 (mm)

0.5 0.4 1.2 1.6 2.0

Distance to baseline points after RF3 was performed (mm) 0.9 1.2 0.9 3.4 4.2

Distance to baseline points after reinserting the DTC following RF3

(mm)

0.5 0.8 1.0 1.8 2.6

Distance to baseline points after reconnecting the DTC following

RF3 (mm)

0.5 0.8 1.0 1.8 2.6

Distance to baseline points after variables tested (mm) NA NA NA NA NA

Registered baseline points Point 1 Point 2 Point 3 Point 4 Point 5

Distance to baseline points before any other testing variables (mm) NA NA NA NA NA

Distance to baseline points after reinsertion of the DTC in the

phantom (mm)

NA NA NA NA NA

Distance to baseline points after reconnection of the DTC (mm) 0.0 0.0 0.0 0.0 0.0

Distance to baseline points after RF1 was performed (mm) 17.2 15.5 21.5 24.5 25.5

Distance to baseline points after reinserting the DTC following RF1

(mm)

10.5 10.4 11.1 12.5 12.4

Distance to baseline points after reconnecting the DTC following

RF1 (mm)

10.5 10.4 11.1 12.5 12.4

Distance to baseline points after RF2 was performed (mm) 18.5 21.0 22.0 24.7 32.5

Distance to baseline points after reinserting the DTC following RF2

(mm)

10.9 10.1 11.4 11.5 13.9

Distance to baseline points after reconnecting the DTC following

RF2 (mm)

10.9 10.1 11.4 11.5 13.9

Distance to baseline points after RF3 was performed (mm) 20.2 20.7 21.2 25.0 30.0

Distance to baseline points after reinserting the DTC following RF3

(mm)

10.6 11.2 10.9 12.0 12.0

Distance to baseline points after reconnecting the DTC following

RF3 (mm)

10.6 11.2 10.9 12.0 12.0

Distance to baseline points after variables tested (mm) NA NA NA NA NA

DTC, DiamondTemp catheter; RF, radio frequency.

to perform measurements continuously. The test is interrupted
by pressing the “stop” key. The analyzer acts like a meter during
the test, showing increasing and decreasing values as received
from the unit being tested, in this case, the DTA RFG. The DTA
RFG is connected to the connection for the electrode outputs of
internal variable resistance. An active connection (Red) is directly
connected to the catheter tip alligator clip wired to the Red pin.
The neutral connection is directly wired from the DTA neutral
plate connection and the analyzer neutral pin (Black).

The functional and safety parameters of the DTA and its RFG
were assessed at 3 different loads, namely 50 Ohms, 100 Ohms,
and 150 Ohms, and 3 different maximum power outputs, namely

50W, 30W, and 15 Watts. For each load and maximum power
output, 3 measurements were performed to assess the following
parameters: (1) maximum power output indicated on the DTA
RFG; (2) power output measured at the tip of the DiamondTemp
catheter (DTC); (3) current measured at the tip of the DTC; (4)
peak-to-peak voltage measured at the tip of the DTC; and (5)
maximum current variation among the 3 measurements.

Assessing the DTA Reliability With EAM
The DTA reliability when using the RhythmiaTM EAM was
assessed as per the manufacturer’s accuracy by testing work
instruction using a dedicated EAM phantom. This ensured an
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FIGURE 4 | Localization accuracy with minimal deviation according to configuration 3.2. The catheter positioned on the reference points is represented on the EAM

with minimal difference to the reference sensor-enabled catheter.

accurate assessment of the EAM reliability using the DTA as this
work instruction is normally used during the EAM installation
prior to the certification for clinical use. Different components
were connected to the DTA RFG and EAM according to the
different setups to be tested (Figure 2).

The phantom anatomy was built using a dedicated high-
resolution mapping catheter, Intellamap Orion (Boston
Scientific). Reference locations from the phantom were reached
with the tip of this catheter and the reference locations were
added to the surface of the phantom as a baseline. Then the
tracking of the DTA was verified by visual comparison of the
physical catheter movements and its representation on the map
(Figures 3–5).

Before testing any additional variables, points were collected
on the EAMwith the DTAmanually positioned at the established
reference locations. These were the baseline points for each setup
that was tested.

To assess the reliability of the catheter location on the
EAM, the DTA was placed back at each reference location and
an additional point was collected. An assessment was made
regarding the reproducibility of the baseline point locations by
measuring the distance between tags (in mm) on the EAM.

For each setup, three different RF pulses were tested:
(1) RF energy for 45 s with a target temperature of 60◦C
(longest application time and highest temperature allowed by
the DTA in a clinical setting), with 0 s of power ramp delay,
1 s of pre-cooling, and 0 s of cooling post ablation (RF1);
(2) RF energy for 10 s with a target temperature of 55◦C
(longest application time and highest temperature allowed
by the DTA in a clinical setting) with 0 s of power ramp
delay, 1 s of pre-cooling, and 0 s of cooling post ablation
(RF2); or (3) RF energy for 5 s with a target temperature
of 50◦C (longest application time and highest temperature
allowed by the DTA in a clinical setting) with 0 s of power
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FIGURE 5 | Configuration 3.2 during RF delivery. Localization accuracy of DTA catheter on the EAM during RF application (50w 30 s). This configuration has shown

no catheter shift during RF application.

ramp delay, 1 s of pre-cooling, and 0 s of cooling post
ablation (RF3).

Between each RF delivery, the DTA was removed
and reinserted in the phantom and the DTA cable
was disconnected and reconnected without moving
the catheter.

After each RF application, the catheter was manually placed

at each reference location by looking at the phantom directly.
An additional point was collected at each reference location.

Distance between every taken point and its corresponding
baseline marker were measured using the EAM software.

Distance measurements (in mm) between baseline points and

collected points were repeated for every reference location on the
phantom model after each RF pulse. At the next step, the DTA
was placed once again back at each reference location and an
additional final point was collected.

Configurations and Connections of the
DTA to the Rhythmia EAM
The original RhythmiaTM ablation setup has been modified
to use DTA RFG by connecting DTA GCC and one of GCB
to Maestro connections of the Maestro GCB. The reliability
and accuracy of the DTA visualization on the RhythmiaTM

EAM were based on the fact that the RhythmiaTM EAM has
a hybrid-tracking mechanism. This hybrid mechanism uses
an algorithm that calculates impedance values, from each
electrode of nonmagnetic catheters, in the magnetic field map,
created using the Orion catheter. This allows to accurately
track nonmagnetic sensor-enabled catheters (6). The test was
performed using the dedicated Boston Scientific Wet/Dry Tank
corresponding to the Boston Scientific Work Instruction and
accordingly to the EAM IFU (8).

A new ablation catheter has been configured in the EAM.
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The anatomy shell and a Field Map were created using the
Orion catheter as per IFU (1) to allow impedance tracking for
3rd party catheters. The DTA was connected to the RhythmiaTM

EAM according to setup 3.1. Five fixed metallic points inside the
wet tank were used as references, with points 3, 4, and 5 being
the closest to the X-ray flat detector. To test the influence of
magnetic distortion, the X-ray flat detector was kept in sufficient
proximity to the phantom. Points 1 and 2 were not affected
by the magnetic field distortion while points 3, 4, and 5 were,
with 5 being the most affected location by magnetic distortion.
All 5 points were found within the range of the RhythmiaTM

EAM specifications. The Orion catheter was used to ensure the
precision of all baseline points.

After preparation, the accuracy checks have been performed
as described earlier.

Statistical Analysis
All variables were tested for normality with the Shapiro–Wilk
test. Normally, the distributed variables were described as mean
± standard deviation and the groups were compared through
ANOVA, paired t-test, or unpaired t-test as appropriate, while
the non-normally distributed variables were described as median
(Inter Quartile Range) and compared using the Kruskal–Wallis
test, the Mann–Whitney test, or the Wilcoxon signed-rank
test as appropriate. The categorical variables were described as
frequencies (percentages) and compared by the Chi-squared test
or Fisher’s exact test as appropriate.

A p-value <0.05 was considered statistically significant.
The analysis was performed using R software version 3.6.2 (R

Foundation for Statistical Computing, Vienna, Austria).

RESULTS

DTA Functional and Safety Parameters
Assessment With Different Setups
The data collected on the functional and safety parameters of
the DTA connected to the EPT GCB, different Medtronic R&D
components, and the RhythmiaTM EAM are detailed in Table 1.

At the lowest load setting of 50 Ohm, a maximum discrepancy
of 5W could be observed between the maximum power
programmed to be delivered by the DTA RFG, the actual power
output indicated on the DTA RFG, and the power output
measured at the tip of the DTA.

Variations on the current output measured at the tip of the
DTA by the RF analyzer could be observed between the three
measurements performed with the same settings. All variations
were within the limits specified by the manufacturer of the device
(6). The results are summarized in Table 1.

DTA Location Accuracy With RhythmiaTM

EAM
The DTA location was represented in real-time on the
RhythmiaTM EAM while connected per IFU to the Maestro
connection box. Proper tracking of the DTA was observed by
visual comparison of the physical catheter movements and its
representation on the EAM. This was consistent with all the
setups tested.

TABLE 3 | Distances measured between the baseline points after each variable,

for each setup tested.

Point 1 (p-value) Baseline Setup 3.1 Setup 3.2 Setup 3.3

Baseline NA 0.99 1.00 <0.001

Setup 3.1 0.99 NA 0.99 <0.001

Setup 3.2 1.00 0.99 NA <0.001

Setup 3.3 <0.001 <0.001 <0.001 NA

Point 2 (p-value) Baseline Setup 3.1 Setup 3.2 Setup 3.3

Baseline NA 0.99 1.00 <0.001

Setup 3.1 0.99 NA 0.99 <0.001

Setup 3.2 1.00 0.99 NA <0.001

Setup 3.3 <0.001 <0.001 <0.001 NA

Point 3 (p-value) Baseline Setup 3.1 Setup 3.2 Setup 3.3

Baseline NA 0.93 1.00 <0.001

Setup 3.1 0.93 NA 0.93 <0.001

Setup 3.2 1.00 0.93 NA <0.001

Setup 3.3 <0.001 <0.001 <0.001 NA

Point 4 (p-value) Baseline Setup 3.1 Setup 3.2 Setup 3.3

Baseline NA 0.002 0.98 <0.001

Setup 3.1 0.002 NA 0.93 0.002

Setup 3.2 0.98 0.93 NA <0.001

Setup 3.3 <0.001 0.002 <0.001 NA

Point 5 (p-value) Baseline Setup 3.1 Setup 3.2 Setup 3.3

Baseline NA <0.001 0.98 <0.001

Setup 3.1 <0.001 NA 0.003 0.025

Setup 3.2 0.98 0.003 NA <0.001

Setup 3.3 <0.001 0.025 <0.001 NA

The accuracy of reference markers displayed on the
RhythmiaTM EAM could not be assessed as the RhythmiaTM

EAM does not have predefined information on their locations
in the wet tank. The baseline points taken using the Intella
Map Orion catheter’s matrix were tracked using magnetic
localization. The verification of the location of baseline points
was established by taking points at the reference markers on the
wet tank.

Although the catheter was reconnected after each RF energy
delivery, no points were taken after the DTC reconnection
because it was displayed in the same location it was found prior
to its disconnection.

In setup 3.2, no major shifts were observed in the DTC
location after RF1, RF2, or RF3 were performed with all setups
tested (Table 2). The location of the DTC did not significantly
shift in space when compared to baseline reference points. This
was consistent after reinsertion and reconnection as well as
following RF energy delivery. The distances measured between
the baseline points after each variable, for each setup tested, are
described in Figures 4, 5 and Tables 2, 3.
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Specific Observations Related to the Setup
3.1
In this configuration, a significant shift was observed after the
first RF application (Figure 3); however, further applications
caused not further shift. This may be linked to the fact that
the EPT GCB used for testing was previously extensively used
(Tables 2, 3).

Observations Related to the Setup 3.2
In this configuration, no significant shift has been observed.
All points were taken within the Rhythmia catheter location
accuracy specifications (1) and were demonstrated to be accurate
(Figures 4, 5; Tables 2, 3).

Specific Observations Related to the Setup
3.3
Setup 3.3 showed a massive shift in catheter position before
ablation compared to baseline points acquired using the Orion
catheter as a reference. The distance between the baseline
points and the points taken after RF1 was over 10mm. Further
delivery of the RF energy caused more significant catheter shift
(Tables 2, 3).

DISCUSSION

The main results of the current study are as follows: (1) a
universal method for compatibility assessment of the ablation
catheters and navigation systems was described; (2) DTA is
compatible with Rhythmia EAM with a safety and reliability
profile within the specification; and (3) careful setup is
mandatory to achieve good clinical outcomes as only setup 3.2
(Figures 1, 4, 5) demonstrated satisfactory results. Other tested
configurations have shown significant accuracy mismatch with
reference points taken using a sensor-enabled catheter. The shift
was further increased during RF delivery.

The 3D mapping systems have become a standard tool for
the diagnosis and treatment of various cardiac arrhythmias.
They have multiple benefits like reducing radiation time
and dose and improving the precision of ablation treatment
(9). However, the use of third-party therapeutic catheters is
limited as there is no compatibility out of the box. Extending
the range of compatible ablation systems with various 3D
mapping platforms allows innovative therapeutic modalities
to be used without limitations, which may translate into a
clinical benefit.

The in vitro compatibility assessment is a crucial step, which
must be done prior to the clinical trial. The describedmethod can
be a universal solution for such compatibility testing since it is

based on industry standards and manufacturer work instructions
to evaluate all the parameters. Using only commercially available
andCE-marked components during the evaluationmakes further
clinical use possible.

In the current study, compatibility testing for the DTA
and the Rhythmia EAM was performed, assessing all the
setups in terms of safety and functionality within specifications.
However, in terms of location accuracy, only one setup has
shown results within manufacturer specifications and the other
2 configurations were associated with a significant catheter
representation shift. This is critical during ablation procedures,
and setup 3.2 should be used for further clinical evaluation.

CONCLUSIONS

A universal and reproducible solution for compatibility testing
between various mapping systems and ablation catheters has
been described. DTA has been demonstrated to be compatible
with Rhythmia EAM with satisfactory results if specific setup
is used.
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A Challenging Diagnosis
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Left atrial cardiomyopathy (LACM) has been an ongoing focus of research for
several years. There is evidence that LACM is responsible for atrial fibrillation
and embolic strokes of undetermined sources. Therefore, the correct diagnosis of
LACM is of clinical importance. Various techniques, including electrocardiography,
echocardiography, cardiac magnetic resonance imaging, computed tomography,
electroanatomic mapping, genetic testing, and biomarkers, can both identify and
quantify structural, mechanical as well as electrical dysfunction in the atria. However, the
question arises whether these techniques can reliably diagnose LACM. Because of its
heterogeneity, clinical diagnosis is challenging. To date, there are no recommendations
for standardized diagnosis of suspected LACM. However, standardization could help to
classify LACM more precisely and derive therapeutic directions to improve individual
patient management. In addition, uniform diagnostic criteria for LACM could be
important for future studies. Combining several parameters and relating them seems
beneficial to approach the diagnosis of LACM. This review provides an overview of the
current evidence regarding the diagnosis of LACM, in which several potential parameters
are discussed and, consequently, a proposal for a diagnostic algorithm is presented.

Keywords: atrial cardiomyopathy, diagnosis, atrial fibrillation, embolic stroke of undetermined source, diagnostic
algorithm

HIGHLIGHTS

- Left atrial cardiomyopathy (LACM) is a common disease associated with histopathological
detectable structural and/or electrical changes in the myocardium of the left atrium.

- The clinical significance of LACM arises from its association with atrial fibrillation and embolic
strokes of undetermined sources. Early detection of LACM may hence be important for the
prevention of stroke.

- Various methods (including electrocardiography, echocardiography, cardiac magnetic
resonance imaging, computed tomography, electroanatomic mapping, genetic testing, and
biomarkers) have been investigated to establish the diagnosis of LACM. To date, however, there
are no universally accepted recommendations.

- The present review presents the current evidence of the different methods and proposes an
algorithm that could be used to diagnose LACM at present.

- The current work could help to make future research comparable and to unify diagnostic criteria
of LACM.

Abbreviations: LACM, left atrial cardiomyopathy; AF, atrial fibrillation; APW, amplified P-wave; BMI, body mass index;
CT, computed tomography; ECG, electrocardiography; f-wave, fibrillatory wave; HFpEF, heart failure with preserved ejection
fraction; LA, left atrium/left atrial; MRI, magnetic resonance imaging; PA-TDI, duration total atrial conduction time assessed
by tissue doppler imaging; PET-CT, positron emission tomography – computed tomography; PTFV1, P-wave terminal force
in lead V1; PVI, pulmonary vein isolation.
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INTRODUCTION

Cardiomyopathies can affect all parts of the heart to some extent,
although there are types that predominantly involve one specific
chamber (1). The idea of an left atrial cardiomyopathy (LACM)
is not entirely new, but has recently become more significant
and important (1, 2). Patients with lone atrial fibrillation (AF)
and patients with embolic stroke of undetermined source (ESUS)
are of particular interest because LACM is often suspected as
an underlying disorder. Previous genetic studies identified genes
that were associated with AF as well as electrical and structural
left atrial (LA) remodeling, e.g., MYL4, Lamin-A, ETV1, Scn5a,
Gja5, ErbB4, Tgfbr1/2, Igf1, TTN, numerous collagen genes (3–
8). However, this probably only applies to a very small proportion
of all patients with LACM. A detailed family history provides
important and decisive clues in which patients genetic testing
might be worthwhile.

Definition of Left Atrial Cardiomyopathy
In 2016, a position paper was published to define, characterize,
and derive clinical implications of LACM (9). The expert group
defined LACM as “any complex of structural, architectural,
contractile or electrophysiological changes affecting the atria
with the potential to produce clinically relevant manifestations”
(9). The definition is broad and not disease-specific, as both
risk factors and comorbidities may implicate and contribute
to atrial changes (9). Therefore, a classification was introduced
to classify LACM histopathological. Accordingly, LACM
is divided into four categories: primarily cardiomyocyte-
dependent (class I), primarily fibroblast-dependent (class
II), mixed cardiomyocyte-fibroblast-dependent (class III)
and primarily non-collagen deposits (class IV). Of course,
mixed phenotypes are often present, and since this is
a dynamic process, class variation over time is possible
(9).

However, the heterogeneity of LACM causes difficulties
not only in classification, but particularly in diagnosis. Several
techniques have been described to diagnose LACM, e.g.,
electrocardiography (ECG), echocardiography, cardiac magnetic
resonance imaging (MRI), computed tomography (CT),
electroanatomic mapping, biomarkers, and genetic testing
(9–12). Another complicating factor is that there are a variety
of parameters that define LACM in different studies. To date,
there is no randomized controlled trial that addresses LACM.
Other studies that have attempted to identify parameters for
the diagnosis of LACM so far are also extremely heterogeneous
and thus difficult to compare. Most studies as well as the
consensus paper focused on patients with AF or patients who
have suffered stroke. The derived parameters should thus be
considered cautiously, as a direct transferability to LACM may be
questionable. However, combining the parameters and relating
them might help to best approach the diagnosis of LACM.

The aim of this review is therefore to provide an overview
of the current diagnostic options for an LACM, to highlight
interrelationships of the different methodologies, and to discuss
the clinical value.

CLINICAL IMPACT

Left Atrial Cardiomyopathy and Atrial
Fibrillation
Left atrial cardiomyopathy and atrial fibrillation are closely
related, but there is a controversy on whether AF is merely a
marker of LACM. On the other hand, AF leads to AF and thus
most likely promotes LACM, as AF per se can also cause atrial
remodeling due to changes in ion channels and the development
of atrial fibrosis (9). This mechanism conversely leads again to
stabilization of AF and progression from lower to higher AF
burden. Whereas very brief AF episodes do not alter the degree
of fibrosis, longer lasting AF episodes may cause AF-induced
LACM (9). Moreover, the presence of subclinical AF, particularly
a higher burden, is significantly correlated with an increased
thromboembolic risk (13). Therefore, the presumption exists
that subclinical AF may be an early manifestation of LACM
with increased risk of stroke and not the underlying cause of
thromboembolic events (13).

“Lone” AF is also discussed as a possible marker of an
existing LACM. “Lone” AF is diagnosed when there is no
underlying explanation and other facilitating comorbidities (9).
The risk of thromboembolism is lower, with a cumulative 15-
year stroke risk of 1–2%, but it increases with the number
of cardiovascular risk factors, e.g., age, male sex (9). In
patients with “lone” AF, structural atrial remodeling, conduction
disturbances, and morphological and inflammatory changes of
atrial cardiomyocytes were described (9).

Left Atrial Cardiomyopathy and Embolic
Stroke of Undetermined Source
Ischemic strokes are one of the most common causes of
cardiovascular morbidity and mortality. A significant proportion
of patients with ischemic stroke are suspected of embolic stroke
without a specific embolic source being found (ESUS) (14). The
clinical significance of ESUS results from the frequency of the
disease and the fact that the recurrence risk for a new stroke is
4–5% per year despite antiplatelet agents (15).

A clinically significant therapeutic implication of this concept
was that, because of the embolic genesis, oral anticoagulation
rather than antiplatelet therapy might be beneficial for this
group of patients.

By contrast, neither the NAVIGATE-ESUS trial comparing
rivaroxaban with acetylsalicylic acid nor the RESPECT-ESUS trial
with dabigatran demonstrated a statistically significant reduction
in ischemic stroke or ischemic MRI lesions (16, 17). Similarly,
the results of the ATTICUS trial, which were recently presented
at the European Stroke Organisation Conference 2022 but not
yet published, demonstrated that apixaban was not superior to
acetylsalicylic acid in patients with ESUS and risk factors for
cardiac thromboembolism (18).

However, a subgroup analysis of the NAVIGATE-ESUS
trial demonstrated that patients with moderate and severe LA
dilatation had a significant benefit from therapy with rivaroxaban
(19). The results suggest that a proportion of patients with ESUS
have LACM, which increases cardioembolic risk.
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FIGURE 1 | Illustration of LACM as a composite entity of atrial fibrosis, mechanical dysfunction, and electrical dysfunction. Assessment of entities is achieved
through different methods. CT, computed tomography; ECG, electrocardiology; f-wave, fibrillatory wave; LA, left atrial/let atrium; LAA, left atrial appendage; LACM,
left atrial cardiomyopathy; MRI, magnetic resonance imaging; PET-CT, cardiac positron emission tomography – computed tomography.

The randomized-controlled ARCADIA trial will evaluate
whether apixaban is superior to aspirin for prevention of
recurrent stroke in patients with ESUS and LACM (20).
According to the investigators, an LACM is defined by the
presence of at least one of the following criteria: P-wave
terminal force in lead V1 (PTFV1) > 5,000 µV∗ms, Serum
NT-proBNP > 250 pg/mL, LA diameter index ≥ 3 cm/m2.
Findings from the ARCADIA trial would have implications for
secondary stroke prevention as well as primary prevention of
LACM (20).

DEFINITION OF LEFT ATRIAL
CARDIOMYOPATHY IN DIFFERENT
STUDIES

Left atrial cardiomyopathy is both a clinical and histological
diagnosis (9). The relationship between LACM and AF on the
one hand and LACM and ESUS on the other suggests that
correct diagnosis of LACM is of clinical benefit. As mentioned
above, there is no uniform definition of LACM to date. Several
studies have characterized the disease differently and used various
methods:

For a correct diagnosis of LACM, histological examination
of the atrial myocardium is required. Due to the invasive
nature of a LA biopsy, this is an option in very few
patients (for example, in mitral valve surgery). For an insight
into the histology of the LA, we are thus dependent on
methods that can detect fibrosis or scars. For this purpose,
cardiac MRI, electroanatomic mapping in electrophysiologic
studies, and PET-CT can be used. Further methods are
dealing with the effects of an LACM on mechanical or
electrical function. To detect mechanical dysfunction due to
LACM, echocardiography may be considered in addition to
CT and MRI. Furthermore, ECG parameters are suitable for
the detection of electrical dysfunction, which in LACM may
result from both functional and morphological changes in
the LA (Figure 1). To what extent laboratory parameters
are suitable to establish or enhance the likelihood of the
diagnosis of LACM remains unclear. However, some laboratory
parameters seem to be suitable to identify pathophysiological
correlations (for example, LACM with immunological and
inflammatory functions).

In conclusion, Table 1 summarizes the different variables
that have been used as markers of LACM in different
studies.
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TABLE 1 | Overview of different methods and variables for the assessment of LACM, and their associations to clinical outcomes and abnormal parameters.

Method Parameter Associations References

Electrocardiography f-wave Abnormal echocardiographic parameters, SEC and thrombus in LA
appendage, AF burden, age

(21–23)

PTFV1 Ischemic stroke, AF, BMI, age, abnormal echocardiographic
parameters

(24–37, 39)

P-wave area Ischemic stroke (34)

P-wave duration Ischemic stroke, BMI, age, blood pressure (34, 39)

Advanced interatrial block AF, Ischemic stroke (25, 35, 38)

Amplified P-wave duration Abnormal echocardiographic parameters, LA appendage
thrombus, major adverse cardiovascular events, AF, Recurrence of
AF after ablation, low-voltage areas in electroanatomic mapping

(40–43)

Artificial intelligence probability Structural heart disease, abnormal echocardiographic parameters,
AF, mortality

(45)

Atrial premature complexes Abnormal echocardiographic parameters (46)

Transthoracic echocardiography LA diameter AF, ischemic stroke, major adverse cardiovascular events (48–50)

LA volume index Major adverse cardiovascular events, AF, AF burden (51–56)

LA emptying fractions AF, low-voltage areas in electroanatomic mapping, recurrence of AF
after ablation

(43, 51, 57)

Doppler echocardiography E-wave velocities AF burden (51, 52)

A-wave velocities AF (51, 59)

PA-TDI duration AF, AF recurrence, thromboembolic events (60)

3-D and 4-D echocardiography LA volume index Abnormal delayed-enhancement in MRI (56)

LA emptying fractions Abnormal delayed-enhancement in MRI (56)

LA strain Abnormal delayed-enhancement in MRI (56)

Speckle-tracking echocardiography LA strain AF, AF burden, thromboembolic events, low-voltage areas in
electroanatomic mapping, AF recurrence after ablation

(43, 57, 61–68)

LA mechanical dispersion AF, low-voltage areas in electroanatomic mapping (64, 69)

Transesophageal echocardiography LA appendage thrombus Abnormal delayed-enhancement in MRI, LA appendage flow
dynamics

(70, 71)

SEC Abnormal delayed-enhancement in MRI, LA appendage flow
dynamics

(70, 71)

Cardiac MRI LA strain AF (72–74)

Delayed- enhancement MRI Delayed-enhancement in LA wall AF, low-voltage areas in electroanatomic mapping, abnormal
echocardiographic parameters, CHA2DS2-VASc score, ischemic
stroke, major adverse cardiovascular events, AF recurrence after
ablation

(75–86)

4-D flow MRI LA blood flow velocities AF burden, CHA2DS2-VASc score, age, abnormal
echocardiographic parameters

(88–91)

CT LA volume index AF recurrence after ablation, reproducible in speckle-tracking
echocardiography

(92, 93)

LA strain Reproducible in speckle-tracking echocardiography (94–96)

Image attenuation ratio Low-voltage areas in electroanatomic mapping (97)

PET-CT 18F-fluorodeoxyglucose activity Ischemic stroke, AF, AF burden (98, 99)

Electroanatomic mapping Low-voltage areas AF, CHA2DS2-VASc score, ischemic stroke, silent cerebral
ischemia in MRI, AF recurrence after ablation, CRP, abnormal
echocardiographic parameters

(100–110)

Biomarkers Inflammation markers AF, AF burden, AF recurrence after ablation, low-voltage areas in
electroanatomic mapping, abnormal echocardiographic parameters

(112–121)

Fibrosis markers AF, AF recurrence after ablation, abnormal echocardiographic
parameters, ischemic stroke

(105, 121–125)

N-terminal pro-B-type natriuretic peptide AF, abnormal echocardiographic parameters, (114, 125–129)

N-terminal pro-A-type natriuretic peptide Low-voltage areas in electroanatomic mapping (130)

Aldosterone AF (131)

Immunothrombosis markers AF, major adverse cardiovascular events (134–140)

AF, atrial fibrillation; BMI, body mass index; CRP, C-reactive protein; CT, computed tomography; f-wave, fibrillatory wave; LA, left atrial/left atrium; MRI, magnetic resonance
imaging; PET-CT, cardiac positron emission tomography – computed tomography; PTFV1, P-wave terminal force in lead V1; SEC, spontaneous echo contrast.
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ELECTROCARDIOGRAPHY

Introduction
An abnormal ECG may provide conduction disturbances
and electrical remodeling. Studies analyzing ECG parameters
defined LACM very heterogeneously. Associations with clinical
outcomes (e.g., AF, ischemic stroke, major adverse cardiovascular
events) and further imaging techniques evaluating LACM (e.g.,
abnormal echocardiographic parameters, low-voltage areas in
electroanatomic mapping) were elaborated (Table 1).

Fibrillatory Waves (F-Waves)
The analysis of fibrillatory waves (f-waves) may be suitable
for detecting both electrophysiological and structural changes
in the atria. “Coarse” AF defined as amplitude of f-wave in
lead V1 ≥ 1 mm is associated with decreased LA appendage
ejection fraction and decreased maximal emptying velocity (21).
In addition, higher incidences of spontaneous echo contrast and
thrombus in the LA appendage were observed in the presence
of “coarse” AF (22). Furthermore, patients with paroxysmal,
persistent, and permanent AF had different f-wave frequencies of
5.7 ± 0.7, 6.1 ± 0.8, and 6.2 ± 0.6 Hz, respectively (23). Besides,
the frequency was lower in older than in younger patients.
Moreover, the amplitude of the f-wave correlates strongly with
the LA volume measured by echocardiography (21) (Figure 2C).

P-Wave Indices
The P-wave represents the atrial depolarization of first the right
atrium and then the LA, and is thus of particular interest with
regard to atrial electrical remodeling (24). Interatrial excitation
conduction disturbances via the Bachmann bundle can also
be detected on the ECG. P-wave parameters comprise P-wave
duration, P-wave dispersion, P-wave axis, P-wave voltage, P-wave
area, interatrial block, and PTFV1 (24). First, several abnormal
P-wave parameters are associated with the occurrence of AF.
Second, they are predictive of ischemic stroke independent of
AF, suggesting that they may reflect atrial remodeling irrespective
of arrhythmogenesis (24). In addition, pathological P-wave
parameters may be indicative of structural changes such as atrial
enlargement (24).

P-Wave Terminal Force in Lead V1
An important electrocardiographic marker for atrial remodeling
is the PTFV1. The P-wave in lead V1 is usually biphasic, whereby
the second, negative term of the P-wave represents the excitation
propagation in the LA. The PTFV1 is determined by multiplying
the amplitude of the second term of the P-wave by the width
of this term. A PTFV1 ≤ −4,000 µV × ms is considered
pathological (24, 25). In the past, several studies demonstrated
an association between an abnormal PTFV1 and the occurrence
of later AF (25–28). Moreover, an abnormal PTFV1 has also been
associated with cryptogenic or cardioembolic stroke independent
of the presence of AF (29–32). Kamel et al. (33) revealed that
an abnormal PTFV1 was more strongly associated with the
occurrence of stroke than with the occurrence of AF. In contrast,
P-wave area and duration were not associated with stroke

occurrence (30, 33). However, a meta-analysis demonstrated
an association between abnormal PTFV1, P-wave duration,
maximum P-wave area, and the risk of ischemic stroke (34).

In contrast, Yamamoto et al. (35) were not able to prove a
difference in prevalence of an abnormal PTFV1 among patients
with cardioembolic stroke, lacunar stroke and control subjects.

Abnormal PTFV1 is also associated with functional
remodeling. First, it is associated with low LA appendage ejection
velocity in transesophageal echocardiography (36). Second,
LA strain measured by speckle tracking echocardiography
as a marker of functional atrial remodeling is significantly
reduced in the presence of an abnormal PTFV1 (37). There is a
negative correlation between the PTFV1 and the LA conduction
strain. Surprisingly, atrial fibrosis quantified by using Masson’s
trichrome staining in atrial biopsies is significantly lower in
patients with abnormal PTFV1. The results led to the suggestion
that PTFV1 is possibly only a marker of electrical but not
structural atrial remodeling (37) (Figure 2A).

P-Wave Duration and Advanced
Interatrial Block
However, the maximal P-wave duration was significantly
prolonged in patients with cardioembolic and lacunar strokes.
A P-wave duration ≥ 120 ms and an advanced interatrial block,
defined as P-wave duration≥ 120 ms with simultaneous biphasic
morphology in the inferior leads (35), were more frequent in
the ischemic stroke groups than in the control group. At the
same time, the presence of a P-wave duration ≥ 120 ms and an
advanced interatrial block was associated with a higher likelihood
for subsequent stroke, particularly of cardioembolic origin. The
occurrence of an advanced interatrial block by itself is also
associated with both the incidence of AF and the incidence of
thromboembolic events (25, 38). Higher body mass index (BMI)
and older age correlate with prolonged P-wave duration and
abnormal PTFV1, whereas higher blood pressure correlate with
prolonged P-wave duration and right P-wave axis deviation (39)
(Figures 2B,D).

Novel Electrocardiography-Parameters
Recently, Müller-Edenborn et al. (40) conducted a study
including patients with LA appendage thrombus to investigate
an ECG-based diagnosis and staging of LACM using amplified
P-wave (APW) analysis to stratify thromboembolic risk and
cardiovascular outcome. Accordingly, LACM-stages were
defined by APW duration, measured in digital ECG recordings
from earliest beginning to latest activation in any of the 12
leads using standard amplification to 40–80 mm/mV and
sweep speed of 100–200 mm/s, and P-wave morphology
(40). No, moderate and extensive LACM were prevalent
in 2.8, 21.1, and 76.1% of patients with LA appendage
thrombi. The odds ratio for LA appendage thrombus was
24.6 (p < 0.001) per LACM-stage. Moreover, atrial contractile
function, represented by LA appendage flow velocities, decreased
with rising LACM-stages, while the occurrence of major
adverse cardiovascular events increased (40). Abnormal
APW duration is also associated with later onset of AF.
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FIGURE 2 | Examples of ECG changes that are indicative of left atrial cardiomyopathy. (A) pronounced P-wave terminal force in lead V1 ≤ –4,000 µV × ms
(multiplying the amplitude of the second term of the P-wave by the width of this term). (B) Prolonged P-wave duration (≥120 ms) and double peaked morphology.
(C) “Coarse” atrial fibrillation with an amplitude of > 0.1 mV. (D) Example of an advanced interatrial block, defined as P-wave duration ≥ 120 ms with simultaneous
biphasic morphology in the inferior leads.

An APW duration > 150 ms in patients with advanced
heart failure with preserved ejection fraction (HFpEF)
increased the risk for new-onset AF 10-fold (41). APW
duration does not correlate with LA indexed volume but with
recurrence-free survival after pulmonary vein isolation (PVI).
Concordantly, an association has been demonstrated between
electrophysiological evidence of LA low-voltage substrate and
APW (41–43).

The duration of total atrial conduction time in non-invasive
body surface electrocardiographic imaging correlated with the
atrial activation time and extent of LA low-voltage substrate in
endocardial contact mapping (44). Total atrial conduction time
value of 148 ms identified an LACM with 91.3% sensitivity and
93.7% specificity, and the likelihood of arrhythmia recurrence
after PVI was higher in patients with a total atrial conduction
time > 148 ms (44).

Recently, a “novel artificial intelligence enabled ECG analysis”
was performed to detect a possible LA myopathy in 613
patients with HFpEF (45). This method is based on a
computer-assisted algorithm that analyzes data from raw
12-lead ECG signals and includes a statement about the
probability of AF (45). Structural heart disease was more
severe in patients with higher artificial intelligence probability
of AF, with increased left ventricular hypertrophy, larger LA
volumes, and decreased LA reservoir and booster strain in
echocardiography. Each 10% increase in artificial intelligence
probability resulted in a 31% higher risk of developing
new-onset AF among patients with sinus rhythm and no
prior AF. In the total population, each 10% increase in

artificial intelligence probability led to a 12% higher risk of
death (45).

Holter ECG may also provide evidence of LACM since
excessive atrial premature complexes in patients with an
ischemic stroke or a transient ischemic attack correlate with LA
remodeling (46).

ECHOCARDIOGRAPHY

Transthoracic Echocardiography
Introduction
On the one hand, the positive correlation between LA
enlargement and the occurrence of adverse cardiovascular
outcomes is well known (9, 47). On the other hand, an
enlarged LA is also associated with the incidence of AF
(9). Echocardiography is the imaging technique of choice for
the screening and follow-up of patients with abnormal LA
morphology and function because of its widespread use, non-
invasiveness and cost efficiency (9). Thus, echocardiography may
be useful in detection of LACM. In studies investigating the utility
of echocardiography, LACM was defined by demonstrating an
association of abnormal LA size with mainly clinical outcomes
such as AF, AF burden, recurrence of AF after ablation and
ischemic stroke (Table 1).

Left Atrial Size
A widely used parameter for the estimation of LA size is the
LA diameter (Figure 3A). In the AFFIRM study, an increasing
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FIGURE 3 | Examples of echocardiographic measurements for the detection of left atrial cardiomyopathy. (A) Measurement of diameter in left atrial diastole.
(B) Measurement of left atrial volume in left atrial diastole. (C) Transmitral inflow profile in left ventricular diastole: the first wave represents the E wave (passive inflow
of blood into the left ventricle), the second wave represents the A wave (active contraction of the left atrium). (D) Tissue Doppler imaging of the movements of the left
ventricular myocardium, in combination with the measurements from (C) the function of the atrium and the left ventricular end-diastolic pressure can be estimated.
(E) Strain analysis of the left atrium. (F) Measurement of the PA-TDI interval from the beginning of the P-wave (as the onset of electrical activity of the atrium) to the
peak of the a′-wave (mechanical response of atrial contraction).

LA diameter correlated with recurrent AF, but not with the
risk of stroke (48). However, a meta-analysis revealed an
association between a large LA diameter and the incidence
of stroke and thromboembolic events (49). Moreover, large
LA diameter and LA volume index were both demonstrated
as predictive parameters for major adverse cardiovascular and
thromboembolic events, particularly in young patients without
AF (49, 50). The LA volume index is more precise and therefore
more suitable for estimating atrial size (Figure 3B). Increased LA
volume index has been described as a potential early marker of
myocardial dysfunction and is often present in patients with AF,

with increasing frequency in a higher AF burden (51, 52). Besides,
the minimal LA volume strongly correlates with the incidence of
new-onset AF and major adverse cardiovascular events compared
to the maximal LA volume that seems to have no predictive effects
(53–56).

In addition to abnormalities in LA size that represent
structural remodeling, assessment of atrial function may provide
further important indicators for the presence of LACM. Both
enlarged LA and decreased LA emptying fractions are common
phenomena in patients with AF, with a negative correlation
between LA size and emptying fraction (51). Recently, Eichenlaub
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et al. evaluated the LA emptying fraction in patients with AF for
the diagnosis of LACM and prediction of arrhythmia recurrence
after PVI (57). An LACM was defined as a LA low-voltage
area ≥ 2 cm2 at 0.5 mV threshold on endocardial contact
mapping. Patients with LACM had lower LA emptying fractions
than patients without LACM (27 vs. 41%, p < 0.0001) (43).
Furthermore, LA emptying fraction < 34% was a significant
predictor of both LACM, with an area under the curve of 0.846,
and recurrence of arrhythmia after PVI (57).

Doppler Echocardiography
Additionally, the assessment of the LA function is possible
by means of pulsed wave doppler measurements and tissue
doppler imaging. Impaired LA function may be indicative
of LACM, which was equated with clinical outcomes such
as AF and AF burden in the studies that used doppler
echocardiography (Table 1).

In the past, numerous echocardiographic parameters relating
transmitral blood flow and diastolic myocardial motion have
been investigated for association with LA function and clinical
events (51, 52, 58, 59). However, no parameter and corresponding
cut-off value have yet been identified as suitable for the
diagnosis of LACM.

Whereas LA conduction function (represented by transmitral
E-wave velocities) increases with higher AF burden, there
is an opposite effect in LA contractile function (represented
by transmitral A-wave velocities and mitral annular tissue
Doppler a’ velocities).

(51). There is an association between an increased ratio of the
early [E] and late [A] diastolic filling waves and the risk of AF.
Moreover, a U-shaped relationship between peak A-wave velocity
and AF risk was described (59).

A reduced mitral annular “e”-wave velocity and an increased
E/e ratio provide signs of impaired LV relaxation. There is
evidence that the latter parameter is also suitable to assess LA
function and pressure (52) (Figures 3C,D).

Total Atrial Conduction Time Assessed by Tissue
Doppler Imaging Duration
Total atrial conduction time assessed by tissue doppler
imaging duration, representing the echocardiographic derived
total atrial conduction time, is an auspicious marker of
both structural and electrical atrial remodeling, which is
measured during sinus rhythm as the time interval between
the onset of the P-wave in lead II on surface ECG and
the peak of the A′ wave on tissue Doppler imaging (TDI)
tracing of the lateral LA wall on echocardiography (60)
(Figure 3F). Prolonged PA-TDI duration correlates with
new-onset AF, post-operative AF and AF recurrence after
rhythm control interventions (60). In patients with AF,
assessment of thromboembolic risk has been improved
by adding the PA-TDI duration value. To date, standard
reference values for PA-TDI duration have not been established.
Nevertheless, if each echocardiography laboratory determines
its own normal values by routinely obtaining the PA-TDI
value, risk assessment for AF-related outcomes may be
improved (60).

3-Dimensional and 4-Dimensional Echocardiography
In the last few years, 3-dimensional and 4-dimensional
echocardiography have improved the options of LA volume
measurements. Studies using 3-dimensional and 4-dimensional
echocardiography defined LACM by abnormal LA wall
delayed-enhancement (Table 1). Recently, in a subanalysis
of the LOOP trial investigating LA fibrosis by 4-dimensional
echocardiography, an association of minimal LA volume,
LA emptying fractions, and LA reservoir strain with LA
late gadolinium enhancement measured by cardiac magnetic
resonance imaging (MRI) was observed (56). LA emptying
fractions had the strongest effect on predicting high LA late
gadolinium enhancement and therefore LA fibrosis (56).

Speckle-Tracking Echocardiography
In recent years, speckle-tracking echocardiography has become
a popular method for detecting early myocardial deformation
by assessing the tissue movement (9). LA strain and strain
rate imaging provide insights into functional remodeling
of the atrium (Figure 3E). Studies evaluating the utility
of speckle-tracking echocardiography defined LACM mainly
by clinical definitions (e.g., AF, AF burden, AF recurrence,
thromboembolic events) or by comparison with abnormal
findings in electroanatomic mapping (Table 1).

In patients with severe mitral regurgitation, there was a
strong correlation between the impairment of LA longitudinal
deformation, as evaluated by the global peak atrial longitudinal
strain, and the extent of LA fibrosis and remodeling (61).
A reduced global longitudinal LA strain was described in patients
with AF and presents a predictor for thromboembolism (62–
64). There is evidence that a higher AF burden (≥10%) is
particularly associated with decrease in global longitudinal LA
strain, which correlates with mean LA strain measured by
mapping and may be improved after AF ablation (65). In
the study of Eichenlaub et al. (57), a LA longitudinal strain
rate < 23.5% predicted LACM, defined as LA low-voltage
area ≥ 2 cm2 at 0.5 mV threshold on endocardial mapping,
with an area under the curve of 0.878, a sensitivity of 92.3%
and specificity of 82.4%. In patients with LACM, LA strain
rate during reservoir phase was significantly lower (15.2 vs.
29.4%, p < 0.0001) and showed a linear correlation with LACM
amount (43).

Moreover, the addition of global longitudinal LA strain and
LA volume index to the CHA2DS2-VASc score improves also the
prediction of hospitalization and/or mortality (62).

Even in patients with sinus rhythm, restricted LA diastolic
function, represented by the peak atrial longitudinal strain and
the LA stiffness index, was strongly associated with low amplitude
voltage areas measured by endocardial mapping (66).

By means of speckle-tracking echocardiography it is possible
to specify the functional remodeling in different regions of the
atrium. For example, a declined LA lateral wall longitudinal strain
was found to be a predictor of arrhythmia recurrence after AF
ablation (67). In patients with amyloidosis, the septal LA strain
and strain rate were overall lower (68). Furthermore, lateral and
septal LA strain rates were decreased in patients with heart failure
compared to those without (68).
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A higher LA mechanical dispersion, defined as the standard
deviation (SD) of time to peak positive strain corrected by the
R-R interval (SD-TPS, %), was described in patients with AF than
in those without (64). Besides, SD-TPS was associated with the
incidence of new-onset AF (64). The LA mechanical dispersion
was also measured in patients with paroxysmal AF undergoing
PVI. The SD-TPS was significantly higher in patients with low
voltage areas, measured by mapping, and was simultaneously an
independent predictor for low voltage areas (69).

Transesophageal Echocardiography
An important advantage of transesophageal echocardiography
is the more precise assessment of the LA appendage. There
is limited evidence on the correlation of transesophageal
abnormalities and LACM which has been defined mainly by
fibrosis determination using delayed-enhancement MRI. It was
demonstrated that patients with LA appendage thrombus had
a higher amount of LA fibrosis, diagnosed by late gadolinium
enhancement MRI, in comparison to patients without thrombus
(70). LA fibrosis was even higher in patients with spontaneous
echo contrast than in those without. In addition, patients with
high atrial fibrosis were more likely to have both thrombus
and spontaneous echo contrast in the LA appendage (70). It
is common knowledge that reduced LA/LA appendage flow
dynamics and increased LA size are risk factors for the occurrence
of thrombus and spontaneous echo contrast (71) (Figure 4).

CARDIAC MAGNETIC RESONANCE
IMAGING

Introduction
Using MRI, LA volume and LA strain can be detected.
Decreased LA strain measured by MRI is present in patients
with AF (72). A modest correlation between speckle-tracking
echocardiography and MRI obtained LA volume and LA strain
has been observed (73, 74). There are systematic differences
in measurements that should be taken into account as MRI
measurements reveal higher values (73, 74).

Delayed-Enhancement Magnetic
Resonance Imaging
Over recent years, delayed-enhancement MRI became the key
method to detect atrial fibrosis. Studies aiming to define LACM
by pathological delayed-enhancement MRI focused particularly
on clinical definitions (e.g., AF, ischemic stroke, major adverse
cardiovascular events) as well as on further imaging definitions
(e.g., abnormal echocardiographic parameters, low-voltage areas
in electroanatomic mapping) (Table 1).

In 2009, Oakes et al. established the Utah stage model to
quantify LA fibrosis (75). Based on this model, four levels
of severity are classified: Utah I, defined as ≤ 5% LA wall
enhancement, Utah II, 5–20%, Utah III, 20–35%, and Utah IV,
>35% (12) (Figure 5).

High correlations were discovered between delayed-
enhancement MRI and histology from surgical biopsies for

LA structural remodeling including interstitial and fatty fibrosis
as well as total fibrosis and fat (76, 77). Native T1 corresponded
with the extent of fibrosis from MRI and histology (76).
Moreover, LA wall enhancement appeared to be greater in
patients with AF than in patients without AF (77).

Regions of scar in the LA identified by delayed-enhancement
MRI were noted to be associated with low-voltage areas in
endocardial mapping (78).

A higher amount of LA late gadolinium enhancement is
associated with decreased LA function as well as decreased LV
diastolic function since significant correlations were described
between LA late gadolinium enhancement and both LA ejection
fraction and echocardiographic LV septal e′ and septal E/e′
(79). A correlation between delayed-enhancement and reduced
LA function has also been demonstrated by speckle-tracking
echocardiography. There was an inverse effect between the
extent of LA wall fibrosis measured by delayed-enhancement
MRI and LA strain and strain rate in speckle-tracking
echocardiography, particularly LA midlateral strain and strain
rate (80). Interestingly, patients with persistent AF presented with
more fibrosis and less midseptal and midlateral strain compared
to patients with paroxysmal AF (80). In general, the risk for new-
onset atrial arrhythmias is higher by increasing amount of LA late
gadolinium enhancement (79).

Patients with previous strokes and high-risk patients for
stroke, reflected by a high CHA2DS2-VASc score, had a
significantly higher proportion of LA fibrosis in delayed-
enhancement MRI. LA fibrosis was an independent predictor of
cerebrovascular events and significantly increased the predictive
power of the CHA2DS2-VASc score (81). Rising Utah stage
and more intense LA late gadolinium enhancement were
associated with increased risk of major cardiovascular events,
predominantly due to the increased risk of stroke or TIA (82).
Interestingly, patients with ESUS present with similar amount of
atrial fibrosis compared to patients with AF which supports the
hypothesis that fibrosis is a major risk factor for ischemic stroke
and LACM (83).

The extent of structural LA remodeling measured by delayed-
enhancement MRI seems to be independent of the AF type (lone
AF or non-lone AF) (84). The outcome after AF ablation was
demonstrated to be significantly dependent on the degree of
structural LA remodeling, with worse outcome at increasing Utah
stage (84). With an increasing level of delayed-enhancement,
AF recurrence after ablation occurred more frequently (75).
Therefore, pre-ablation LA fibrosis assessment by delayed-
enhancement MRI may predict the outcome (75). Another study
examining the impact of LA fibrosis on the outcome after AF
ablation demonstrated that the risk of recurrent arrhythmias
appeared at higher LA fibrosis grades detected by delayed-
enhancement MRI (77). The presence of higher LA fibrosis
grades was also the best predictor for successful ablation, while
increased LA volume and persistent AF had no predictive
effect (77).

The DECAAF study evaluated the impact of LA fibrosis
measured by delayed-enhancement MRI on the outcome after
AF ablation (85). Among 329 patients undergoing AF ablation,
the extent of LA fibrosis estimated by delayed-enhancement MRI
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FIGURE 4 | Findings on transesophageal examination suggestive of left atrial cardiomyopathy. (A) Reduced blood flow in the ostium of the left atrial appendage.
(B) Evidence of spontaneous echo contrast in the left atrial appendage. (C) Evidence of thrombus in the left atrial appendage.

FIGURE 5 | Examples of MRI examinations of the left atrium: left atrial tissue fibrosis based on 3D delayed enhancement magnetic resonance imaging scans.
Normal left atrial wall is displayed in blue, fibrotic changes are in red and white. Amounts of fibrosis as a percentage of the total left atrial wall volume. (A) Utah stage
1 (1%). (B) Utah stage 3 (27%). (C) Utah stage 4 (36%). With the friendly support of Dr. Misagh Piran (Herz- und Diabeteszentrum Nordrhein-Westfalen,
Ruhr-Universität Bochum).

correlated significantly with the recurrence of arrhythmia (85).
The prospective, randomized, multicenter DECAAF II study
provides further insights into the value of preprocedural LA
fibrosis estimation by delayed-enhancement MRI in patients with
persistent AF experiencing AF ablation (86). The results, which
were presented at the ESC Congress 2021 but not yet published,
demonstrated that fibrosis-guided ablation was not superior to
conventional PVI in reducing recurrence of AF (86).

4-Dimensional Flow Magnetic
Resonance Imaging
4-dimensional flow MRI yields 3-dimensional volume
sets over time (4-dimensional). This enables a precise
quantitative evaluation of cardiovascular blood flows (87).
In studies analyzing LA blood flow velocities, LACM has
been equated with clinical definitions (e.g., AF burden), and
further imaging definitions (e.g., abnormal echocardiographic
parameters) (Table 1).

Contrasting data exist on blood flow velocities in patients with
AF. On the one hand, there is evidence that patients with AF in
history have a similar blood flow in the normal range at sinus
rhythm compared to age-matched controls in measurements with

4-dimensional flow MRI (88, 89). On the other hand, there are
findings that AF patients present with lower LA mean velocities
and more often LA stasis compared to controls (90, 91).

Nevertheless, patients with persistent AF have a significant
lower LA blood flow compared to AF patients at sinus rhythm
(88). Moreover, a negative correlation was seen between increased
CHA2DS2-VASc score and decreased mean LA velocity (89, 91).
Interestingly, a correlation was described between LA blood flow
indices, age and LA volume, but not with left ventricular ejection
fraction (91).

CARDIAC COMPUTED TOMOGRAPHY

Cardiac Computed Tomography
It is well known that cardiac CT can be used for precise
measurement of atrial volumes (9). A high correlation between
LA volume index obtained by CT and speckle-tracking
echocardiography has been observed (92). Moreover, LA volume
index measured by CT is a predictor of AF recurrence after
ablation (93).

Furthermore, it has recently been demonstrated that CT can
also be applied for strain measurements. LA strain measured by
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CT correlates strongly with strain measurements derived from
speckle-tracking echocardiography (94–96).

In addition, structural changes of the atria can be detected by
CT. Image attenuation ratio collected by CT predicts LA low-
voltage areas in electroanatomic mapping which suggests that
CT can help to assess fibrosis when contraindications for MRI
exist (97).

Cardiac Positron Emission Tomography –
Computed Tomography
In recent years, an association between atrial 18F-
fluorodeoxyglucose activity in positron emission tomography –
CT (PET-CT), previous ischemic stroke and LACM in non-AF
individuals was demonstrated (98). LACM was defined either
by increased atrial 18F-fluorodeoxyglucose uptake itself or by
clinical outcomes, such as AF, AF burden, and stroke (Table 1).

Enhanced atrial activity was associated with ischemic stroke
and LACM (98). In addition, higher atrial uptake of 18F-
fluorodeoxyglucose was observed in patients with AF, whereas
persistent AF showing higher atrial uptake than paroxysmal AF
(99). Persistent AF is particularly associated with right atrial
maximum standard uptake value and LA volume. Moreover,
the right atrial target-to-background ratio of maximum standard
uptake value to blood pool activity seems to be greater in patients
with persistent AF than in those with paroxysmal AF (99). Data
about the value of 18F-fluorodeoxyglucose PET-CT in patients
with suspected LACM are very rare. 18F-fluorodeoxyglucose
PET-CT could be useful to explore local atrial inflammation
and to stratify the risk of subsequent stroke by monitoring
disease activity in patients with AF. Nevertheless, a widespread
use to detect LACM cannot be implemented. In oncologic
patients undergoing PET-CT, this diagnostic tool can be used
supplementally when additional LACM is suspected.

ELECTROANATOMIC MAPPING AND
ABLATION

Introduction
Electroanatomic mapping is another valuable method providing
additional insights into patients with presumed LACM.
There a numerous studies aiming to define LACM by the
presence of low-voltage areas and their association with clinical
definitions (e.g., AF, AF recurrence, ischemic stroke) and with
further imaging definitions (e.g., abnormal echocardiographic
parameters) (Table 1).

Electrophysiological Findings in Left
Atrial Cardiomyopathy
Patients with paroxysmal lone AF exhibit bi-atrial abnormalities
including structural remodeling, conduction disorders, and
sinus node dysfunction (100). Electrophysiological findings
in these patients were enlarged atrial volumes, increased
effective refractory period at multiple sites, increased conduction
time along linear catheters, increased bi-atrial activation time,
decreased conduction velocity, more frequent fractionated

electrograms, increased corrected sinus node recovery time, and
lower voltage (100).

Low-Voltage Areas
Patients with non-focal LA tachycardia presented with a
high proportion of low-voltage areas in endocardial mapping,
providing evidence for possible LACM (101) (Figure 6). An
analysis of patients with fibrotic LACM revealed that severe
fibrotic areas increased and maximum LA voltage decreased, with
growing severity of fibrotic LACM (101).

An inverse relationship was found between lower mean LA
voltage and higher CHA2DS2-VASc score (102). A significant
association has been described between electroanatomic LA
remodeling and the risk of stroke in patients with AF (102). In
AF patients with previous stroke, low-voltages area as well as pre-
existing silent cerebral ischemia were significantly larger detected
by cerebral MRI after PVI, even after adjustment of CHA2DS2-
VASc score (103). Whereas the mean LA volume/body surface
area, particularly anterior LA, was greater, the LA endocardial
voltage was lower in patients who suffered stroke (102).

Localization of the Low-Voltage Areas
Of particular interest is also the localization of the low-voltage
areas. A relationship was described between anterior low-voltage
areas and macro-re-entry mechanism by forming a conducting
channel between the lower pole of the LA scar and the mitral
valve annulus (101). Although the distribution of LA fibrosis is
often variable, it is usually more pronounced anteriorly (104).
Anterior severely fibrotic areas have been found to be more
frequent and larger than posterior severely fibrotic areas (104).
The knowledge that mainly the anterior LA is affected allows
an individualized ablation approach that could complement the
usual strategies (101).

Quantification of Low-Voltage Areas and Clinical
Impact
A high percentage of low-voltage areas as well as fibrosis areas
in the LA predicts recurrence of AF after catheter ablation (104–
108). In patients with multiple ablations, AF recurrence rate
was significantly higher in patients with low-voltage areas than
without (36 vs. 6%, p < 0.001) (106). The size of fibrotic areas,
fibrosis in the LA as well as in the right atrium, and decreased
maximum voltage has negative impact on the ablation outcome
(104). Furthermore, LA fibrosis areas correlated significantly with
larger LA size, decreased ejection fraction, and higher C-reactive
protein levels (107).

The modified APPLE score (one point for age ≥ 65 years,
persistent AF, impaired estimated glomerular filtration
rate ≤ 60 mL/min/1.73 m2, LA volume ≥ 39 mL/m2, and
LA ejection fraction < 31%) may be possible to estimate the
success rate of catheter ablation (109).

Knowing that the degree of low-voltage areas is a key
determinant of ablation success, individualized ablation
approaches may be beneficial. Ablation of lesions with prominent
activation features within/at the margins of low-voltage areas in
addition to PVI might be more effective than the conventional
strategy of PVI solely in patients with persistent AF (110). In
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FIGURE 6 | Examples of low-voltage areas in endocardial mapping of left atrium in patients with sinus rhythm who underwent pulmonary vein isolation: normally
conducting atrial myocardium is colored purple, low voltage areas (defined as zones with an amplitude of electrical perception of ≤ 0.5 mV) are colored differently.
(A) Example of a left atrium almost without low voltage areas. (B) Example of a severely diseased left atrium with low voltage areas > 10%.

contrast, PVI alone appears to be sufficient for the treatment of
patients with LA low-voltage < 10%, as no significant difference
in success rate was demonstrated between patients with low-
voltage who underwent PVI alone and patients who required
PVI + selective low-voltage ablation (110).

Most studies evaluating the benefit of electroanatomic
mapping for the assessment of LACM include patients with
AF undergoing catheter ablation. There is strong evidence that
patients with AF have both more low-voltage areas and severe
fibrotic areas reflecting electrical and structural remodeling of the
atrium (100–110) (Figure 6).

BIOMARKERS

Introduction
A number of circulating biomarkers have been proposed to
estimate atrial remodeling and LACM (9, 111). Studies analyzing
biomarkers defined LACM by clinical definitions (e.g., AF, AF
burden, AF recurrence, stroke) as well as by further imaging
definitions (e.g., low-voltage areas in electroanatomic mapping,
abnormal echocardiographic parameters) (Table 1).

Marker of Inflammation
Atrial inflammation is discussed as a key factor for atrial fibrosis
and the risk of AF (112). The metabolic syndrome is a well-known
risk factor for inflammatory processes. Obesity, hypertension,
and diabetes mellitus predispose to AF (9). Epicardial adipose
tissue secretes proinflammatory and profibrotic cytokines as well
as profibrotic microRNA which may promote the development
of both AF and inflammation-induced LACM (112, 113).
Proinflammatory IL-6 levels, MMP-9/TIMP-1 ratio as well as
NF-AT3 and NF-AT4 mRNA and protein expression were
significantly increased in patients with AF, particularly in
persistent AF (114, 115). High sensitivity C-reactive protein
was described as a predictor of arrhythmia recurrence after AF
ablation (116).

Increased TGF-ß1 levels in monocytes were seen in patients
who exhibited extensive low-voltage areas on endocardial
mapping (117). Moreover, it has been demonstrated that higher
serum TGF-ß1 levels correlated with the presence of AF
and arrhythmia recurrence after AF ablation (118, 119). With
increasing AF duration, serum TGF-ß1 levels declined (114).
However, the predictive value of serum TGFß-1 level for the
recurrence of arrhythmias seems to be only in patients with non-
paroxysmal AF (120), and not all studies could demonstrate a risk
for AF (121). The same applies to the concordance of serum TGF-
ß1 levels and echocardiographic parameters. On the one hand,
there is evidence about an inverse relationship between serum
TGF-ß1 level and LA diameter (114), but on the other hand there
are also findings that could not prove an association (119).

Marker of Fibrosis
Furthermore, it is suggested that specific fibrosis markers
may be related to atrial remodeling. Surprisingly, Type III
procollagen N terminal peptide, galectin-3, fibroblast growth
factor 23, and type I collagen C terminal telopeptide were
not predictors of arrhythmia recurrence after AF ablation
(105). Type III procollagen N terminal peptide also revealed
merely a slight positive trend with regard to AF risk
(121). However, the combination of circulating biomarkers
reflecting excessive myocardial collagen type-I cross-linking
and deposition shows a predictive effect on higher AF
prevalence, incidence, and recurrence after ablation (122).
In addition, a negative correlation was described between
galectin-3 and echocardiographic parameters assessing the LA,
including LA volume and LA strain rate (123). ST-2 and
apoptotic microparticles are also associated with increased LA
volume index (124). Besides, galectin-3 and soluble ST-2 were
significantly higher in patients with stroke and AF compared to
patients with stroke without AF (125).

Atrial Peptides
N-terminal pro-B-type natriuretic peptide is a well-known
indicator of congestive heart failure due to volume overload and
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myocardial damage. N-terminal pro-B-type natriuretic peptide
showed a strong correlation with echocardiographic parameters
of LA remodeling and dysfunction, and was a significant but weak
predictor of AF (125). Moreover, there is an association with
AF burden (114). An inverse relationship was reported between
higher levels of endothelin-1, N-terminal pro-B-type natriuretic
peptide, troponin I and lower LA reservoir and contractile
strain, suggesting that LA myopathy is associated with persistent
congestion (126, 127). Oldgren et al. evaluated the ABC-stroke
score, derived from the ARISTOTLE study, including age,
biomarkers (N-terminal pro-B-type natriuretic peptide and high-
sensitivity cardiac troponin), and clinical history (prior stroke)
(128, 129). In anticoagulated patients with AF, the biomarker-
based ABC stroke score was well applicable and generally
more suitable than the CHA2DS2-VASc and ATRIA stroke
scores (128).

N-terminal pro-A-type natriuretic peptide is a hormone
released by the atria in response to increased atrial tension.
Recently, Seewöster et al. introduced the novel biomarker-based
ANP score (one point for age ≥ 65 years, N-terminal pro-A-
type natriuretic peptide > 17 ng/mL, and persistent AF) which
significantly predicted low-voltage areas in patients undergoing
AF ablation (130).

Aldosterone and Renin
In patients with persistent AF, aldosterone levels and
aldosterone/renin index decreased significantly after successful
ablation of AF. It is worth noting that aldosterone and renin
levels did not interact with duration of AF, LA diameter,
mean heart rate, systolic blood pressure, age, New York Heart
Association class, or left ventricular ejection fraction (131).

Marker of Immunothrombosis
The close interactions between the immune system and the
coagulation cascade can be summarized under the term
“immunothrombosis.” On the one hand, the immune system
initiates coagulation; on the other hand, local coagulation has
pro-inflammatory and pro-fibrotic effects (132, 133). Thus,
immunothrombosis might be an underlying mechanism of atrial
remodeling and AF (134). In the last decades, several coagulation
markers were described in patients with AF, with both
impact on thromboembolism and bleeding risk. For example,
abnormal levels of von Willebrand factor, D-dimer, growth
differentiation factor 15, soluble p-selectin, coagulation factor
Xa and endothelial nitric oxide synthase indicate endocardial
remodeling (135–140). Nevertheless, a recent study was not
able to demonstrate a correlation between immunothrombosis
markers and incident AF after adjustment for cardiovascular
risk factors (134). This may indicate that inflammation and
immunothrombosis may be associated with AF by other
cardiovascular risk factors, rather than AF per se (134).

Conclusion
Circulating biomarkers can provide evidence of inflammatory
and fibrosis pathways in the atrium. However, there are
sometimes conflicting results, and the inflammation- and
fibrosis-related biomarkers are not specific. Therefore, the clinical

value in the assessment of LACM is currently unclear, and
routine screening seems questionable. However, future research
investigating these pathways has potential, and treatment options

TABLE 2 | Overview of selected biomarkers with association to LACM, AF, and
thromboembolic events.

Laboratory
parameter

Up- or
downregulation
is associated

with AF
incidence

Associations References

Aldosterone ↑ AF, AF recurrence after
cardioversion

(131)

Aldosterone/renin ↑ AF, AF recurrence after
cardioversion

(131)

Coagulation factor Xa ↑ AF, atrial remodeling (139)

CRP ↑ AF recurrence after ablation (116)

D-dimer ↑ Thromboembolic events in
patients with AF

(140)

Endothelial nitric
oxide synthase

↓ AF (138)

Endothelin-1 ↑ Abnormal
echocardiographic
parameters

(126, 127)

Galectin-3 ↑ AF, stroke, abnormal
echocardiographic
parameters

(123, 125)

Growth differentiation
factor 15

↑ AF (137)

IL-6 ↑ AF, AF burden (114)

MMP-9 ↑ AF, AF burden (114)

MMP-9/TIMP-1 ↑ AF, AF burden (114)

NF-AT3 ↑ AF, AF burden (115)

NF-AT4 ↑ AF, AF burden (115)

N-terminal pro-A-type
natriuretic peptide

↑ Low-voltage areas in
electroanatomic mapping

(130)

N-terminal
pro-B-type natriuretic
peptide

↑ AF, AF burden, abnormal
echocardiographic
parameters

(114,
125–129)

Type III procollagen N
terminal peptide

↑ AF (121)

Soluble p-selectin ↑ AF (135, 136)

Soluble ST-2 ↑ AF, stroke, abnormal
echocardiographic
parameters

(124, 125)

TGF-ß1 ↑ AF, AF burden, AF
recurrence after ablation,
low-voltage areas in
electroanatomic mapping,
abnormal
echocardiographic
parameters

(114,
117–121)

Troponin I ↑ Abnormal
echocardiographic
parameters

(126, 127)

Von Willebrand factor ↑ AF, stroke (135, 136)

AF, atrial fibrillation; LACM, atrial cardiomyopathy; CRP, C-reactive protein; IL-6,
interleukin 6; MMP-9, matrix metalloproteinase 9; NF-AT, nuclear factor of activated
T cells; ST-2, suppression of tumorigenicity 2; TGF-ß1, transforming growth factor
β 1; TIMP-1, tissue inhibitor of metalloproteinase 1.
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could be identified that specifically intervene in the inflammatory
and fibrosis regulatory circuits.

In conclusion, Table 2 summarizes laboratory parameters that
have been used as markers of LACM in different studies.

RISK FACTORS

Several risk factors for the development of AF as well as structural
and electrical remodeling in terms of a possible LACM have been
described. LACM may occur as a result of amyloidosis, hereditary
muscular dystrophies, congestive heart failure, AF, obstructive
sleep apnea, drugs, alcohol, myocarditis, genetic repolarization
disturbances, aging, hypertension, obesity, diabetes mellitus,
valvular heart disease (9, 127, 141–143) (Figure 7).

The newly developed AF-SCORE (+1 point for age ≥ 60 years
and additional points for female sex [+1] and AF-persistency
[+2]) enabled a good discrimination to identify fibrotic LACM
and predicted arrhythmia-freedom after PVI (144). A low AF-
SCORE ≤ 2 was more frequently observed in patients with
paroxysmal AF of any age and in younger patients with persistent
AF, irrespective of sex, and is associated with better PVI-only
outcomes (144).

CRITICAL CONSIDERATIONS ON THE
CONCEPT AND DIAGNOSIS OF LEFT
ATRIAL CARDIOMYOPATHY

Diagnosis
The assessment of electrical, mechanical, and structural LA
dysfunction seems feasible due to several diagnostic tools.
However, single diagnostic procedures might not be sufficient
for the diagnosis of LACM. In particular, because the diagnosis
of LACM is challenging, a combination of parameters associated
with LACM should be sought.

Clinical Endpoints
Most data were generated from studies that included patients
with AF and/or with stroke. Because it is not yet completely
understood how LACM can be diagnosed, there are very
few studies that directly address LACM. Therefore, the
parameters found to define LACM are vague and may
not be specific. Focusing on patients with AF could be
critical because it disregards subclinical LACM before
the onset of AF.

Heterogeneity of Studies
It should also be considered that the comparability of the studies
may not be given, because LACM and other parameters
(e.g., low-voltage areas) were not defined standardized.
Another critical consideration is that most studies equate
LA myopathy with atrial cardiomyopathy in general. Perhaps,
however, an atrial cardiomyopathy of the right atrium is
different from an atrial cardiomyopathy of the LA. Unqualified
transferability from the LA to the right atrium is not reasonable.

Further investigation is required. Many studies concerning
LACM analyzed only atrial fibrosis. However, fibrosis can
also result from degenerative processes, increasing age, and
other comorbidities. It is likely that LACM consists of a
compound entity.

Therapeutic Consequences
Differentiation in terms of severity of LACM is important
to identify high-risk patients. Possible differentiation could
be achieved by the presence or absence of risk factors.
It is uncontroversial that the presence of an LACM with
concomitant multiple cardiovascular risk factors poses a
high risk for major adverse cardiac events. However, it
becomes more complicated in the absence of risk factors.
This raises the question of whether a patient without risk
factors but with evidence of LACM would benefit from
therapy. Further outstanding issues address therapy and
prevention strategies, which might include more aggressive
rhythm control, close follow-up, or the prescription of oral
anticoagulation. Conversely, a patient without risk factors also
has a lower cardiovascular risk. Thus, it is interesting and indeed
clinically very relevant to consider the impact of LACM by
itself on stroke risk.

Left Atrial Cardiomyopathy and Atrial
Fibrillation
The most extreme assumption would be that it is not AF
itself that causes stroke but AF-associated LACM (1). Stroke
prevention might become the key to therapeutic options. On
the one hand, the identification of high-risk patients without
previous AF is important, on the other hand, it could be
evaluated whether patients with AF need oral anticoagulation
at all. These considerations could also have implications for the
use of oral anticoagulants after AF ablation. Conversely, there is
also the possibility that patients with oral anticoagulants are not
adequately managed (1).

Moreover, the presence of AF or the occurrence of
thromboembolic events could already represent a later disease
course of LACM. It is often assumed that LACM precedes
the incidence of AF. Hence, diagnostic criteria of LACM are
subsequently derived from predictors for the occurrence of AF.
However, pre-existing AF may also trigger atrial remodeling.
The landmark concept “AF begets AF” probably does not
adequately address the diagnosis of LACM since there might
be a bidirectional relationship between AF and atrial fibrosis
(9). It is unknown why there are such large interindividual
differences. Why does one patient persist in paroxysmal AF
for several years while another progresses to persistent AF
within a few weeks? Surprisingly, even patients with an
extremely high amount of atrial fibrosis can present with
paroxysmal instead of persistent AF (10). This “chicken and
egg” situation, whether AF is a symptom of LACM or a
trigger for LACM, cannot be conclusively resolved. However,
it is important to be aware that one-sided considerations and
assumptions can lead to a distortion of the complex clinical
pattern of LACM.
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FIGURE 7 | Illustration of the underlying risk factors for left atrial cardiomyopathy. AF, atrial fibrillation; LACM, left atrial cardiomyopathy.

FIGURE 8 | Proposal for a diagnostic algorithm for atrial cardiomyopathy based on the results of previous studies. APW, amplified P-wave; ESUS, embolic stroke of
undetermined source; LA, left atrium/left atrial; PA-TDI, total atrial conduction time assessed by tissue doppler imaging; PTFV1; P-wave terminal force in lead V1.
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How to Diagnose Left Atrial
Cardiomyopathy
Another reason for this elusive clinical pattern is the current
classification of LACM, which is based on atrial histopathology
(9). Although the classification has enormously helped to define
LACM histopathological, it requires biopsies, which is difficult
to implement and not reasonable in the clinical setting. There
is hope that with improved clinical diagnostics, an improved
classification might be possible (1). To date, there is no
recommendation for the clinical diagnosis of LACM. In addition,
the current classification does not yet provide any guidance
for therapies and prevention strategies (9). Again, the question
arises whether the management of patients can be improved by
clinical diagnostics and clinical classification. This present review
attempts to take a first step in this direction.

Randomized controlled trials could help to improve diagnostic
and therapeutic options in the presence of LACM. This could also
result in helpful advises for patient follow-up.

PROPOSAL FOR A DIAGNOSTIC
ALGORITHM: HOW TO DIAGNOSE
ATRIAL CARDIOMYOPATHY?

From the studies discussed in this review, a complex picture
emerges of a disease that is difficult to diagnose. The
main methods used to diagnose LACM are cardiac MRI,
electrophysiological investigations, echocardiography, and ECG.
In contrast, there are few studies with cardiac CT and PET-CT
and many but inconsistent studies with biomarkers.

Although many questions remain, we would like to propose
here a diagnostic algorithm that summarizes this review

(Figure 8). This algorithm is intended to illustrate the complexity
of the diagnostic process and may help to define uniform criteria
for LACM in the future.

CONCLUSION

Studies specifically addressing LACM are extremely limited, and
randomized controlled trials are lacking so far.

Our review represents an attempt to approach the diagnosis
of LACM to define LACM more precisely by applying and
combining several diagnostic criteria (Table 1 and Figure 8).
These criteria reflect the electrical, structural, and mechanical
remodeling of the atria and can be obtained in clinical practice.
The interrelationship of the diagnostic methods and the derived
parameters is interesting and important regarding the diagnosis
of LACM and provides the opportunity for improved assessment.

Further investigation is urgently needed to improve the
diagnostic capabilities and management of patients with LACM.
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Audrey Sagnard3, Mathilde Graber1,2, Geoffrey Dogon2, Romain Didier2,3,
Thibaut Pommier2,3, Catherine Vergely2, Yannick Béjot1,2 and Charles Guenancia2,3*

1 Department of Neurology, University Hospital, Dijon, France, 2 Pathophysiology and Epidemiology
of Cerebro-Cardiovascular Diseases (EA 7460), Faculty of Health Sciences, Université de Bourgogne, Université
de Bourgogne Franche-Comté, Dijon, France, 3 Department of Cardiology, University Hospital, Dijon, France

Background: Intensive screening for atrial fibrillation (AF) has led to a better recognition
of this cause in stroke patients. However, it is currently debated whether AF Detected
After Stroke (AFDAS) has the same pathophysiology and embolic risk as prior-to-stroke
AF. We thus aimed to systematically approach AFDAS using a multimodal approach
combining clinical, imaging, biological and electrocardiographic markers.

Methods: Patients without previously known AF admitted to the Dijon University
Hospital (France) stroke unit for acute ischemic stroke were prospectively enrolled.
The primary endpoint was the presence of AFDAS at 6 months, diagnosed through
admission ECG, continuous electrocardiographic monitoring, long-term external
Holter during the hospital stay, or implantable cardiac monitor if clinically indicated
after discharge.

Results: Of the 240 included patients, 77 (32%) developed AFDAS. Compared with
sinus rhythm patients, those developing AFDAS were older, more often women and
less often active smokers. AFDAS patients had higher blood levels of NT-proBNP,
osteoprotegerin, galectin-3, GDF-15 and ST2, as well as increased left atrial indexed
volume and lower left ventricular ejection fraction. After multivariable analysis, galectin-3
= 9 ng/ml [OR 3.10; 95% CI (1.03–9.254), p = 0.042], NT-proBNP = 290 pg/ml [OR
3.950; 95% CI (1.754–8.892, p = 0.001], OPG ≥ 887 pg/ml [OR 2.338; 95% CI (1.015–
5.620), p = 0.046) and LAVI ≥ 33.5 ml/m2 [OR 2.982; 95% CI (1.342–6.625), p = 0.007]
were independently associated with AFDAS.

Conclusion: A multimodal approach combining imaging, electrocardiography and
original biological markers resulted in good predictive models for AFDAS. These results
also suggest that AFDAS is probably related to an underlying atrial cardiopathy.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [NCT03570060].

Keywords: atrial fibrillation, stroke, atrial cardiopathy, biomarkers, Holter, echocardiography

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 July 2022 | Volume 9 | Article 94921357

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.949213
http://creativecommons.org/licenses/by/4.0/
mailto:charles.guenancia@gmail.com
https://doi.org/10.3389/fcvm.2022.949213
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.949213&domain=pdf&date_stamp=2022-07-13
https://www.frontiersin.org/articles/10.3389/fcvm.2022.949213/full
http://www.ClinicalTrials.gov
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-949213 July 9, 2022 Time: 19:2 # 2

Garnier et al. New Markers of AF Detected After Stroke

INTRODUCTION

Atrial fibrillation (AF) is one of the most common causes of
ischemic stroke. It is associated with a fivefold increased risk
of stroke and accounts for more than one in five strokes (1,
2). However, many studies showed that even with continuous
electrocardiographic monitoring (CEM), many AF episodes are
not clinically diagnosed (3). It has been estimated that one third
of patients with cryptogenic stroke may in fact have undetected
asymptomatic AF (1, 4). In this setting, implantable cardiac
monitors (ICM) are now commonly implanted in patients
with cryptogenic stroke, in accordance with CRYSTAL-AF trial
results (1). However, only one third of patients with ICM will
eventually develop new-onset AF (5). Systematic anticoagulation
in cryptogenic stroke patients failed to demonstrate a clinical
benefit as compared to aspirin in the NAVIGATE-ESUS or
RESPECT-ESUS trials (6, 7), supporting the emergence of a new
concept known as AFDAS (Atrial Fibrillation Detected After
Stroke and Transient Ischemic Attack). Although some studies
tend to show that AFDAS has a different pathophysiology and
embolic risk than AF, little is known about the underlying
mechanisms of this condition (8).

Three components are involved in the development of all types
of arrhythmia (9): the substrate, the modulator [the autonomic
nervous system (ANS)] and the triggering factor(s). We thus
aimed to approach systematically AFDAS pathophysiology in
stroke patients using a multimodal approach combining clinical,
imaging, biological and electrocardiographic markers:

- the atrial substrate (i.e. atrial cardiopathy), as assessed by
left atrial dimensions, and by blood biomarkers of fibrosis
(galectin-3, osteoprotegerin) and of cardiac remodeling
(NT-pro-BNP),

- the modulator: ANS, assessed by heart rate variability,
- the triggers, as assessed by inflammatory mediators (CRP,

ST2, GDF-15), the burden of premature atrial contractions
and the presence of left ventricular dysfunction or acute
myocardial injury.

Study Design and Population
We conducted a prospective study (SAFAS: Stepwise screening
for silent Atrial Fibrillation After Stroke) in adult patients
hospitalized between March 31, 2018, and January 18, 2020, in
the stroke unit of the Dijon Bourgogne University Hospital. We
included patients with ischemic stroke according to the World
Health Organization criteria: a clinical syndrome characterized
by a focal loss of cerebral or ocular function, of sudden
onset, without obvious etiology at initial management and
confirmed by imaging.

Patients with a history of AF or atrial flutter, as well as those
with a pacemaker or an implantable cardioverter defibrillator
with an atrial lead (not eligible for the stepwise screening
strategy), adults under guardianship, pregnant or breastfeeding
women, and those who refused to participate in the study were
excluded. Patients who were not under the primary care area of
the Dijon University Hospital (transfer to a department outside
the University Hospital after acute management of stroke)

were excluded because long-term external Holter screening
could not be done.

Oral consent was obtained from all patients or their
representative. This study was validated by a national
ethics committee and conducted in accordance with the
ethical principles of the Declaration of Helsinki and the
recommendations of Good Clinical Practice (CPP Sud
Méditerranée I n◦2018-A00345-50, clinical trials NCT03570060).

Clinical, Biological and Imaging Data
During Hospital Stay
Within 48 h of admission, we collected patients’ demographic
and clinical data. Upon admission to the stroke unit, patients
underwent additional examinations, including brain and
intra/extra-cranial vessel imaging, electrocardiogram (ECG),
echocardiography [transthoracic with bubble test for patent
foramen ovale (PFO) ± transesophageal] and a standard
biological workup supplemented by sampling for biomarkers.

Biomarker Assay
Biological samples were stored in the stroke unit refrigerator
at 3◦C for a maximum of 24 h. Tubes were centrifuged at
3,500 rpm for 5 min at 4◦C to recover the serum, and then
aliquoted. The aliquots were then immediately transferred to
the freezer (−80◦C) until use. The assay was performed on
thawed serum. The Enzyme-Linked Immuno-Sorbent Assay
technique was used for galectin-3 (DGAL30, R&D systems,
Minneapolis, United States) and the multiplex technique
for osteoprotegerin (OPG), ST2, and GDF15 (R&D systems,
Minneapolis, United States) following the manufacturer’s
recommendations.

Heart Rate Monitoring
Patients received continuous and sequential cardiac monitoring
which included ECG at admission, CEM in the stroke unit, and
long-term Holter ECG (SpiderFlash, Microport, France) during
the entire stay in the neurology department. The SpiderFlash
Holter allows the recording of arrhythmic episodes regardless
of their duration, capturing the events and documenting them
by means of ECG samples. The device was programmed to
record every rhythmic event for 7 days, regardless of the
duration of the supraventricular arrhythmia. An experienced
cardiologist (CG) who was blinded to the patient’s clinical
data performed the Holter ECG analysis. If the diagnosis was
uncertain, a second cardiologist, blinded to the first results,
also analyzed the records. There was no discordance between
the two analyses.

If no arrhythmia was detected and no etiology found for the
ischemic stroke after the diagnostic workup, an ICM (REVEAL
XT or Linq, Medtronic, United States) was indicated, as
recommended by international guidelines in case of cryptogenic
stroke (10). ICM detects AF by analyzing the irregularity and
inconsistency of successive R-R intervals within a minimum
time frame (5). Atrial fibrillation was defined according to
European guidelines (11). Atrial flutter patients were included
in the AF group.
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Electrocardiographic Data
ECG: P-wave duration (ms) and p-wave terminal force (PTF)
[amplitude of the terminal negative portion of the P-wave in
V1 x the duration of the terminal negative portion of the
P-wave in V1)].

Heart rate variability (HRV) on CEM tracings were measured
as previously described (12): average pNN50 (marker of
parasympathetic nervous system activation) corresponding to the
proportion derived by dividing NN50 [the number of interval
differences of successive sinus node depolarization (NN) intervals
greater than 50 ms] by the total number of NN intervals, and
SDNN [the standard deviation of all intervals between adjacent
QRS complexes resulting from sinus node depolarization (NN)],
on the first day of recording of the stroke unit CEM. Only
sequences with normal QRS characteristics during 24 h (sinus
rhythm) were analyzed for HRV study. If AF was diagnosed
on the ECG at entry or on the first day of monitoring, ANS
parameters were not analyzed.

Follow-Up
We collected the length of stay in each unit, where the
patient was discharged to after hospitalization, any intercurrent
hospital events, etiological diagnosis according to the TOAST
classification (13) as well as the NIHSS score, modified Rankin
score and discharge treatments.

Patients were contacted by phone at 3 months and seen for
an outpatient visit at 6 months. Data was collected regarding
vital status, current treatments, cardiovascular events (ischemic
stroke, myocardial infarction, heart failure hospitalization, atrial
fibrillation or atrial flutter), vascular or hemorrhagic recurrence,
and any hemorrhagic event.

Patients implanted with an ICM had a follow-up cardiology
consultation at 6 weeks and then every 3 months. If the patient
was equipped with a remote monitoring system, the ICM data
were analyzed every week and the patient was contacted if a
rhythm disorder was detected. Decisions regarding the treatment
of AF episodes were made by the attending physician.

Statistical Analysis
Continuous data were expressed as medians (25th–75th
percentile) and dichotomous data as numbers (percentages).
A Mann-Whitney test or Student’s t-test was used to compare
continuous data, and the Chi-square test or Fisher’s test was used
for dichotomous data. The optimal threshold to discriminate
AF from the continuous data of interest was obtained with
the receiver-operating characteristic (ROC) curve with the
best sensitivity and specificity according to the Youden index.
Variables entered into the multivariate model were chosen
according to their univariate relationship with an inclusion and
exclusion cut-off at 5%. Two multivariate backward stepwise
logistic regression models were used, one to predict all recorded
AFDAS from admission to 6-month follow-up (model 1) and the
second one focusing on AFDAS diagnosed after the stay in the
stroke unit, including HRV variables (model 2). A p-value < 0.05
was considered statistically significant. Analyses were performed
using SPSS software (26.0, IBM Inc., United States).

RESULTS

Atrial Fibrillation Detected After Stroke
Associated Factors
Among the 1,796 patients admitted to the stroke unit between
March 2018 and January 2020, 265 were eligible for inclusion,
and 240 were finally analyzed (Figure 1). During the 6 months
of follow-up, 77 patients (32%) developed AFDAS and 163
patients (64%) maintained sinus rhythm. Clinical characteristics
and complementary exam results are presented in Tables 1–4.

Compared with sinus rhythm patients, the patients who
developed AFDAS were older (p < 0.001), were more often
women, were less often active smokers (p = 0.001), had a
higher NIHSS score on admission (p = 0.001), and were
likely to have a premorbid mRS ≥ 2 (p < 0.001). The
CHA2DS2VASc score at admission (calculated without including
the current episode of stroke) was also higher in the AFDAS
group (p < 0.001), and AFDAS patients were more likely to
have undergone acute revascularization therapy by thrombolysis
and/or mechanical thrombectomy (p = 0.002) (Table 1). On brain
CT-scan imaging, the stroke location of patients with AFDAS
more frequently involved the superficial middle cerebral artery
territory (p < 0.001), especially when the insula was involved
(p = 0.003).

AFDAS patients also had higher blood levels of NT-pro-
BNP (p < 0.001) (Table 2). Plasma levels of OPG (p < 0.001),
galectin-3 (p = 0.026), GDF 15 (p = 0.001) and ST2 (p = 0.027)
were higher in AFDAS patients. Patients with AFDAS more
frequently had LA dilatation as assessed by increased left atrial
indexed volume (LAVI) (p < 0.001), and had lower LVEF
(p = 0.030) (Table 3).

In patients without evidence of AF at admission or during
CEM in the stroke unit, (N = 158), pNN50 (p < 0.001) and SDNN
(p = 0.007), both calculated on the first day of the CEM, were
higher in patients who subsequently developed AFDAS. AFDAS
was also associated with higher burden of premature atrial
contractions (PAC), (p < 0.001), non-sustained supraventricular
tachycardias (p < 0.001) and premature ventricular contractions
(PVC) (p < 0.001) on CEM.

We performed ROC curves analyses to assess the relationship
and the best cut-off values between AF and the biological,
imaging and electrocardiographic markers of atrial cardiopathy.
After ROC curve, the best predictive value for AF was 887 pg/ml
for OPG, 18,350 pg/ml for ST2, 1,320 pg/ml for GDF-15, 11 ng/ml
for galectin-3, 290 pg/ml for NT-pro-BNP, 33.5 ml/m2 for LAVI,
38 for SDNN and 11 for pNN50.

During the 6 months of follow-up, there were significantly
more deaths in the AFDAS group than in the sinus rhythm group
[10 (13%) vs. 3 (2%), p = 0.001]. There was also a trend toward
more frequent bleeding in AF patients at 6 months. There was no
difference in the recurrence rate of stroke or TIA.

Predictive Models for Atrial Fibrillation
Detected After Stroke
Two multivariate models were performed, one to predict
all recorded AFDAS (model 1) and another model (model
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FIGURE 1 | Flow chart of the SAFAS study.

TABLE 1 | Clinical characteristics of patients [n (%) or median (IQR)].

SR [n = 163 (68%)] AFDAS [n = 77 (32%)] p

Risk factors

Age, years 65.79 (54.90–74.96) 81.27 (71.68–85.85) <0.001

Age ≥ 77 years 31.00 (19.00) 49.00 (63.30) <0.001

Female sex 68.00 (41.70) 45.00 (58.40) 0.015

BMI, kg/m2 26.26 (23.75–29.19) 26.44 (23.10–29.79) 0.778

Obesity (BMI > 30 kg/m2) 35.00 (21.90) 16.00 (22.9) 0.869

High blood pressure 86.00 (52.80) 50.00 (64.90) 0.076

Hypercholesterolemia 49.00 (30.10) 21.00 (27.30) 0.657

Diabetes 30.00 (18.40) 16.00 (20.80) 0.663

Active smoking 41.00 (25.20) 6.00 (7.90) 0.001

Active or withdrawn alcohol consumption 13.00 (8.00) 5.00 (6.70) 0.799

Obstructive sleep apnea 14.00 (8.60) 9.00 (11.80) 0.483

Previous kidney failure 2.00 (1.20) 3.00 (3.90) 0.331

Previous cancer 26.00 (16.00) 10.00 (13.00) 0.548

Recent infection (<1 month) 6.00 (3.70) 6.00 (7.90) 0.206

Cardiovascular history

Stroke or TIA 25.00 (15.50) 13.00 (17.10) 0.757

Peripheral artery disease 2,00 (1.20) 1,00 (1.30) 1,000

Heart failure 5.00 (3.10) 5.00 (6.60) 0.296

Cardiac valve disease 7,00 (4.30) 6.00 (7.90) 0.357

Clinical data at admission

Systolic pressure, mmHg 155.00 (138.25–175.00) 161.00 (139.50–178.50) 0.910

Diastolic pressure, mmHg 87.00 (75.25–95.00) 81.00 (70.00–92.50) 0.061

Blood glucose, g/l 1.17 (1.02–1.37) 1.11 (0.99–1.35) 0.288

NIHSS score 4.00 (1.00–7.00) 6.00 (3.00–12.75) 0.001

Premorbid mRS ≥ 2 20.00 (12.70) 28.00 (37.30) <0.001

CHA2DS2VASc score 2.00 (1.00–4.00) 4.00 (2.00–4.00) <0.001

Acute revascularization therapy 54.00 (33.10) 42.00 (54.50) 0.002

IQR, interquartile range; SR, sinus rhythm; BMI, Body mass index; TIA, transient ischemic attack; NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin
scale.

2) focusing on AFDAS diagnosed after patients’ stay in
the stroke unit (> 48 h usually), including HRV variables
(Table 4).

In model 1, among the variables significantly associated with
AF in bivariate analysis, galectin-3 ≥ 9 ng/ml [OR 3.10; 95%
CI (1.03–9.254), p = 0.042], NT-pro-BNP ≥ 290 pg/ml [OR
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TABLE 2 | Biological, imaging and electrocardiographic characteristics of patients at admission [n (%) or median (IQR)].

Sinus rhythm AFDAS p

Biological data

CRP, mg/mL 2.90 (2.90–5.00) 2.95 (2.90–6.10) 0.269

Creatinine, µmol/l 72.00 (62.00–85.00) 74.00 (63.00–88.00) 0.476

Troponin, µg/l 0.02 (0.02–0.02) 0.02 (0.02–0.04) 0.417

NT-Pro-BNP, pg/ml 129.00 (60.00–331.00) 843.00 (303.25–2069.50) <0.001

NT-pro-BNP ≥ 290 pg/ml 43.00 (28.70) 54.00 (77.10) <0.001

TSH, µg/ml 1.32 (0.76–2.07) 1.16 (0.78–1.88) 0.772

Galectin 3, ng/ml 11.03 (8.24–14.33) 12.45 (10.03–16.29) 0.026

Galectin 3 ≥ 9 ng/ml 106.00 (68.40) 68.00 (88.30) 0.001

ST2, pg/ml 17147.90 (12932.97–26956.95) 21.202.68 (14708.56–31836.67) 0.027

ST2 ≥ 18,350 pg/ml 63.00 (39.90) 48.00 (63.20) 0.001

Osteoprotegerin, pg/ml 905.60 (757.07–1280.77) 1139.30 (912.92–1598.76) <0.001

Osteoprotegerin ≥ 887 pg/ml 80.00 (50.60) 60.00 (77.90) <0.001

GDF15, pg/ml 1573.64 (1003.80–2270.86) 2142.63 (1363.14-2931.12) 0.001

GDF15 ≥ 1,320 pg/ml 94.00 (59.90) 61.00 (79.20) 0.003

Imaging data

Multi-territory stroke 19.00 (11.70) 6.00 (7.80) 0.360

Vertebro-basilar stroke 58.00 (35.60) 18.00 (23.40) 0.058

Bilateral stroke 15.00 (9.20) 6.00 (7.80) 0.718

Insular stroke 27.00 (16.60) 26.00 (33.80) 0.003

Cerebellar stroke 18.00 (11.00) 7.00 (9.10) 0.821

Thalamic stroke 9.00 (5.50) 5.00 (6.50) 0.773

Anterior choroidal stroke 10.00 (6.10) 0.00 (0.00) 0.033

CAA stroke 6.00 (3.70) 4.00 (5.20) 0.730

MCA superficial stroke 73.00 (44.80) 53.00 (68.80) <0.001

MCA deep stroke 43.00 (26.40) 22.00 (28.60) 0.721

ECG data

LBB (n = 180) 3.00 (2.40) 2.00 (3.50) 0.685

RBB (n = 180) 7.00 (5.70) 5.00 (8.80) 0.523

P-wave duration max, ms (n = 111) 100.00 (100.00–120.00) 120.00 (100.00–120.00) 0.570

PTF, mV.ms 4.00 (4.00–8.00) 6.00 (4.00–8.00) 0.407

PTF ≥ 4 mv.ms (n = 111) 41.00 (47.10) 17.00 (70.80) 0.063

PTF ≥ 5 mv.ms (n = 111) 38.00 (46.30) 20.00 (69.00) 0.051

PR duration, ms 168.00 (148.00–191.00) 172.00 (154.00–196.00) 0.214

QRS duration, ms 90,00 (82.50–98.00) 92.00 (82.00–108.00) 0.385

Corrected QTc duration, ms 423.00 (409.00–444.00) 435.00 (413.50–449.50) 0.189

IQR, interquartile range; SR, sinus rhythm; AF, Atrial fibrillation CRP, C-reactive protein; NT-pro-BNP, N-Terminal pro-brain natriuretic peptide; ST2, Suppression of
Tumorigenicity 2; GDF15, growth differentiation factor 15; cerebral anterior artery; MCA, middle cerebral artery; ECG, electrocardiogram; LBB, left bundle branch block;
RBB, right bundle branch block; PTF, p-wave terminal force.

3.950; 95% CI (1.754–8.892, p = 0.001], OPG ≥ 887 pg/ml [OR
2.338; 95% CI (1.015–5.620), p = 0.046] and LAVI ≥ 33.5 ml/m2
[OR 2.982; 95% CI (1.342–6.625), p = 0.007] were independently
associated with AFDAS.

In model 2, including HRV variables, galectin-3 ≥ 9 ng/ml
[OR 6.587; 95% CI (1.529–28.376) p = 0.011], NT-Pro-BNP ≥ 290
pg/ml [OR 4.676; 95% CI (1.655–13.210), p = 0.004], OPG ≥ 887
pg/ml [OR 3.350; 95% CI (1.060–10.590) p = 0.040] and
pNN50 ≥ 11 [OR 8.260; 95% CI (2.795–24.406), p < 0.001] were
independently associated with AFDAS after discharge from the
stroke unit.

The ROC curves of these models illustrate their predictive
performance for AFDAS in our cohort (Figure 2) [model 1:
AUC 0.829, 95% CI (0.764–0.894); model 2: AUC 0.879, 95%

CI (0.818–0.940)]. For model 1, the positive predictive value
was 63% and the negative predictive value was 80%. For model
2, the positive predictive value was 71% and the negative
predictive value was 83%.

DISCUSSION

The main results of this prospective study in ischemic stroke
patients without previous AF or an obvious etiology at admission
are as follows (Figure 3):

• Our sequential, continuous and early rhythm monitoring
approach detected AFDAS in 32% of patients at 6
months of follow-up.
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TABLE 3 | cardiac work-up [n (%) or median (IQR)].

Sinus rhythm AFDAS p

CEM data (n = 224) 199.00 (88.84) 25.00 (11.16)

PAC, day 1 1.00 (0.00–4.75) 9.00 (2.00–26.50) <0.001

NSSVT, day 1 0.00 (0.00–1.00) 3.00 (1.00–9.00) <0.001

NSVT, day 1 3.50 (1.00–7.00) 11.00 (2.50–23.00) <0.001

pNN50 (n = 158) 2.00 (0.00–9.55) 14.11 (4.13–22.39) <0.001

Sinus variability (SDNN) (n = 158) 29.08 (21.19–46.77) 41.67 (27.13–72.50) 0.002

pNN50 ≥ 11 (n = 158) 25.00 (21.40) 25.00 (61.00) <0.001

SDNN ≥ 38 (n = 158) 36.00 (30.80) 27.00 (65.90) <0.001

Echocardiographic data

LA diameter, cm 3.60 (3.20–3.93) 4.10 (3.60–4.40) <0.001

LA surface, cm2 17.70 (15.05–22.20) 20.80 (17.03–25.87) 0.001

LA volume, mm3 45,00 (35.30–61.25) 60.90 (42.00–81.60) <0.001

LAVI, ml/m2 25.84 (19.45–33.25) 35.80 (25.87–43.86) <0.001

LAVI ≥ 33.5 ml/m2 (n = 188) 32.00 (23.50) 32.00 (61.50) <0.001

LVEF,% 60.00 (56.00–66.15) 59.90 (55.00–63.50) 0.030

PFO 26.00 (16.50) 2.00 (3.00) 0.004

SR, sinus rhythm; AF, atrial fibrillation; PAC, premature atrial contractions; NSSVT, non-sustained supra ventricular tachycardia; NSVT, non-sustained ventricular
tachycardia; LAVI, left atrial indexed volume; LVEF, left ventricular ejection fraction; PFO, patent foramen ovale.

TABLE 4 | Univariate and multivariate analysis of AFDAS predictors.

Univariate Multivariate

Variable OR 95% CI p OR 95% CI P

Model 1 (n = 240)

Age ≥ 77 yo 7.45 4.06–13.67 <0.001

Female sex 1.96 1.13–3.45 0.016

Active smoking 0.26 0.10–0.63 0.003

Insular stroke 2.57 1.37–4.81 0.003

LAVI ≥ 33.5 ml/m2 5.20 2.62–10.32 <0.001 2.982 1.34–6.63 0.007

PFO 0.16 0.04–0.68 0.013

NT-pro-BNP ≥ 290 pg/ml 8.39 4.34–16.26 <0.001 3.950 1.75–8.89 0.001

Galectin-3 ≥ 9 ng/ml 3.49 1.61–7.57 0.002 3.101 1.04–9.25 0.042

ST2 ≥ 18,350 pg/ml 2.59 1.47–4.55 0.001

OPG ≥ 887 pg/ml 3.44 1.85–6.41 <0.001 2.338 1.02–5.62 0.046

GDF15 ≥ 1,320 pg/ml 2.56 1.35–4.83 0.004

Model 2 (n = 158)

Age ≥ 77 yo 6.07 2.81–13.11 <0.001

LAVI ≥ 33.5 ml/m2 4.37 1.88–10.17 0.001

NT-pro-BNP ≥ 290 pg/ml 6.83 3.05–15.32 <0.001 4.676 1.66–13.21 0.004

Galectin-3 ≥ 9 ng/ml 7.04 2.04–24.25 0.002 6.587 1.53–28.38 0.011

ST2 ≥ 18,350 pg/ml 2.56 1.23–5.36 0.012

OPG ≥ 887 pg/ml 2.99 1.34–6.67 0.007 3.350 1.06–10.59 0.040

GDF15 ≥ 1,320 pg/ml 2.72 1.19–6.23 0.018

PNN50 ≥ 11 5.75 2.67–12.39 <0.001 8.260 2.80–24.41 <0.001

SDNN ≥ 38* 4.34 2.04–9.33 <0.001

AF, atrial fibrillation; CI, confidence interval; HR, hazard ratio.*Not included in the multivariate analysis due to collinearity with PNN50 (R = -0.74).

• Several clinical and imaging parameters, novel blood
biomarkers (such as galectin-3 and osteoprotegerin), and
electrocardiographic parameters such as PNN50 were
associated with AFDAS. We can thus confirm the

association between atrial cardiopathy markers and the new
concept of AFDAS.

• The use of a multimodal approach based on the 3 key
determinants of arrhythmia resulted in highly predictive

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 July 2022 | Volume 9 | Article 94921362

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-949213 July 9, 2022 Time: 19:2 # 7

Garnier et al. New Markers of AF Detected After Stroke

FIGURE 2 | ROC curve for models 1 and 2. Model 1 associates galectin-3 = 9 ng/ml; NT-pro-BNP ≥ 290 pg/ml; OPG ≥ 887 pg/ml and LAVI ≥ 33.5 ml/m2 for all
AFDAS prediction (n = 240). Model 2 associates galectin-3 ≥ 9 ng/ml; NT-Pro-BNP ≥ 290 pg/ml; OPG ≥ 887 pg/ml and pNN50 ≥ 11 for AFDAS occurring after a
stay in the stroke unit: AUC, area under the curve. OPG, osteoprotegerin.

FIGURE 3 | SAFAS study main results.

models of AFDAS. These models could help to better
stratify the screening strategy for AFDAS, especially for the
use of ICM after hospitalization for stroke.

Left Atrial Substrate: Morphological,
Biological and Electrical Assessment
Several studies have demonstrated the association between
LA dilatation and AF. Some have even suggested that
increased LAVI could be associated with stroke independently
of AF onset (14). LA enlargement may promote blood

stasis, endothelial damage and thrombus formation (15).
This hypothesis is supported by recent data suggesting that
atrial fibrosis increases thromboembolic risk regardless of
atrial rhythm: this is the concept of atrial cardiopathy (16,
17). In our study, we found a strong association between
LA remodeling and AFDAS, as assessed by LA dilatation
(increased LA diameter, surface and LAVI). The optimal
threshold of LAVI associated with the risk of AF occurrence
was 33.5 ml/m2. This threshold corresponds to the threshold
of mild dilatation on echocardiography (18) and is close to
the Carrazco study cut-off (30 ml/m2) (19), but lower than
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the threshold of 44–45 ml/m2 found in some studies that
have shown this association in the context of cryptogenic
stroke (20).

In addition to LA dimensions, several research teams have
suggested the use of electrocardiographic markers of atrial
cardiopathy such as PTFV1. This parameter has been associated
with increased risk of AF after adjustment for other markers
of atrial cardiopathy such as LA dimensions and NT-pro-
BNP (21, 22). PTFV1 may be a marker of atrial changes
such as fibrosis and elevated filling pressure that are not fully
revealed by echocardiographic or serum biomarker assessments.
In our study, in a sample of patients (n = 111) in whom
these measurements were feasible, we did not find a significant
association between these ECG markers and AFDAS, contrary
to LA dilatation or biomarkers of atrial substrate. This could be
related to the population size or to the inclusion of more powerful
markers of atrial cardiopathy in the prediction models.

Moreover, three biomarkers of atrial cardiopathy were
associated with AFDAS in our study:

- In both predictive models, galectin-3, a biomarker of
fibrosis (23), was independently associated with AFDAS.
Galectin-3 blood levels are increased in AF patients,
are independently correlated with LA volume (24) and
predict AF onset and recurrence after AF ablation
(25). Although the exact pathophysiological mechanisms
by which galectin-3 promotes AF are still unclear, it
appears to play an important role in fibrotic processes.
It could therefore be a potential marker of interest for
atrial cardiopathy.

- Osteoprotegerin is a protein is expressed in endothelial and
smooth muscle cells and is involved in the regulation of the
inflammatory response and remodeling of the extracellular
matrix (26). Its association with AF was only recently
suggested. Cao et al. showed that AF patients had higher
atrial gene expression of the OPG/RANK/RANKL axis and
a higher RANKL/OPG ratio, particularly in paroxysmal
AF (27). This expression was also well correlated with
markers of atrial remodeling including markers of
apoptosis, pro-inflammatory factors, and the matrix
metalloproteinase/tissue inhibitors of metalloproteinases
system regulating extracellular matrix degradation (28).
OPG could therefore be associated with AF through atrial
remodeling processes, and could be suggested as a new
marker of atrial cardiopathy.

- NT-proBNP levels are increased in stroke patients
diagnosed with AF, and are reported to be higher in case of
cardioembolic stroke (29, 30). In our study, NT-proBNP
values over 290 pg/ml were significantly associated with
the occurrence of AFDAS in both models, a threshold
comparable to another study on cryptogenic stroke (30).
Moreover, NT-proBNP levels > 250 pg/ml were used as
a surrogate of atrial cardiopathy in the ARCADIA study
(31). Finally, in the TARGET-AF study of stroke patients
whose AF was detected by early and prolonged heart rate
recordings, Suissa et al. suggested that low BNP levels
could virtually exclude the risk of secondary AF (32). These

findings suggest that this biomarker could be of great
clinical value for targeted AF screening given its strong and
independent predictive value of AFDAS in our study.

Taken together, these results suggest that these biomarkers
could be of great clinical value for targeted AF screening and
atrial cardiopathy diagnosis, given their strong and independent
predictive value of AFDAS.

Modulator
The ANS acts as a modulator of AF onset through the
modulation of atrial electro-physiological properties. Adami et al.
demonstrated that patients with R-R interval variability after
ischemic stroke had an increased risk of AF (33). In our second
multivariate model, pNN50 = 11 was associated with an eightfold
higher risk of AFDAS in patients without previous evidence of
AF on ECG at admission or during CEM in the stroke unit.
This analysis is particularly interesting because these data can
be automatically extracted from CEM data in the stroke unit,
making it feasible in routine clinical practice. We suggest that, if
confirmed in further studies, temporal HRV measurements could
be included in the cardiac work-up after stroke, similar to LAVI
or NT-pro-BNP levels.

Atrial Fibrillation Triggers
Inflammation plays a role in the initiation, persistence and
recurrence of AF. In our study, several inflammatory mediators
know (ST2, GDF15, CRP) were associated with the occurrence
of AF in bivariate analysis but did not remain significantly
associated with AF in our predictive models. This suggests that
the pathophysiology of AFDAS is more likely to involve chronic
remodeling (atrial cardiopathy) rather that acute triggers such as
inflammation or acute myocardial dysfunction.

Finally, the prognostic significance of AFDAS remains
uncertain. Further studies are needed to assess the benefit of
anticoagulants in AFDAS on the risk of stroke recurrence. In
this regard, the ARCADIA trial, which aims to compare an
anticoagulant strategy with apixaban vs. aspirin in patients with
cerebral infarction of undetermined etiology with recognized
markers of atrial cardiopathy (P-wave terminal force > 5,000
µV.ms in V1, serum NT-pro-BNP > 250 pg/mL, or left
atrial diameter index ≥ 3 cm/m2) (31) should add significant
knowledge to this clinical issue.

Limitations
Our study has certain limitations. First, it was a monocentric
study on a population based exclusively at the Dijon University
Hospital, and we excluded patients referred by other hospitals,
which limited the number of inclusions. In addition, some
patients with ischemic stroke were not admitted to the stroke
unit and therefore could not be included. The study follow-up
was limited to 6 months in the study design, in contrast to some
studies that completed up to 3 years of monitoring (1, 19). This
could have led to an underestimation of AF incidence and to false
negatives in the sinus rhythm group. However, in the study by
Carrazco et al. 80% of AF cases were diagnosed within the first
6 months of screening (19).
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CONCLUSION

In order to improve the cost-effectiveness of long-term external
Holter recordings and ICM implantations, it is essential to target
the patients most at risk of AFDAS, who should benefit from a
prolonged rhythm screening strategy. Our multimodal approach
combining imaging, electrocardiography and original biological
markers of atrial cardiopathy resulted in good predictive models
for AFDAS at 6-month follow-up. These results also suggest that
AFDAS is probably not be an epiphenomenon related to the acute
stroke but rather related to underlying atrial cardiopathy. Further
studies are needed to evaluate the embolic risk and the indication
for anticoagulation in these AFDAS patients.
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Predictors of late arrhythmic
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Italy, 6Spedali Civili Hospital, University of Brescia, Brescia, Italy

Introduction: Predictors of late life-threatening arrhythmic events in Brugada

syndrome (BrS) patients who received a prophylactic ICD implantation remain

to be evaluated. The aim of the present long-term multicenter study was to

assess the incidence and clinical-electrocardiographic predictors of late life-

threatening arrhythmic events in BrS patients with a prophylactic implantable

cardioverter defibrillator (ICD) and undergoing generator replacement (GR).

Methods: The study population included 105 patients (75% males; mean age

45 ± 14years) who received a prophylactic ICD and had no arrhythmic event

up to first GR.

Results: The median period from first ICD implantation to last follow-up

was 155 (128–181) months and from first ICD Implantation to the GR was

84 (61–102) months. During a median follow-up of 57 (38–102) months

after GR, 10 patients (9%) received successful appropriate ICD intervention

(1.6%/year). ICD interventions included shock on ventricular fibrillation (n = 8

patients), shock on ventricular tachycardia (n = 1 patient), and antitachycardia

pacing on ventricular tachycardia (n = 1 patient). At survival analysis, history of

atrial fibrillation (log-rank test; P = 0.02), conduction disturbances (log-rank

test; P < 0.01), S wave in lead I (log-rank test; P = 0.01) and first-degree

atrioventricular block (log-rank test; P = 0.04) were significantly associated

with the occurrence of late appropriate ICD intervention. At Cox-regression
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multivariate analysis, S-wave in lead I was the only independent predictor of

late appropriate ICD intervention (HR: 9.17; 95%CI: 1.15–73.07; P = 0.03).

Conclusions: The present study indicates that BrS patient receiving a

prophylactic ICD may experience late appropriate intervention after GR in a

clinically relevant proportion of cases. S-wave in lead I at the time of first

clinical evaluation was the only independent predictor of persistent risk of

life-threatening arrhythmic events. These findings support the need for GR at

the end of service regardless of previous appropriate intervention, mostly in

BrS patients with conduction abnormalities.

KEYWORDS

Brugada syndrome, implantable cardioverter-defibrillator, risk stratification, sudden

cardiac death, complications

Introduction

Risk stratification and management of patients with

Brugada syndrome (BrS), principally asymptomatic, still

remain challenging (1–6). Many prognostic markers have

been proposed, such as male gender, spontaneous type 1

BrS ECG pattern, positive electrophysiological study (EPS),

fever, and resting situation (7–13). The role of genetic on

risk stratification has been questioned. However, specific

genetic mutations may be predictive, such as the combination

of a SCN5A mutation with malignant arrhythmic events,

ECG conduction abnormalities and the extent of the

electrophysiological abnormalities (14, 15). In addition,

ECG and imaging markers (16) seem to be useful for risk

stratification. The predictive value of these parameters is

based on non-invasive assessment of depolarization and

repolarization parameters (17), such as: prolongation of PR

interval (18), increase of QRS duration (19), fragmented

QRS (f-QRS) (20, 21), S-wave in lead I (22), prolongation

of QT interval or early repolarization (ER) pattern (23, 24).

Even today, the implantable cardioverter-defibrillator (ICD)

is the mainstay of treatment of BrS patients, although

it is associated with high complication rates, including

inappropriate shocks (IS) and lead failure (1–3, 25–27).

Thus, when considering ICD implantation in BrS patients

the risk/benefit balance should be considered. The subset

of BrS patients requiring generator replacement (GR) who

received a prophylactic ICD and did not experience appropriate

interventions during the life of the first implantation rises

challenging problems of management. Data on the arrhythmic

outcome and predictors of late life-threatening arrhythmic

events in this unique group of BrS patients after GR are

incompletely established. The aim of the present long-

term multicenter study was to assess the incidence and

clinical-electrocardiographic predictors of late life-threatening

arrhythmias in BrS patients treated with prophylactic ICD and

undergoing GR.

Methods

The study population included BrS patients, with

spontaneous or drug induced Type 1 ECG pattern who

received a prophylactic ICD either transvenous ICD (TV-ICD)

or subcutaneous ICD (S-ICD) and had no arrhythmic event

up to first GR. The patients were enrolled at six centers

(Cardiology Department of the University of Padova, Hospital

of Conegliano, the University of Brescia, the University

Hospital of Catanzaro, the Casilino Hospital of Rome and the

Universitair Ziekenhuis Brussel), between January 1996 and

September 2020. Herein, an ICD was defined as “prophylactic”

when it was implanted in patients without prior sustained

ventricular tachycardia (VT) or ventricular fibrillation (VF)

who were considered at high risk of sudden cardiac death

(SCD) on the basis of current recognized risk factors (1–10).

In the case of a transvenous defibrillator implant, the type

of venous access (subclavian, axillary, or cephalic vein), the

type of lead fixation (passive or active), and the type of

device (single or dual chamber) were at the discretion of the

physician. Furthermore, the choice of implanting an S-ICD

rather than a TV-ICD was also at discretion of the physician,

according to current guidelines (28). Brugada syndrome was

diagnosed as previously reported (1, 2). Provocative drug

test using ajmaline (1 mg/kg in 5–10min) or flecainide (2

mg/kg in 5min) was administered intravenously to unmask

the diagnostic ECG pattern of BrS in case of a non-diagnostic

baseline electrocardiogram (1, 2). Family history of BrS,

or sudden cardiac death (first-degree family member died

suddenly at age <45 years old in the absence of known heart

disease), medical history, physical examination, baseline ECG,

results of provocative drug test, EPS when performed and

indications for ICD implantation were collected in all patients.

Underlying structural cardiac abnormalities were excluded in

each patient. Patients presenting with syncope were considered

as symptomatic. Syncope was defined as a non-traumatic

transient loss of consciousness and spontaneous complete
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recovery (29). The study was conducted in compliance with

the Declaration of Helsinki, approved by the local ethics

committee (Comitato Etico per la Sperimentazione Clinica,

Azienda Ospedaliera di Padova, Italy) and all patients signed

informed consent.

Electrocardiogram

Baseline 12-lead ECG (speed of 25 mm/s, 1 mV/10mm gain,

and 0.05–150Hz filter) was recorded in each patient at the first

clinical evaluation. The following parameters were recorded in

leads II and V6: the RR interval, PQ interval, QRS duration,

JT interval, and corrected QT interval. The QTc interval was

calculated with the Bazett’s formula. In leads V1 to V3, the

maximal ST-segment elevation was measured at the J-point

(STJ). An electrocardiogram was considered diagnostic of BrS

if a coved-type ST-segment elevation of ≥2mm (Type 1) was

documented in ≥1 lead from V1 to V3 positioned in the 2nd,

3rd, or 4th intercostal space, in the presence or absence of a

sodium-channel blocker. Conduction disturbances were defined

as the presence of at least one of the following conduction

abnormalities on basal ECG: first-degree atrio-ventricular (AV)

block, prolonged QRS duration, f-QRS, and S-wave in lead I.

A QRS interval duration >120ms was considered prolonged.

First-degree AV block was considered in the presence of a PR

interval>200ms. Left bundle branch block, right bundle branch

block, left anterior fascicular block, and left posterior fascicular

block were defined in accordance with current guidelines (30).

Abnormal fragmentation of the QRS complex was defined as the

presence of multiple spikes within the QRS complex as described

previously (20). The presence of an S-wave ≥ 0.1mV and/or

>40ms in lead I was examined as described previously (22).

Early repolarization pattern was defined as an elevation of the

J-point of at least 1mm above the baseline level, in at least two

consecutive inferior (II, III, aVF) or lateral (I, aVL, and V4 to

V6) leads either as QRS slurring or notching (2, 23, 24). Two

independent experienced electrophysiologists analyzed all the

electrocardiograms. In cases of disagreement, a third physician

was consulted.

Electrophysiological study

The EPS included basal measurements of conduction

intervals (baseline AH and HV intervals) and programmed

ventricular stimulation. The protocol used was at discerption

of the center. A maximum of 3 ventricular extrastimuli (with

minimum coupling interval of 200ms) were delivered. A patient

was considered inducible if a sustained ventricular arrhythmia,

such as VF, VT, or monomorphic VT lasting >30 s or requiring

termination because of hemodynamic compromise was induced.

Inducibility at EPS was deemed as an indication for ICD

implantation (1, 2).

Follow-up

The primary endpoint of the study was to assess the late

arrhythmic outcome defined as a combined endpoint including

cardiac arrest/sudden cardiac death (SCD) and appropriate

ICD therapy which occurred after GR. Appropriate ICD

therapy was defined as an ICD shock delivered in response

to VT or VF or anti-tachycardia pacing (ATP) in response

to VT and documented by stored intracardiac ECG data

during outpatient evaluation or at the remote monitoring. The

secondary endpoint was to evaluate a combined endpoint of

device-related complications requiring surgical revision and IS

after GR. Inappropriate shocks were defined as those delivered

in the absence of ventricular arrhythmia.

Statistical analysis

Categorical variables were described as frequencies

(percentages) and differences between groups were evaluated by

using the X2-test or the Fisher exact test as appropriate. Normal

distribution of continuous variables was assessed by using the

Shapiro-Wilk test. Continuous variables were expressed as mean

± standard deviation (SD) or median (25th−75th percentiles)

for normally distributed and skewed variables, respectively, and

compared with the Student’s t-test or the Mann–Whitney U-

test, as appropriate. The mean event rate per year was evaluated

by the number of events occurring during the follow-up divided

by the number of patients multiplied by the average duration

of follow-up. Survival analysis was performed visually through

Kaplan–Meier survival curves, which were later compared using

the log-rank test. Patients were censored at the time of the first

event or at the time of the last follow-up. Univariate analysis was

performed using the Cox proportional hazards model. Variables

with a P < 0.05 at univariate analysis were entered into the

multivariate model. A p < 0.05 was considered statistically

significant. Statistical analyses were conducted using STATA

version 14.1 (STATA Corporation, College Station, TX, USA).

Results

Baseline clinical characteristics at
enrolment

The study population consisted of 105 patients (79 males;

75%) with a mean age at first ICD implantation of 45 ± 14

years who underwent GR. Ninety-five patients (90.5%) received

a TV-ICD and 10 patients (9.5%) an S-ICD. Table 1 shows the
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TABLE 1 Clinical and electrocardiographic characteristics of the study

population.

Variables (N = 105)

Age at first implantation (years) 45± 14

Age at GR (years) 52± 14

Male sex, n (%) 79 (75)

Family history of BrS, n (%) 34 (32)

Family history of SCD, n (%) 48 (46)

Syncope, n (%) 61 (58)

History of AF, n (%) 25 (24)

Positive EPS 52/90 (58)

Basal electrocardiogram

Spontaneous Brugada type 1, n (%) 53 (50)

Early repolarization, n (%) 4 (4)

QTc prolongation, n (%) 4 (4)

Conduction disturbances, n (%) 55 (52)

First degree AV block, n (%) 18 (17)

QRS fragmented or prolonged, n (%) 13 (12)

S-wave in lead I, n (%) 46 (44)

AF, atrial fibrillation; AV, atrioventricular; BrS, Brugada syndrome; EPS,

electrophysiological study; GR, generator replacement; SCD, sudden cardiac death.

clinical characteristics of the study population. At enrollment,

no patient had a history of previous cardiac arrest; 61 patients

(58%) were symptomatic for syncope, 25 (24%) reported a

history of paroxysmal atrial fibrillation (AF) and 44 (42%) were

asymptomatic. A spontaneous type 1 ECG was documented

in 53 patients (50%). A family history of BrS or SCD was

ascertained in 34 (32%) and 48 (46%) patients, respectively. Of

90 patients (86%) undergoing EPS, 52 (58%) were inducible.

All patients received a prophylactic ICD because of syncope

(n = 61), inducibility at EPS (n = 52) or both. After the first

ICD implantation 30 patients (28.5%) experienced a total of 37

device-related complications including IS (n = 6), lead failure

(n = 9), pocket hematoma (n = 8), pocket infection (n = 6),

pneumothorax (n = 3), device dislocation (n = 2), systemic

infection (n = 1), lead dislocation (n = 1), cardiac perforation

(n = 1). The median period from first ICD implantation to

last follow-up was 155 (128–181) months and from first ICD

implantation to the GR was 84 (61–102) months.

Electrocardiographic findings at first clinical
evaluation

Table 1 shows the electrocardiographic findings of the study

population. Conduction disturbances were found in 55 patients

(52%) A first-degree AV block was documented in 18 patients

(17%, mean PR duration 221± 16ms). Prolonged QRS duration

was observed in 9 subject (8%); 4 (4%) showed a f-QRS in leads

V1, V2, V3 while 4 patients (4%) a prolonged QTc interval.

Left anterior fascicular block was present in 7 patients (6%).

A prominent S-wave in lead I was documented in 46 patients

(44%). Early repolarization pattern was present in 4 patients

(4%). No patient had a BrS pattern in leads other than V1–V3.

Generator replacement

No patient experienced major arrhythmic events including

appropriate ICD intervention before GR. Reasons for GR were:

battery depletion (n= 86; 82%), transvenous lead failure (n= 9;

8.5%), pocket infection (n = 6; 6%), device dislocation/cardiac

perforation (n = 3, 2.8%) and systemic infection (n = 1;1%).

Lead failure and infection were indication for transvenous lead

extraction. The replacing device was the same type of ICD

(TV-ICD or S-ICD) implanted at first in all patients.

Follow-up after generator replacement

The median follow-up after GR was 57 [38–102] months.

Ten patients (9%) received successful >1 appropriate ICD

intervention after GR (1.6%/year). The first intervention

included shock on VF (n = 8 patients), shock on VT (n

= 1 patient) and ATP on VT (n = 1 patient). Appropriate

shocks occurred in 6 of the asymptomatic patients (6/44;13.6%;

Figure 1). The median time to first appropriate ICD therapy

was 108 (101–137) months from the first ICD implantation

and 41 [25–55] after GR. Patients who experienced an

appropriate ICD intervention had significantly more often

a history of paroxysmal AF (P = 0.01) compared with

patients without appropriate ICD intervention (Table 2). No

significant difference between patients who did and did not

have arrhythmic events during follow-up with regard to

age, gender, family history for BrS or SCD and EPS result

was observed. Among the ECG parameters, the presence of

conduction abnormalities (P = 0.001) and S-wave in lead

I (P = 0.005) were significantly associated with arrhythmic

events (Table 2). At survival analysis, history of AF (log-rank

test; P = 0.02), conduction disturbances (log-rank test; P <

0.01), S wave in lead I (log-rank test; P = 0.01) and first-

degree AV block (log-rank test; P = 0.04) were significantly

associated with the occurrence of late appropriate ICD

intervention (Figures 2A–D). All patients without conduction

disturbances had an uneventful follow-up for appropriate ICD

intervention (Figure 2B).

After GR replacement 7 patients (6.6%) experienced a total

of 12 device-related complications (1.7%/year) including IS (n

= 3), lead failure (n = 4), pocket hematoma (n = 1), pocket

infection (n = 1), and device dislocation (n = 3). Among

patients with an S-ICD, 2 (20%) experienced IS. Univariate

predictors of late arrhythmic events included a history of AF

(HR: 4.11; 95% CI: 1.15–14.78; P = 0.03) and S-wave in lead
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FIGURE 1

Baseline ECG of an asymptomatic BrS patient who experienced VF 4 years and 6 months after generator replacement. Note the presence of

first-degree AV block and S-wave in lead I as well as spontaneous “coved type” ECG pattern in leads V1 and V2 (A). Intracardiac

electrocardiogram obtained from the transvenous ICD remote monitoring showing the onset of VF, triggered by a premature ventricular

contraction and its o�set by the ICD shock (B).

TABLE 2 Baseline clinical and electrocardiographic findings

according to late appropriate ICD intervention.

Variable ICD

therapy –

(N = 95)

ICD

therapy +

(N = 10)

P-value

Age at GR (years) 45± 14 45± 15 0.79

Male sex, n (%) 71 (75) 8 (80) 1.00

Family history of BrS, n (%) 31 (33) 3 (30) 1.00

Family history of SCD, n (%) 43 (45) 5 (50) 1.00

Syncope, n (%) 57 (60) 4 (40) 0.31

History of AF, n (%) 19 (20) 6 (60) 0.01

Positive EPS 46 (55) 6 (86) 0.53

Basal electrocardiogram

Spontaneous Brugada type 1, n (%) 48 (51) 5 (50) 1.00

Early repolarization, n (%) 3 (3) 1 (10) 0.33

QTc, n (%) 3 (3) 1 (10) 0.33

Conduction disturbances, n (%) 45 (47) 10 (100) 0.001

First degree AV block, n (%) 14 (15) 4 (40) 0.06

QRS fragmented or prolonged, n (%) 10 (10) 3 (30) 0.10

S-wave in lead I, n (%) 37 (39) 9 (90) 0.005

AF, atrial fibrillation; AV, atrioventricular; BrS, Brugada syndrome; EPS,

electrophysiological study; GR, generator replacement; SCD, sudden cardiac death.

I (HR: 10.12; 95% CI: 1.28–79.97; P = 0.02) (Table 3). In the

multivariate model, only S-wave in lead I remained a significant

independent predictor of late arrhythmic outcome (HR: 9.17;

95% CI: 1.15–73.07; P = 0.03) (Table 3).

Discussion

The aim of the present long-term multicenter study was to

assess the incidence and clinical-electrocardiographic predictors

of late life-threatening arrhythmias in BrS patients treated with

prophylactic ICD and undergoing GR. The main findings are

the following: (1) over a long-term follow-up, the risk of late

appropriate ICD therapy after GR remains clinically relevant

in up to 9% of patients; (2) late arrhythmic events during

follow-up were significantly associated with a history of AF and

conduction abnormalities detected at baseline clinical evaluation

(first-degree AV block and S-wave in lead I); (3) at multivariate

analysis the presence of S-wave in lead I remained the only

independent predictor of life-threatening arrhythmias. These

findings support the need for GR at the end of service regardless

of previous appropriate intervention, mostly in BrS patients with

conduction abnormalities.

Risk stratification in BrS remains a clinical challenge.

According to previous studies, history of cardiac arrest

or syncope are the strongest predictors of SCD (4–10).

The prognostic value of a history of familial SCD (1, 2),

positive genetic testing for a SCN5A-gene mutation (1, 2)

and history of AF (31) is less well-established. It is known

that SCN5A-gene mutation is a major contributor of BrS.
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TABLE 3 Univariate and multivariate cox regression analysis for predictors of late appropriate ICD intervention.

Variable Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value

Age <50 years-old at GR 1.21 (0.32–4.51) 0.78

Male sex 1.38 (0.28–6.68) 0.69

Family history of BrS 0.93 (0.23–3.75) 0.93

Family history of SD 1.16 (0.34–4.02) 0.81

Syncope 0.52 (0.15–1.86) 0.32

History of AF 4.11 (1.15–14.78) 0.03 3.68 (0.98–13.63) 0.06

Positive EPS 1.12 (0.31–4.20) 0.86

Spontaneous Brugada type 1 0.93 (0.27–3.24) 0.92

QTc prolongation 1.15 (0.11–12.34) 0.91

Early repolarization 3.54 (0.43–28.82) 0.24

Conduction disturbances*

First-degree AV block

3.33 (0.89–12.45) 0.07

QRS fragmentated or prolonged 6.54 (0.79–53.93) 0.08

S-wave in lead I 10.12 (1.28–79.97) 0.02 9.17 (1.15–73.07) 0.03

AF, atrial fibrillation; AV, atrioventricular; BrS, Brugada syndrome; EPS, electrophysiological study; GR, generator replacement; SCD, sudden cardiac death. *Cox regression could not be

performed because no primary endpoint events occurred in patients without conduction disturbances.

However, only 20–30% of BrS patients carry mutations of

SCN5A (1). Recently published data reported that other

mutations, including SCN1B, SCN10A, and SNTB2 are also

associated with BrS. Specific genetic mutations have been also

related to specific genotype–phenotype association, including

cardiac conduction dysfunction, AF, ventricular arrhythmias

and susceptibility to sodium channel blockers (32–35). These

findings may provide new opportunities to further elucidate

the cellular disease mechanism of BrS, improve screening, and

risk stratification.

ECG abnormalities both depolarization and repolarization,

such as ER, increased QRS duration (19), f-QRS (20, 21),

first degree AV block (18), and S-wave in lead I (22, 36)

have been associated with a worse outcome. The role of

EPS remains controversial (1, 2, 7–11). Our study reported

that S-wave in lead I is an independent predictor of late

arrhythmic events. Accordingly, the presence of this ECG

abnormality should be added to the list of the ECG variables

predicting a worse outcome in BrS who received a prophylactic

ICD implantation.

ICD therapy in Brugada syndrome

To date, ICD remains the only therapy with proven efficacy

in preventing SCD in BrS patients (1–3, 25–27). However, ICD

implantation is not risk-free being associated with high rates

of IS and device-related complications (25–27). Increase in

diagnosis of patients with BrS has led to an increase of ICD

implantations (1, 2). The decision to implant an ICD is not

without risks given that up to 24% of BrS patients experience

IS (25). Moreover, multiple GR procedures may be needed,

with a potential increased rate of device-related complications,

ranging from 15.9 to 36% (25–27). It is controversial whether

device replacement is needed in patients who never experienced

appropriate ICD therapy until the time of GR. Considering

the ICD complications and cost, ICD replacement in patients

without previous appropriate therapy should be evaluated

carefully. Thus, the balance between the potential life-saving

and the risk of complications after ICD replacement in

asymptomatic BrS patients and without appropriate ICD

intervention before GR remains to be established. Of note, in

our study, appropriate shocks occurred in 13% of asymptomatic

patients which is in line with previous long-term studies (25,

26). In our study, after ICD replacement ≥1 device-related

complications requiring surgical revision occurred in 6.6%

of patients.

A prior study by Kim et al. (37) reported the potential

benefit of ICD therapy after GR in a small cohort of patients

with BrS treated for either primary or secondary prevention.

Our multicenter study confirmed and extended these previous

observations by demonstrating in a large BrS population who

received prophylactic ICD and did not experience appropriate

ICD therapy, that the risk of late appropriate ICD therapy after

GR remains significant in a clinically relevant proportion of

cases, mostly in the presence of conduction abnormalities such

as S-wave in lead I on basal ECG. According to the results of the

present study, S-wave in lead I on basal ECG, may contribute to
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FIGURE 2

Kaplan–Meier analysis for survival free from the endpoint according to the presence of history of atrial fibrillation (A) conduction disturbances,

(B) S-wave in lead I, (C) and first degree atrio-ventricular block (D).

the accurate analysis of risk-benefit ratio when considering GR

in BrS who received a prophylactic ICD implantation.

Subcutaneous implantable cardioverter-defibrillator is

an alternative option to TV-ICD therapy to reduce lead-

related complications (38). However, S-ICD in patients

with BrS is associated with relatively high risk rate of IS

(39), if one considers that in our study 2 patients of 10

patients (20%) with an S-ICD experienced IS due to signal

oversensing. Most important, a sizeable proportion of patients

with BrS are not eligible to S-ICD because they fail the

pre-implantation screening (40).

Conduction abnormalities in Brugada
syndrome

Although the potential prognostic role of the presence of

different types of conduction abnormalities in BrS has been

reported (18–22, 36), none of ECG conduction abnormalities

are currently used for risk stratification. Recently, our study

group, for the first time, demonstrated that first-AV block

was an independent predictor of malignant arrhythmic events

(18). A more recent meta-analysis by Pranata et al. confirms

that first-degree AV block is associated with more frequent

major arrhythmic events in BrS patients (41). In the present

study, we found that among ECG abnormalities, patients who

experienced malignant arrhythmic events after GR had more

often conduction abnormalities including first-degree AV block

at baseline (P = 0.04). At variance with our results, fQRS has

been linked to poor prognosis in previous studies (16, 17). In

a prospective study on 347 consecutive patients with BrS with

spontaneous type 1 ECG pattern and no history of cardiac arrest,

Calò et al. (22) found that the presence of an S-wave in lead I

was a predictor of life-threatening ventricular arrhythmias. The

potential prognostic value of this ECG conduction parameter

was strengthened in a more recent study by Giustetto et al. (36)

extending it to patients with drug-induced Type 1 ECG and
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patients with previous cardiac arrest. According to our results

the presence of S-wave in lead I on basal ECG is an independent

predictor of ventricular arrhythmias. S-wave in lead I may

be due to prolongation of the QRS complex, expression of

a conduction delay localized in the right ventricular outflow

tract (RVOT) (22). To this regard, several studies investigated

the arrhythmogenic substrate in BrS patients and found that

conduction abnormalities in the RVOTmay represent a possible

underlying arrhythmogenic substrate (17).

The results of the present and some previous studies

confirmed that patients with BrS may exhibit variable degree

of conduction abnormalities. Recently Migliore et al. found

coexistence of Brugada repolarization abnormalities and

conduction disturbances in a 35-year-old man who died

suddenly. The histological examination demonstrated severe

disruption by fibrous tissue of the proximal tract of both

right and left bundle branches (18) suggesting the presence

of underlying structural heart abnormalities in BrS. We

can speculate, that the presence of underlying conduction

disturbances associated with aging of the conduction system

and drug interference on the conduction system itself could

increase the arrhythmic risk in patients with BrS.

Study limitations

Limitations are present in our study. This is a retrospective

multicenter study. Even with this very long follow-up there

was a relatively small number of malignant arrhythmic events,

and this might have affected the identification of unique

predictors on multivariate analysis. Most of the ECG parameters

analyzed in the study are dynamic, and the real prevalence

of these parameters is difficult to evaluate. Moreover, EPS

protocol and ICD implantation procedures were performed

at discretion of the center protocol and physician. Finally,

only few patients underwent genetic testing and no analysis

combining genotype and arrhythmic risk was performed

because, by study design, it was not a genotype–phenotype

correlation study.

Conclusions

The present study indicates that BrS patients receiving a

prophylactic ICD may experience late appropriate intervention

after GR in a clinically relevant proportion of cases. S-

wave in lead I on basal ECG at the time of first clinical

evaluation was the only independent predictor of persistent

risk of life-threatening arrhythmic events. These findings

support the need for GR at the end of service regardless of

previous appropriate intervention, mostly in BrS patients with

conduction abnormalities.
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Sudden cardiac death (SCD) is a leading cause of mortality, comprising

approximately half of all deaths from cardiovascular disease. In the US, the

majority of SCD (85%) occurs in patients with ischemic cardiomyopathy (ICM)

and a subset in patients with non-ischemic cardiomyopathy (NICM), who

tend to be younger and whose risk of mortality is less clearly delineated

than in ischemic cardiomyopathies. The conventional means of SCD risk

stratification has been the determination of the ejection fraction (EF), typically

via echocardiography, which is currently a means of determining candidacy

for primary prevention in the form of implantable cardiac defibrillators (ICDs).

Advanced cardiac imaging methods such as cardiac magnetic resonance

imaging (CMR), single-photon emission computerized tomography (SPECT)

and positron emission tomography (PET), and computed tomography (CT)

have emerged as promising and non-invasive means of risk stratification for

sudden death through their characterization of the underlying myocardial

substrate that predisposes to SCD. Late gadolinium enhancement (LGE) on

CMR detects myocardial scar, which can inform ICD decision-making. Overall

scar burden, region-specific scar burden, and scar heterogeneity have all

been studied in risk stratification. PET and SPECT are nuclear methods that

determinemyocardial viability and innervation, as well as inflammation. CT can

be used for assessment of myocardial fat and its association with reentrant

circuits. Emerging methodologies include the development of “virtual hearts”

using complex electrophysiologic modeling derived from CMR to attempt

to predict arrhythmic susceptibility. Recent developments have paired novel

machine learning (ML) algorithms with established imaging techniques to

improve predictive performance. The use of advanced imaging to augment risk

stratification for sudden death is increasingly well-established and may soon
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have an expanded role in clinical decision-making. ML could help shift this

paradigm further by advancing variable discovery and data analysis.

KEYWORDS

sudden cardiac death (SCD), ventricular arrhythmias, cardiovascular magnetic

resonance (CMR), positron emission tomography (PET), single-photon emission

computerized tomography (SPECT), computed tomography

Introduction

Sudden cardiac death is an unexpected death from a

cardiac cause within a short period (typically an hour or

less) from symptom onset or, if unwitnessed, within 24 h of

last being seen alive (1, 2). While the incidence of SCD has

gradually declined over the past decades, the annual incidence

is ∼200,000–400,000 cases per year (the extensive range being

attributable to the uncertainty of the cause of some deaths),

amounting to around 15–20% of all deaths (3). Among patients

with known cardiovascular disease (CVD), which represents

about half of cases of SCD, ventricular arrhythmia (VA) is the

leading mechanism of SCD in both ischemic cardiomyopathy

(ICM) and non-ischemic cardiomyopathy (NICM). In ICM,

obstructive coronary artery disease (CAD) leads to myocardial

scarring, and regions of heterogeneous conduction serve as

substrates for initiating ventricular tachycardia (VT). NICM

encompasses diverse cardiac conditions that can result in scar

formation or fibrosis, which along with electrophysiological

remodeling, can result in VT or ventricular fibrillation (VF).

The entity of ischemia but no CAD (INOCA) has also been

described and remains an area of active investigation. Thus, far

in clinical practice, primary prevention and risk reduction of

SCD is accomplished with medical therapy and the implantable

cardiac defibrillator (ICD), with slightly different approaches

for patients with previously detected VA or resuscitated arrest.

Guidelines for primary prevention ICD in both ICM and NICM

are driven by clinical symptoms of heart failure and decreased

ejection fraction (EF)<35% as derived by imaging (4). However,

more useful prognostic data can be obtained from imaging than

EF alone (5, 6).

Efforts to improve risk stratification for SCD, or even to

reclassify risk assigned by EF, have been undertaken across

all cardiac imaging modalities. Herein, we focus on the role

of advanced imaging, namely cardiac magnetic resonance

imaging (CMR), single-photon emission computer tomography

(SPECT), and positron emission tomography (PET), and its

application to risk stratification for SCD (Figure 1).We highlight

unique techniques of each modality and their limitations, with

particular attention to the patient subgroups that inform the

utility and pathophysiology of each method (Table 1). For each

study, we distinguish endpoints that are related though not

interchangeable: while studies with SCD were emphasized in

this review, we mention when cardiac death, all-cause mortality,

or VA were the primary endpoint as they too are informative.

We also describe current and future applications of machine

learning (ML) in advanced imaging for SCD, from image

acquisition to model construction.

Cardiac magnetic resonance
imaging

Ventricular geometry and function

Chamber geometry has long been known to reflect the

role of remodeling in CVD and, in turn, is associated with

outcomes including VA (7, 8). Cardiac MRI has been described

as the gold standard for structural and functional quantification

of cardiac chambers (9, 10). Using CMR, geometry-based

approaches to SCD risk stratification have emphasized these

attributes, and measurements based on wall thickness have

been found to distinguish patients with ICM who develop

SCD (11). From a clinical standpoint, studies have suggested

that at-risk patients may be inadvertently excluded from ICD

as echocardiography overestimates EF when compared with

CMR (12, 13). While every imaging modality is to some extent

operator dependent, it is perhaps most prominently described

in echocardiography as affecting interpretation (14). This

highlights that LVEF thresholds may need to be individualized

for different modalities, and CMR may be preferable to TTE

for therapeutic decision-making in patients with intermediate-

range LVEF (15). That said, EF < 35% as a selection criterion

for primary prevention ICDs has routinely been critiqued for

its low sensitivity and specificity in predicting VA and SCD.

Furthermore, patients meeting these criteria encompass only

13% of all suffering SCD (16).

Role of LGE in ICM and CAD

CMR with LGE has developed as a means of characterizing

myocardial tissue, and its value in prognosticating

cardiovascular outcomes, including SCD, has been widely

reviewed and increasingly well-established (17, 18). This has
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FIGURE 1

Overview. This review seeks to describe the role of advanced imaging in the risk stratification of SCD and its interplay with promising

technologies such as machine learning and personalized virtual heart models. This figure visually summarizes these goals and highlights some

of the content to be covered.

been demonstrated across a wide variety of phenotypes in both

patients with ICM and NICM. In ICM, heterogeneous scar, also

termed gray zone, is an independent predictor of VA and SCD

in a number of studies of patients with ICD or undergoing ICD

implantation (19–21). A recent retrospective study among 979

patients with CAD and majority EF with > 35% showed that

gray zone mass was more strongly associated with SCD than

LVEF (22). The same group showed that in a mixed ICM/NICM

population with ICD and cardiac resynchronization therapy,

the absence of myocardial fibrosis on visual assessment virtually

excluded patients at risk of VA and SCD over 7 years follow-up

and among those with scar, gray zone extent added predictive

value and improved net reclassification (23). Likewise, a

prospective study in a mixed population of ICM and NICM

patients undergoing primary prevention ICD demonstrated that

the combination of low gray zone mass and low high-sensitivity

C-reactive protein identified a subgroup with very low risk for

VA (24). In a similar population (mixed ICM/NICM with ICD),

an analysis incorporating random survival forests for model

construction showed LV scar mass as well as gray zone mass by

LGE were top predictors for VA and SCD (25). The same study

suggested a hierarchy of risk wherein no scar was less risky than

scar, larger total/core scar had higher risk than smaller scar, and

larger gray zone had higher risk than smaller gray zone for the

same core scar size. Additional applications of LGE, beyond

presence and extent, have also been developed, including LV

entropy, a measure of the distribution of pixel intensity across

the myocardium (26, 27). Amongst patients with CAD and
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TABLE 1 Comparison of imaging modalities described in this review.

Modality Sequences Characteristics

studied

Evaluation of

structure

Evaluation of

function

Tissue

characterization

Cost

Echocardiography 2D • LVEF

• Strain

++ ++ + Low

CMR LGE

T1

T2*

• Strain

• Scar

• Diffuse fibrosis

+++ +++ +++ Moderate

SPECT MIBG • Scar

• Viability

• Innervation

+ + ++ High

PET FDG

HED

• Scar

• Viability

• Innervation

++ + ++ High

+ for fair,++ for good, and+++ for excellent.

ICDs, entropy was a significant predictor for VA and SCD

(27, 28). A mechanistically-minded approach in LGE has been

identifying conducting channels, a nidus for VT as identified in

CAD (29). A study in a mixed ICM/NICM population showed

that the presence and mass of these channels were associated

with the risk of VA and appropriate primary prevention ICD

therapy (30).

Role of LGE in NICM

In NICM, the role of LGE for SCD risk stratification has

been frequently studied in patients with dilated cardiomyopathy

(DCM) and hypertrophic cardiomyopathy (HCM) (31–33).

LGE has been used to identify higher-risk patients who fall

outside the EF criterion for primary prevention ICD (34). In

a multivariate model for SCD in NICM, LGE had incremental

prognostic value over clinical measures, whereas EF did not

(35). Among HCM patients, LGE extent has been favorably

compared with clinical risk models and, in some cases, exceeded

the performance of these models (36–38). To define an LGE

cut-off for risk stratification, various thresholds of LGE have

been described. In HCM, LGE extent >10% identified patients

with SCD rates up to an order of magnitude greater than

predicted with clinical risk score (39). A further analysis using

serial LGE imaging in DCM illustrated that amongst patients

with fibrosis progression, the majority had minimal change in

EF (<5%), ergo identifying a high-risk cohort for all-cause

mortality not captured by LVEF alone (40). In a case series

among athletes, LGE pattern, specifically involving the lateral LV

wall, was also noted to correlate with increased risk of malignant

arrhythmias (41). As in ICM, LV entropy in DCM patients with

ICD significantly improved a clinical model for VA, although

there was only one instance of SCD among these (26). Despite

these advances and its prominence in the literature, LGE has yet

to be included in clinical guidelines. A likely rationale for this

is that there has yet to be a completed randomized control trial

using LGE for risk stratification, though several are enrolling and

underway (18, 31).

Proposed diagnostic guidelines for arrhythmogenic

cardiomyopathies, which carry profound and inherent

risk for VA and SCD, have included LGE patterns among

other criteria (42). In arrhythmogenic right ventricular

cardiomyopathy/dysplasia (ARVC/D) specifically, abnormal

CMR findings including LGE were associated with increased VA

(43). Advances in CMR may allow for improved RV assessment

facilitating earlier disease detection and ergo risk stratification

(44). Similarly in myocarditis, LGE presence and extent have

been associated with increased risk of major adverse cardiac

events, including VA and SCD (45, 46).

Shortcomings of LGE and alternative
CMR sequences

While LGE is perhaps the most widely studied CMRmethod

for SCD risk stratification, other CMR sequences have also

been investigated, which may address certain shortcomings of

LGE. An intrinsic limitation of gadolinium administration is

toxicity, particularly among patients with renal insufficiency,

though the degree of risk is controversial (47, 48). Fortunately,

the most feared complication, nephrogenic systemic fibrosis,

is exceedingly rare with modern gadolinium agents; a recent

consensus statement from the American College of Radiology

and the National Kidney Foundation leaves the decision for

gadolinium administration in renal impairment to the clinician

(49). LGE-CMR furthermore depends on several factors such as

the timing of contrast injection and selection of scan parameters

that can impact the interpretation of intensity values on imaging.

Another limitation of LGE for risk stratification of SCD is
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that a subset of patients with NICM who develop VF may not

have LGE on CMR (50). Several alternative measures derived

from CMR have been proposed that may address some of

these limitations, including native T1 mapping and extracellular

volume (ECV), which reflect diffuse fibrosis, a characteristic

not captured by LGE (51, 52). In a prospective study of T1

mapping and LGE assessment in participants receiving ICDs,

native T1 was independently associated with VA, although

performed more poorly than LGE in reclassifying participants

to a low-risk group (53). Among patients with DCM, native

T1 was predictive of death independent of LGE, which was

present only in 27% of the study population (54). Another

study in HCM patients without LGE at CMR showed an

association of native T1 with SCD, though it was limited by

the small number of patients (n = 5) reaching this endpoint

(55). Less well studied is T2∗ mapping, which combines spin-

spin relaxation (T2) with magnetic field inhomogeneity to

detect field distortions from the presence of materials such

as iron (56). As such, it was traditionally applied to identify

myocardial iron accumulation in iron storage diseases and

considered arrhythmogenic in those populations (57). More

recently, it has been suggested T2∗ may add to the assessment

of fibrosis, although this has not yet been well-studied (58, 59).

Thus, far, a small study of the association of T2∗ with VA in

patients with HCM was negative (60). Yet another sequence,

T2-weighted short-tau inversion recovery (T2w-STIR) has been

used to assess myocardial edema in survivors of cardiac arrest.

Presence of edema, hypothesized to represent a transient

arrhythmogenic substrate, has been associated with fewer ICD

shocks (61).

Innovative uses of CMR for personalized
virtual heart models to predict VA and
SCD risk

A more recent development in SCD risk stratification is

the use of advanced imaging to build electrophysiologic virtual

heart models, which can be used to simulate arrhythmias in

silico (62). These 3D computational models entail a biophysical

approach from the cell-scale to the organ-scale and are specific

to each patient’s disease and resultant remodeling. Perhaps

uniquely among risk stratification methodologies, virtual hearts

evaluate how triggers from different locations will interact with

the substrate to initiate VA, potentially providing mechanistic

insights into how and VAs can develop in the patient heart (63).

This approach was initially demonstrated in patients with ICM

and ICDs; wherein virtual hearts were superior to clinical risk

factors in predicting VA (64). This work has also been extended

in a small study of patients not meeting ICD implantation

criteria, distinguishing patients with VT history from those

without (65). These models make use of complex patterns of

imaging data such as distribution and degree of fibrosis, as

well as a fusion of different pulse sequences as was done with

T1 mapping in HCM (66). It is worth noting these studies

have all been retrospective thus far regarding event prediction.

However, virtual heart technology has recently been used to

prospectively identify VT ablation targets in a small cohort,

extending the utility of CMR from predicting SCD risk to

guiding therapy (67).

Nuclear imaging

Overview

Nuclear medicine presents another advanced imaging

modality that has been applied for risk stratification of SCD

(68). Single-photon emission computer tomography (SPECT)

is commonly used in cardiology for myocardial perfusion

imaging (MPI) to assess coronary patency (69). Among patients

with CAD, composite scores of fixed and reversible perfusion

defects determined via SPECT are independently associated

with SCD, including patients with EF > 35% (70, 71). These

results were also reproduced in patients without significant CAD

(72). Positron emission tomography (PET) provides another

method of MPI, with the degree of myocardial abnormalities,

such as scar, ischemia, or hibernating myocardium, associated

with cardiac death (although data on PET MPI and SCD

specifically is sparse) (73, 74). Both PET and SPECT can

be used to characterize myocardial scar, a similar substrate

to what is assessed by LGE. In an unadjusted analysis, scar

extent by SPECT was associated with SCD (75). A larger study

using PET among patients with EF <35% showed that scar

alone, and not reversible ischemia, was significantly associated

with ICD firing and SCD (76). Interestingly in the study

above, the scar alone was not a significant predictor for SCD

after adjustment, although it is worth noting participants in

this study had a considerably higher EF (70). Combining

MPI with imaging of cardiac inflammation using (18) F-

fluorodeoxyglucose (FDG) has identified higher risk NICM

patients independent of LVEF and clinical markers (77). Other

myocardial features associated with SCD that PET and SPECT

can image include sympathetic innervation and hibernating

myocardium (78–80).

Means of measuring sympathetic
innervation and its significance

Assessment of innervation is conducted with radiolabeled

catecholamines, most commonly iodine-123-labeled

metaiodobenzylguanidine (MIBG) in SPECT though several

tracers have also been studied for use with PET, most notably

11C-hydroxyephedrine (HED). Globally decreased uptake of
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these tracers is thought to reflect the increased sympathetic

tone, which can trigger malignant arrhythmias (81). However,

regional reductions in uptake can be seen in sympathetic

denervation caused by myocardial ischemia and are prevalent in

CAD (82). Studies, primarily undertaken amongst patients with

ICM, have demonstrated both global and regional approaches

for risk stratification of SCD. A prospective study of patients

with HFrEF showed that reduced global uptake of MIBG was

significantly associated with potentially lethal arrhythmias

and cardiac death (83). Using a different measure of reuptake,

another group demonstrated that abnormal MIBG washout

in HFrEF was associated with SCD specifically (though this

group excluded the use of beta-blockers, perhaps limiting

the generalizability of the study) (84). Using PET with HED,

a study among ICM patients showed regionally reduced

uptake; specifically, the volume of denervated tissue was

associated with SCD (85). This was similarly demonstrated

with regional MIBG washout being associated with SCD

(86). The role of sympathetic denervation in HFpEF and

NICM continues to be explored, and studies have shown

decreased MIBG uptake is associated with increased mortality

and readmission. However, the relationship with SCD is

unclear (87–89).

Hibernating myocardium

Conceptually, hibernating myocardium describes regions

of viable tissue with chronically reduced function and resting

perfusion caused by chronic ischemia or recurrent (90).

This is thought to be an arrhythmogenic substrate and

has been associated with VA in porcine models (91, 92).

In studies of patients with ischemic cardiomyopathy, the

extent of hibernating myocardium has been associated

with all-cause mortality and composite cardiac deaths

(93, 94). However, in the aforementioned study of PET

with HED in ICM, hibernating myocardium was not

associated with SCD and was only rarely identified (85).

It has been suggested that modern revascularization

strategies and medical therapy may diminish the role

of hibernating myocardium for risk stratification of

SCD (95).

Future potential of hybrid imaging

It is worth briefly noting that hybrid PET/MRI scanners have

become commercially available relatively recently (since 2010)

and brought with them a unique set of technical challenges

as well as clinical possibilities (96). Thus far, PET/MRI has

been applied in similar roles as its constituent modalities—in

perfusion and viability studies (97). An example comparing PET

and CMR in the same patient, albeit not using a hybrid scanner,

demonstrates the utility of each modality. PET/MRI has in

particular been investigated for diagnosis of cardiac sarcoidosis

and proof-of-concept demonstrated; it is speculated that the

increased quality of data gathered with PET/MRI in sarcoid

patients may 1 day be used for identification of those at greater

risk for VA and death (98–101). However, the role of PET/MRI

in risk stratification remains hypothetical, and no study has

yet described the association of any PET/MRI measure with

SCD (96).

Computed tomography

CT is presently a more accessible and generally lower cost

modality than those previously mentioned. It provides higher

spatial resolution and for certain purposes better temporal

resolution as well. CT is perhaps most prominently used in

cardiology for non-invasive assessment of the coronary arteries,

the presence (or absence) of which is diagnostically significant

and certainly a significant predictor of both VA and SCD (102).

In terms of tissue characterization however, CT lags behind

CMR, PET, and SPECT though developments are being made

rapidly to improve this (103). It is also worth noting that there

are patients in whom CMR may be contraindicated due to

implants or foreign objects, or where ICD-related artifact is too

limiting, in whom CT may provide a necessary alternative for

risk stratification in the future.

CT has been used to detect fibrosis, such as by iodinated

contrast enhancement (104). Scar qualification/quantification

by CT has been favorably compared with LGE-CMR (105).

A group recently used CT to map wall thinning to identify

potential VT isthmuses in post-MI patients with a VT history,

yielding 100% sensitivity when compared with gold-standard

EP studies although with 50% positive predictive value (106).

Similarly, regions of myocardial fat deposition as characterized

by CT have been associated with VT circuit sites in patients with

history of VA (107). CT has also been used to identify areas

of lipomatous metaplasia after infarction which are associated

with VA in experimental models (108). As with the previously

mentioned modalities, CT has also been used for development

of virtual heart models (109).

The emerging role of machine
learning and artificial intelligence

Machine learning in image acquisition

In recent years, machine learning techniques have seen

increasing integration withinmedicine, particularly as applied in

imaging (110). This has specifically included applications across

numerous modalities in cardiology, including CMR and nuclear

imaging (111). The value of ML in the risk stratification of SCD

can be appreciated at multiple stages of the imaging pipeline
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(Table 2). ML has been used to enhance image processing on

a granular level, such as by voxel denoising. In time-intensive

modalities such as MRI, this has been shown to allow for

a significant reduction of acquisition time while preserving

quantitative metrics such as demonstrated in brain imaging of

cerebral blood flow (112). On a more experimental level, ML

has been applied in low-field MRI to address reconstruction

using noisy data, which may increase CMR availability in less

resource-rich environments (124, 125). Finally, as an analog in

PET, the clinical utility of dynamic scans required for more rapid

imaging and low count protocols minimizing radiation exposure

in young patients is limited by poorer image quality (113).

While hardware advances provide one means of addressing

this challenge, a likely more cost-effective pathway is the

utilization of ML to improve the quality of the reconstructed

image (126). In parallel to improving image quality, ML has

been used to lower the computational burden of contemporary

post-processing techniques such as scatter correction in PET

(114, 115). Another forward-looking application of ML is

in attenuation and scatter correction for PET-only, SPECT-

only, or hybrid PET/MRI imaging, as this is conventionally

accomplished with simultaneous CT (116). This may increase

the accessibility and capability of advanced imaging and allow

for a broader range of patients to undergo risk stratification with

these modalities.

Machine learning in image processing

Perhaps more widely reported are clinician-facing advances

in image analysis and interpretation using ML, described by the

overarching term “computer vision” to include any automated

interpretation of images (127). ML-based algorithms have been

available in commercial software for segmentation for some

time now. They are widely used for automated quantification

of structure and function, for example, ventricular volumes and

EF (128). Some of these data are, as previously mentioned, used

in models for the prediction of SCD. However, automation has

extended to tissue characterization as well. LGE segmentation,

when performed manually, can be a labor-intensive process

requiring significant training to mitigate subjectivity and inter-

operator variability (129).

Nonetheless, manual segmentation has previously been

considered the gold standard for accuracy, especially when

compared with techniques based on older ML algorithms

(130). More recent studies have demonstrated the feasibility

of novel approaches, such as deep convolutional neural

networks, for automated scar quantification approaching

manual segmentation in subsets of patients such as those with

ICM and HCM (117, 131). This has also shown promise in

multicenter datasets, potentially addressing the challenge of

practice standardization (118, 132).

TABLE 2 Incorporation of machine learning into advanced imaging.

Imaging

steps

Role of ML Examples of applications

Acquisition • Increasing acquisition

speed

• Decreasing

radiation exposure

• Voxel denoising in CMR (112)

• Implementing low count

(radiation) protocols for

PET (113)

Processing • Reducing computation

burden

• Automating labor-intensive

analysis

• Standardization

• Scatter correction (114, 115)

• Synthetic CT (applied to PET,

SPECT, and PET/MRI) (116)

• Automated scar quantification

(117)

• Common algorithm for

segmentation across multiple

centers (118)

Feature

extraction

• Generating novel features,

texture analysis

• Investigation of

hypothetical markers

• ML-derived scar heterogeneity

(119)

• Generating hundreds of

features from individual

sequences (120)

Model

construction

• Advanced analytics

• Dimension reduction;

identifying significant

markers

• Data synthesis

• Applying random survival

forests (121)

• Combining non-simultaneous

PET, MRI modalities (122)

• Unified analysis using

EMR (123)

Machine learning for feature extraction

Sequential to obtaining imaging measures is its

interpretation and application to predicting cardiovascular

endpoints. Techniques such as texture analysis may be applied

to pre-existing LGE segmentation to obtain features beyond

quantitative scar burden, such as measures of heterogeneity

and shape, which have been proven valuable in conventional

workflows (119, 133). Numerous extracted features and varying

ML models have been evaluated for this role; in other words,

ML can be used to identify novel predictors and implement

novel prediction methods (134, 135). However, these extracted

features are typically unrecognizable to the human eye,

especially when obtained from composite, multistep analyses

necessitating further selection to identify covariates with the

strongest predictive value (119, 136). For example, in a cohort of

patients with DCM, principal component analysis was applied

across ventricular geometric models to derive shape-based

features, which were integrated into a score that was shown

to be independently associated with composite VA and SCD

(137). Another study generated 608 features from LGE and T2

sequences in Takotsubo patients to predict outcomes, including

MI and death (120). ML was also used for dimensionality
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reduction in this study, which interestingly resulted in all

LGE-derived features being discarded. Along these lines, a

recent study used an unsupervised, deep learning approach on

cine CMR among ICM patients to derive cardiac features that

were then used as inputs in a separate deep neural network

that successfully predicted VA risk (138). The inverse approach,

using ML to generate pre-defined features, is also appreciable

in recent literature. For example, ML-derived measures based

on LGE, such as scar complexity, were associated with VA in a

cohort where entropy was not a significant predictor (139).

Innovating the role of advanced imaging
with machine learning

In the future, machine learning may be integrated into

the risk stratification workflow from the point of image

acquisition to patient-facing risk prediction models, and there

are studies demonstrating this in principle. One example is

incorporating manual measurements and segmentation with

using ML for feature extraction and statistical model-building

(134). Sophisticated virtual heart simulations incorporating both

MRI and PET data, then using ML to synthesize imaging and

clinical data for SCD prediction, have been shown to outperform

existing risk models (122). This approach is not specific to VA or

SCDoutcomes, and it has also been used to predict improvement

in EF after cardiac resynchronization therapy (140). Because

of the sheer volume of data available to the clinician from the

electronic medical record and conglomerate imaging, it seems

increasingly likely that ML will play a central role in the fusion

of data of different sources and risk modeling (123, 141–143).

Conclusion

As described in this review, there are numerous promising

applications of advanced imaging to identify patients at risk

of SCD. Some of the above techniques and sequences may

likely be incorporated into clinical guidelines and ultimately

into regular practice in the coming years. Machine learning

may enable advances democratizing advanced imaging for at-

risk patients, as has been achieved with CT screening in

smoking. Physicians and cardiologists of the future will likely

have a wide variety of complementary imaging modalities and

analytic tools to identify SCD risk amongst different patient

populations optimally.
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Atrial fibrillation (AF) is the most common clinical tachyarrhythmia, posing a

significant burden to patients, physicians, and healthcare systems worldwide.

With the advent of more effective rhythm control strategies, such as

AF catheter ablation, an early rhythm control strategy is progressively

demonstrating its superiority not only in symptoms control but also in

prognostic terms, over a standard strategy (rate control, with rhythm control

reserved only to patients with refractory symptoms). This review summarizes

the different impacts exerted by AF on heart mechanics and systemic

circulation, as well as on cerebral and coronary vascular beds, providing

computational modeling-based hemodynamic insights in favor of pursuing

sinus rhythm maintenance in AF patients.

KEYWORDS

atrial fibrillation, hemodynamics, beat-to-beat variability, systemic circulation,
cerebral circulation, coronary circulation

Introduction

Atrial fibrillation (AF), the most common clinical tachyarrhythmia in adults,
provokes a significant burden to patients, physicians, and healthcare systems worldwide.
The Global Burden of Disease (GBD) Study estimates nearly 60 million prevalent
AF cases in 2019 (nearly doubling the estimated prevalence in 1990) (1), with
epidemiological projections foreseeing a further rise during the next decades (2). These
alarming data urge the scientific community to attempt solving the clinical conundrum
concerning the optimal management of this growing subset of patients.

The never-ending debate between those favoring sinus rhythm (SR) maintenance
(rhythm control) over the simple treatment of symptoms related to high ventricular
response AF (rate control) is yet not concluded. In the early 2000s, two randomized
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clinical trials (AFFIRM and RACE) showed, with respect to
hard cardiovascular endpoints, that rate control was non-
inferior to rhythm control. Subsequent data pooled from a large
population of patients (3) reported similar results, and the AF-
CHF study (4) showed that, even in the presence of heart failure,
rhythm control did not result superior to rate control. However,
these trials were published before the widespread adoption
of AF catheter ablation, and thus, the rhythm control option
mostly included patients on anti-arrhythmic drugs (AADs).
In the last decade, instead, AF catheter ablation has emerged
as the most effective tool to maintain long-term SR, both as
second-line therapy after failed AADs or as first-line approach
(5, 6), potentially modifying the rhythm versus rate control
benefits. In fact, a post-hoc analysis of the AFFIRM trial showed
that SR rhythm maintenance was independently associated
with improved survival, hinting that rhythm control might be
prognostic, in case SR is maintained avoiding AADs side effects
(7). In the past few years, albeit AF catheter ablation missed to
statistically demonstrate its superiority on hard cardiovascular
endpoints over AAD-based rhythm control strategy in the
intention-to-treat analysis of a large clinical trial (CABANA)
(8), the per-protocol analysis of the aforementioned study
(characterized by high crossover rates between study arms),
as well as several observational studies (9–11), showed that
AF catheter ablation reduced all-cause mortality, stroke, and
hospitalization. The EAST-AFNET 4 trial (12), published in
2020, eventually demonstrated that an early rhythm control
approach, within the first 12 months since the first diagnosis,
both by AADs and AF catheter ablation, was associated with
improved survival compared to a standard approach (e.g., rate
control, with rhythm control reserved to those patients still
symptomatic despite rate control medications).

Clinical data focusing on the hemodynamic effects of
AF are lacking and somewhat controversial, likely due to
the challenge of obtaining precise measures in the specific
districts (e.g., cerebral circulation) and of eliminating the
numerous potential clinical confounders that limit the attempt
of investigating arrhythmia-specific effects. The present review,
sustained by the mounting data toward the prognostic benefit of
SR maintenance, summarizes modeling-based evidence on the
detrimental hemodynamic effects of AF on different circulatory
districts to thoroughly argument why restoring SR in AF
patients should be pursued. In particular, we focused on the
three main aspects that have captured the most attention in the
last decade, namely, heart mechanics and systemic circulation,
cerebral hemodynamics, and coronary circle.

The efficiency of multiscale hemodynamic modeling for
the description of the cardiovascular system has been widely
recognized, and personalized computational hemodynamics
is currently a reliable investigative tool in translational
medicine (13–19). Figure 1 shows a schematic representation
of the main computational approaches, ranging from zero-
dimensional (0D) to three-dimensional (3D), together with

their mathematical features and hemodynamic outcomes. By
simplifying the spatial description, in the 0D lumped-parameter
model, each cardiovascular region is modeled through a
combination of electrical counterparts: the viscous/dissipative
effects are taken into account by the resistances (R), the
distensibility/contractility effects are described by the
compliances/elastances (C/E), and the inertial effects are
considered by the inertances (L), leading to the most general
3-elements (or RLC circuit) Windkessel model. Through the
electric analog, the only independent variable is time (t), and
the 0D lumped-parameter model is suitable to investigate the
temporal evolution of each cardiovascular compartment in
terms of pressure (P), flow rate (Q), and blood volume (V). The
one-dimensional (1D) distributed-parameter model identifies
the vessel axis (x) as the preferential spatial direction and
assumes the following hypotheses: the blood is Newtonian,
incompressible, and characterized by constant density and
kinematic viscosity; effects of suspended particles are neglected;
vessels are asymmetrical, tapered, longitudinally tethered,
with impermeable walls and only subject to small and radial
deformations; flow is laminar; and pressure is uniform across
the section. x and t (time) are the independent variables, while
hemodynamics is described by the vessel area (A), pressure (P),
and flow rate (Q). The 1D model, composed of the continuity,
momentum, and constitutive equations, is able to capture a
higher level of geometrical and viscoelastic details, as well as
wave propagation in the arterial tree. Eventually, in the 3D
model, the blood flow is governed by the three-dimensional
continuity and momentum Navier-Stokes equations, which are
discretized over the computational domain and usually solved
by finite element/volume methods. In so doing, the temporal
evolution of the 3D flow velocity and pressure fields over
the whole spatial domain are obtained, making 3D modeling
particularly promising to investigate the local hemodynamics of
complex vascular morphologies in terms of flow velocity and
wall shear stress-related parameters. Even though hemodynamic
modeling cannot substitute or deny in vivo clinical findings,
modeling-based data provide important insights for clinicians
and lay the basis for future dedicated clinical studies (20–23).

Atrial fibrillation, heart mechanics,
and systemic circulation

The AF induces several detrimental effects on systemic
hemodynamics. The two main determinants of this noxious
influence are (1) the fibrillatory atrial activation during AF
that leads to ineffective atrial contraction and loss of atrial
contribution to the ventricular filling (“atrial kick,” normally
contributing up to 20–30% of the volume) (24); and (2) the
irregularity of the ventricular activation during AF (irregular
RR intervals), as elegantly demonstrated in a seminal study by
Clarke (25), published more than 20 years ago. In this study,
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FIGURE 1

Scheme of the 0D, 1D, and 3D computational approaches: representative geometry, modeling description, and hemodynamic outcomes. RLC
circuit accounts for dissipative (R, resistance), inertial (L, inertance), and elasticity (C, compliance) effects in the 0D model. Spatial coordinates (x,
y, z) and time (t) are the independent variables, while volume (V), flow rate (Q), pressure (P), vessel cross-sectional area (A), and velocity field
( =(u, v, w)) are the dependent variables and hemodynamic outcomes of the different models. Balance equations of mass and momentum are
expressed in the differential form (0D: ordinary; 1D and 3D: partial), while constitutive equations rule the strain-stress relation between blood
and wall vessel.

performed on 16 AF patients, compared to ventricular pacing
at the same mean heart rate, during AF, the irregularity of RR
intervals led to decreased cardiac output, increased pulmonary
wedge pressure, and increased right atrial pressure.

However, despite these known effects, evidence on the
global cardiovascular system response to AF remained
scarce and controversial. Recently, a lumped-parameter AF
modeling approach for the heart and systemic circulation was
proposed (26), presenting the following potential advantages:
first of all, AF’s hemodynamic impact can be assessed in
standardized conditions, without the potential confounding
effect of other comorbidities; second, the most relevant
cardiac variables, as well as hemodynamic parameters, can
be monitored contemporaneously. The initial computational
analysis investigated the hemodynamic response during AF
at a given mean ventricular rate (75 bpm) in an ideal healthy
male young adult, meaning that the model is not patient-
specific, but model parameters are calibrated to reproduce
the hemodynamic response of a generic healthy subject with
common anthropometric and physical features (e.g., weight:
75 kg, height: 175 cm, age: 25 years old, sex: male). In this
setup, AF induced a reduction in cardiac output, stroke volume,
and ejection fraction, as well as an increase in left ventricular

end-diastolic pressure and volume, left atrial pressures and
volumes, and pulmonary vein pressure. Overall, while the
right chambers appeared to be less affected by the arrhythmia,
left ventricle pressure-volume loops clearly indicated reduced
cardiac efficiency during AF compared to SR. A focus on the
fluid dynamics of heart valves (27) showed that during AF, both
atrioventricular valves do not seem to worsen their performance,
while the arterial valves’ efficiency is remarkably reduced.

A further step forward was to investigate the hemodynamic
effects of different mean ventricular response rates. In fact, from
a clinical standpoint, a clear heart rate target for AF patients,
especially for those with the permanent form of arrhythmia,
is lacking. A single randomized clinical trial, the Rate Control
Efficacy in Permanent Atrial Fibrillation II (RACE II) (28),
suggested that, in patients with permanent AF, lenient (targeting
resting heart rate below 110 bpm) is not inferior to strict
rate control (targeting resting heart rate below 80) both in
terms of cardiovascular outcomes and quality of life. However,
this clinical study presented several limitations, one out of all
the modest difference in average heart rates achieved in the
lenient and strict control groups (85 and 75 bpm, respectively)
(29). Five different computational simulations, assuming resting
conditions, with varying mean ventricular responses (50, 70,
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90, 110, 130 bpm) were therefore performed (30). Interestingly,
based on the lumped parameter model, slower ventricular
responses during AF related to reduced left ventricular pressure
increased stroke volume and ejection fraction, improved cardiac
efficiency, and reduced oxygen consumption compared to
higher ventricular rates. These results suggest that lowering
ventricular rate during AF may partially blunt the detrimental
hemodynamic impact exerted by the arrhythmia. Furthermore,
an additional analysis was run to evaluate how the resting
ventricular rate influenced the global cardiovascular systemic
response to exercise with ongoing AF (31). Once again, the
outcome of this exploration underlined that, in case of a slower
basal ventricular response (70 bpm), compared to a higher
one (100 bpm), the pulmonary venous pressure undergoes a
dampened worsening (increase), and systemic blood pressure
shows a more appropriate increase (as demanded by exertion).

The same computational framework was used to assess the
hemodynamic impact of different left valvular heart diseases
on systemic hemodynamics during AF (32). Several valvular
pathologies (e.g., aortic stenosis, aortic regurgitation, mitral
stenosis, and mitral regurgitation), with different grades of
severity (i.e., mild, moderate, and severe), were simulated.
Based on computational outcomes, regurgitant valvular diseases
strongly affected AF hemodynamics (reduced cardiac output
and systemic pressure, increased left ventricular volume, left
atrial pressure, and pulmonary vein pressure), while aortic
stenosis was the least impacting among the simulated valvular
conditions. Given that AF is rarely an isolated pathology, in
our opinion, these data provide a clear additional insight:
if associated with comorbid conditions, such as valvular
heart disease, AF may act as a further trigger toward
hemodynamic decompensation.

More sophisticated multiscale approaches are able to grasp
propagation and waveform alterations as well as regional
variations of flow structure induced by AF. By comparing SR
and AF at the same given mean ventricular rate (75 bpm), a
multiscale 0D-1D modeling (33), which couples a 0D cardiac
dynamics and a 1D description of the arterial tree, showed that
the arterial system is not able to completely absorb the AF-
induced variability. The sole heart rhythm variation promotes
an alteration of the wave dynamics, which is amplified in the
distal circulation, by modifying the interplay between forward
and backward signals. The results suggest a possible vascular
dysfunction due to prolonged exposure to irregular and extreme
values. Recent 0D-3D multiscale studies (34), coupling 3D PC-
MRI data for the aorta and a compact 0D model for the
remaining circulation, showed that AF led to the modification
of systemic blood perfusion and increase of the endothelial
cell activation potential. Both these mechanisms can increase
the risk of atherogenesis and thrombus formation in different
regions from ascending to the thoracic aorta. Moreover, the
concomitant presence of aortic aging further worsens flow
circulation (35): in this case, AF exacerbates the vascular defects

due to aging, which increases the possibility of cardiovascular
diseases per se.

Notably, the aforementioned computational approaches
focus on acute hemodynamic effects. Over longer time
periods, the contractile impairment induced by fast and
irregular ventricular rate (36) may induce arrhythmia-induced
cardiomyopathy, and consequent detrimental systemic
hemodynamic effects further magnify the hemodynamic
alterations described. Figure 2 graphically summarizes the main
concepts of this section.

Atrial fibrillation and cerebral
hemodynamics

Since at least three decades, it has been known that
AF relates to a fivefold increased risk of stroke, compared
to the general population (37). However, more recently, AF
has shown to also relate to cognitive decline and dementia,
independently from clinical cerebrovascular events (stroke or
transient ischemic attack – TIA). A seminal work from Ott
et al. (38), based on a cross-sectional analysis of a subgroup
of patients in the Rotterdam Study, reported for the first
time an independent association between AF and dementia.
Thereafter, several prospective studies have been published,
whose results have been recently integrated in a meta-analysis
(39), demonstrating that AF is associated with a 28% increase in
the risk of dementia compared to non-AF controls, net of the
eventual intercurrent stroke/TIA during follow-up. However,
the relative independent contribution of AF to dementia onset
compared to other common dementia risk factors (e.g., age and
hypertension) is to date not quantifiable. Another intriguing
finding was that, when comparing the results to several previous
analyses that assessed the risk of dementia without accounting
for the possible occurrence of stroke/TIA during follow-up,
the stroke-independent contribution to dementia seemed to be
more prominent than the stroke-dependent one.

During the past years, several mechanisms have been
proposed to explain the association between AF and cognitive
decline (40). As reported by our group (41), AF patients present
at cerebral magnetic resonance imaging (MRI) a significantly
increased number of silent cerebral ischemia (SCIs) compared
to a control group with a similar cardiovascular risk profile, and
the burden of these lesions is proportional to the duration of the
arrhythmia (paroxysmal to persistent). More recently, Conen
(42) demonstrated that in 1,390 AF patients without previous
cerebrovascular events, cerebral MRI showed the presence of
different silent cerebral lesions in a significant number of
patients, such as silent cerebral infarction in 30%, microbleeds
in 22%, and white matter hyperintensities (WMHs) in 99% of
the investigated population; the presence of these alterations,
particularly silent infarctions and moderate-grade WMHs, was
significantly associated with cognitive decline at multivariate
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FIGURE 2

Atrial fibrillation effects on cardiac mechanics and systemic hemodynamics. AF, atrial fibrillation; CO, cardiac output; EF, ejection fraction; HR,
heart rate; LA, left atrium; LV, left ventricle; SR, sinus rhythm; SV, stroke volume.

analysis. In addition, it was shown that AF is associated with
smaller brain volumes as compared to non-AF patients, and this
association was stronger in patients with persistent/permanent
forms of AF and with increased time from the diagnosis of the
disease (43).

This spectrum of AF-related cerebral phenotypic alterations
can be broadly brought back to three possible phenomena: (1)
subclinical micro-embolic events; the repetitive recurrence of
these events, causing SCIs and WMHs, might contribute in
reducing brain volume and affecting cognitive function; (2) oral
anticoagulant therapy, particularly in case of warfarin therapy
(44), may partly promote cerebral microbleeds; (3) the irregular
rhythm may directly impact cerebral circulation, resulting in
cerebral lesions (SCIs, microbleeds, WMHs) and atrophy.

Different from the first two mechanisms, the latter has
seldom been investigated, most probably due to the evident
technical difficulties in assessing the cerebral circle downstream
of the Willis circle. Scant evidence from the end of the past
century using transcranial Doppler (TCD) already suggested
that AF might lower mean regional cerebral perfusion (45),
but the scientific community had to wait until 2018 for the
seminal work of Gardasdottir (46) for definitive proof. In
this work, brain perfusion was estimated with phase contrast
MRI in a large cohort of patients from the AGES-Reykjavik
Study: individuals with persistent AF showed a reduced mean
cerebral blood flow as compared to paroxysmal AF patients
(in SR at the time of the MRI; −8%) and controls with no

history of AF (−13%). In addition, in a subsequent experiment
(47), the same group demonstrated that successful electrical
cardioversion in persistent AF individuals was associated, after
at least 10 weeks of SR maintenance, with an improvement
of brain perfusion and cerebral blood flow measured by both
arterial spin labeling (ASL) and phase contrast MRI, while
no change in perfusion or blood flow was detected in those
individuals where cardioversion was unsuccessful.

In addition to the reduction of the mean cerebral
blood flow, AF with its irregular ventricular activation
might also have a beat-to-beat impact on cerebrovascular
circulation. This hypothesis has been demonstrated in silico
(48). Based on a cerebral fluid-dynamics setup with two
coupled lumped-parameter models (of the systemic and cerebral
circulation, respectively), AF is related to transient and repetitive
critical cerebral hemodynamic events in the distal cerebral
circle, consisting of brief but incessant periods of deep
cerebral hypoperfusions or hypertensive events. The repetitive
occurrence of these critical events might at least partly explain
the genesis of SCIs/WMHs (transient hypoperfusions) and
cerebral microbleeds (transient hypertensive events), which
could accumulate over time and determine the progressive
cerebral damage linked to cognitive decline and dementia.

In vivo validation of these computational findings, given
the limitations of the widely adopted noninvasive techniques
assessing cerebral hemodynamics (TCD and cerebral ALS-
MRI) (49, 50) not powered to assess beat-to-beat deep
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microcirculatory dynamics, is challenging. Our group, for this
aim, proposed spatially resolved near-infrared spectroscopy
(SRS-NIRS) (51), a noninvasive technique mainly used to
monitor cerebral tissue oxygenation in critical care, with the
ability to provide a noninvasive assessment of the cerebral
microcirculation with high temporal resolution, sensitive
to beat-to-beat variations when used with a high sampling
frequency (20 Hz). Cerebral SRS-NIRS and noninvasive
systemic hemodynamic monitoring were recorded before and
after elective electrical cardioversion in 53 AF/atrial flutter
(AFL) patients (52), analyzing the total hemoglobin index
(THI), a proxy of deep cerebral blood flow. In case of successful
SR restoration, in front of a nonsignificant decrease in arterial
blood, both hypoperfusive and hyperperfusive/hypertensive
microcirculatory events were significantly reduced. These
findings represent the first in vivo demonstration that
SR restoration by ECV significantly improves cerebral
microcirculation on a beat-to-beat level.

Additional intriguing insights on the association between
AF and cognitive decline/dementia derive from an interesting
10-year follow-up study by Cacciatore (53). In this experience,
AF patients presenting low (<50 bpm) compared to high
(>90 bpm) median ventricular response were predictive of
dementia onset. In fact, as suggested by computational data
(54), higher ventricular rates relate to a progressive increase
in critical cerebral hemodynamic events (hypoperfusions
and hypertensive events) at the distal cerebral circle, while
the excessively slow ventricular response is associated with
systemic-proximal cerebral (up to the middle cerebral artery)
hypoperfusions. Altogether, these findings, despite the results
of the aforementioned RACE II trial, suggest that a rate
control strategy aiming for a median ventricular response lower
than 110 bpm appears more beneficial in terms of cerebral
circulation. The main concepts of this section are illustrated in
Figure 3.

Atrial fibrillation and coronary
circulation

Patients with ongoing AF may present chest pain, ECG
abnormalities, such as ST segment depression, and troponin
release, even in the absence of classical obstructive epicardial
coronary disease, particularly at high ventricular rates (55–57).

The coronary circulation presents some peculiar
characteristics: the blood flow is mainly diastolic and a
complex interaction occurs between the driving pressure (aortic
pressure) and extravascular forces (intramural and endocavitary
pressure) compressing the microvasculature of the different
myocardial layers, in particular the subendocardium. In this
setting, AF-related hemodynamics may determine blunted
coronary flow reserve even in the presence of normal epicardial
coronary arteries (55, 58).

The AF patients present downregulation of endothelial
nitric oxide synthase (eNOS) (59), accounting for reduced
nitric oxide-dependent vasodilation, as well as a potential
influence on neurohumoral factors (60) [elevated levels of
atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP), which mediate a shift of the vascular tone toward
vasoconstriction], and increased sympathetic tone (61) (which
increases coronary vascular resistance, reducing coronary flow
reserve in response to increased myocardial energy demand).
On top of these mechanisms, a direct detrimental hemodynamic
effect may also relate to the irregular RR intervals, similar to
the altered cerebral patterns of the microcirculatory perfusion,
transient cerebral hypoperfusion, and hypertensive events,
observed for the cerebral circulation during AF (48, 52,
54, 62). A computational multiscale (0D-1D) cardiovascular
model including left heart mechanics and arterial tree fluid
dynamics, together with a one-dimensional description of
the epicardial coronary circulation, was designed (63). Based
on this heart-arterial-coronary model, AF was simulated at
different median ventricular responses (50, 70, 90, 110, 130
bpm), assessing the impact of the arrhythmia at different
ventricular rates on the left anterior descending (LAD) flow
waveform, as well as on coronary blood flow perfusion. The
LAD flow waveform emerged as severely affected by AF,
resulting, in particular, in a net decrease of coronary blood
flow above 90–110 bpm. In addition, oxygen consumption
monotonically increased with the ventricular rate (as estimated
by rate pressure product), underlying how exceeding 90–
110 bpm likely causes an imbalance in the oxygen supply-
demand ratio.

To further study AF-related coronary microcirculation,
a similar 1D-0D multiscale model of the entire human
cardiovascular system enriched by detailed mathematical
modeling not only of the epicardial coronary arteries but also
of their downstream microcirculatory districts, subdivided into
three layers (subepicardium, midwall, and subendocardium),
has been designed (64). In this setting, AF and SR have been
simulated at different ventricular rates (75, 100, 125 bpm),
and the mean microcirculatory blood flow per beat across
the different myocardial layers, in the districts downstream of
the three coronary arteries [LAD; left circumflex artery, LCx;
and right coronary artery, RCA], was compared. The major
findings of this analysis were that the microcirculatory blood
flow decreases across all myocardial layers, and at all ventricular
rates, in AF compared to SR. In particular, the most affected
were the subendocardial layers of the microcirculatory districts
downstream of the left coronary arteries (LAD, LCx), where
increased left endoventricular pressure during AF plays a role
in increasing microvascular resistance of the subendocardial
vessels. Of note, there was a more significant reduction of
microvascular blood flow across all cardiac layers in AF
simulations at the higher ventricular response (100, 125 bpm),
as compared to the corresponding SR simulations, supporting
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FIGURE 3

Atrial fibrillation effects on cerebral hemodynamics. AF, atrial fibrillation; HR, heart rate; SR, sinus rhythm.

FIGURE 4

Atrial fibrillation effects on coronary hemodynamics. AF, atrial fibrillation; HR, heart rate; LAD, left anterior descending coronary artery; LV, left
ventricle; SR, sinus rhythm.
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the concept that fast ventricular rates during arrhythmia
appear detrimental.

In the end, a 1D model of coronary circulation, with an
assigned flow rate at the aorta root as an upstream boundary
condition and constant pressure as a distal outflow boundary
condition, was proposed to study the impact of different kinds
of arrhythmias on coronary circulation (65). The authors found
that coronary blood flow, defined as the net blood flow through
left and right coronary arteries, was significantly affected by
arrhythmias. In particular, during bigeminy, trigeminy, and
quadrigeminy, coronary blood flow decreased by 28, 19, and
14% with respect to the baseline pacing at rest (60 bpm)
and by 33, 22, and 17% with respect to pacing at 160
bpm, respectively.

Overall, these findings are concordant with the available
evidence in the literature. Mechanically induced AF diminished
coronary flow reserve particularly in the subendocardial layers
of dog’s hearts (subendocardial blood flow was reduced by
22%, while subepicardial blood flow was reduced by 9%) (66).
Moreover, Kochiadakis elegantly demonstrated in humans (67),
with the use of an intracoronary Doppler flow wire, reduced
coronary flow reserve in experimentally induced AF compared
to right atrial pacing at a similar heart rate, proving the critical
role played by the irregular RR interval; interestingly, in the
same study, it was also shown that, in case of AF with excessively
short RR intervals, the ventricle may not generate enough
pressure to open the aortic valve, corresponding to a markedly
reduced coronary flow in that specific heartbeat. Figure 4
resumes the main notions regarding how AF affects coronary
circulation.

Limitations

Although computational modeling presents advantages
in characterizing the hemodynamic impact exerted by
AF, especially in those vascular regions—as the cerebral
microcirculation—where the anatomical and structural
complexity makes accurate clinical measures difficult to obtain,
the following limitations need to be considered. First, the
described hemodynamic modeling approaches predict acute
hemodynamic effects, not taking into account possible chronic
arrhythmia-induced hemodynamic compensatory mechanisms.
Second, not all the cardiovascular models presented incorporate
beat-to-beat autonomic response, and none of them considers
the long-term effects of the autonomic nervous system. Third,
the cardiovascular modeling approach is usually calibrated on a
generic young healthy subject and validated against available AF
hemodynamic literature data. While a number of mechanisms,
such as posture and gravity effects, metabolic regulations, and
cardiac electromechanics activity, would need to be included
to account for different hemodynamic scenarios (from cardiac
dysfunctions to astronautical applications), patient-specific

cardiovascular modeling surely is emerging as a powerful tool
to personalize and integrate cardiac care.

Conclusion

Growing scientific evidence, mainly based on cardiovascular
modeling studies, points toward a relevant impact of AF on
different aspects of physiological cardiovascular functioning,
ranging from a broad impact on heart mechanics and systemic
circulation to more specific influences on key vascular beds such
as the cerebral and the coronary circles. Altogether, these data, if
considered with the recent results of the EAST-AFNET 4 trial
(12), highlight the critical role of sinus rhythm maintenance
in improving not only patient’s prognosis but also patient’s
hemodynamics, with likely benefit in cognitive function and
ischemic symptoms. In addition, in case sinus rhythm could not
be maintained over time, a strict rate control in permanent AF
patients might be advisable to limit the hemodynamic impact
of the arrhythmia.
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Occluded vein as a predictor for
complications in non-infectious
transvenous lead extraction

Anat Milman1,2*†, Eran Leshem1,2†, Eias Massalha1,2, Karen Jia2,

Amit Meitus2, Saar Kariv2, Yuval Shafir1,2, Michael Glikson3,4,

David Luria4,5, Avi Sabbag1,2, Roy Beinart1,2 and Eyal Nof1,2

1Leviev Heart Institute, The Chaim Sheba Medical Center, Ramat Gan, Israel, 2Sackler School of

Medicine, Tel Aviv University, Tel Aviv, Israel, 3The Jesselson Integrated Heart Center, Shaare Zedek

Medical Center, Jerusalem, Israel, 4Hebrew University in Jerusalem Medical School, Jerusalem,

Israel, 5Hadassah Medical Center, Heart Institute, Jerusalem, Israel

Background: The use of cardiovascular implantable electronic device (CIED) is

steadily increasing, and complications include venous occlusion and fractured

leads. Transvenous lead extraction (TLE) can facilitate the re-implantation of

new leads.

Aims: This study aims to explore predictors and complications of

non-infectious TLE.

Methods: This study involves a retrospective analysis and comparison of

characteristics, complications, and outcomes of patients with and without

occluded veins (OVs) undergoing TLE at our center.

Results: In total, eighty-eight patients underwent TLE for non-infectious

reasons. Indications for TLE were lead malfunction (62; 70.5%) and need for

CIED upgrade (22; 25%). Fourteen patients referred due to lead malfunction

had an OV observed during venography. The OV group (36 patients) were

significantly older (65.7 ± 14.1 vs. 53.8 ± 15.9, p = 0.001) and had more

comorbidities. Ejection fraction (EF) was significantly lower for the OV group

(27.5 vs. 57.5%, p = 0.001) and had a longer lead dwelling time (3,226 ±

2,324 vs. 2,191 ± 1,355 days, p = 0.012). Major complications were exclusive

for the OV group (5.5% vs. none, p = 0.17), and most minor complications

occurred in the OV group as well (33.3 vs. 4.1%, p < 0.001). Laser sheath

and mechanical tools for TLE were frequently used for OV as compared to

the non-occluded group (94.4 vs. 73.5%, respectively, p = 0.012). Procedure

success was higher in the non-occluded group compared to the OV group

(98 vs. 83.3%, respectively, p = 0.047). Despite these results, periprocedural

mortality was similar between groups.

Conclusion: Among the TLE for non-infectious reasons, vein occlusion

appears as a major predictor of complex TLE tool use, complications, and

procedural success. Venography should be considered prior to non-infectious

TLE to identify high-risk patients.

KEYWORDS

transvenous lead extraction, non-infectious, occluded vein, complications,

venography
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What’s new?

• Non-infectious causes are a prevalent indication for TLE

in the current era. TLE is mainly performed due to lead

malfunction and, to a lesser degree, due to the need for

CIED upgrade.

• These subgroups of non-infectious TLE are

inherently different, and the complication

rate of TLE for CIED upgrade is

considerably higher.

• The presence of an occluded vein is a

major driving force for complex procedures,

less procedural success, and abundant

periprocedural complications.

Introduction

The use of cardiovascular implantable electronic device

(CIED) has expanded over the 4 decades, with over a

million new CIEDs being implanted worldwide annually (1, 2).

Although these devices have revolutionized the management

of patients with arrhythmias and conduction disorders, they

are associated with various infectious and non-infectious

complications, which may necessitate their removal (1, 3,

4). The leads of CIEDs are the weakest link of the device,

with lead failure rates estimated to occur at a rate of 0.29–

0.45% annually (2, 5). The most common causes of lead

removal include infection, venous occlusion, and mechanical

lead failure (1).

Transvenous lead extraction (TLE) is completed in a

stepwise manner starting with manual traction of the leads

(with or without locking stylets), mechanical tools, and

progressing to powered tools such as laser sheaths (6, 7).

Despite advances in lead removal, current estimates from

large multi-center reports suggest that a clinical failure of

lead extraction rates ranges from 2.3 to 3.3%, and major

adverse events during lead extraction occur in up to 1.8% of

patients (6, 7). Considering the significant risk of complications

related to lead removal, the benefit of the patient must

outweigh any surgical risks. Less contention exists regarding

the necessity of removing infected leads; however, the risk-

benefit ratio for non-infected lead removal indications has

conflicting evidence (1). Many non-infectious indications for

lead removal are currently categorized as class II indications

(1), and decisions to progress to TLE remain challenging.

These indications include lead failure, chronic pain, non-

functional leads in young patients, symptomatic venous stenosis

or occlusion, and device upgrades (1, 4). Using a large tertiary

referral retrospective single-center cohort, we aimed to analyze

the indications, predictors, and outcomes of non-infectious

lead removal.

Materials and methods

Study population

This was a retrospective, single-center cohort study of

patients who underwent lead extraction for non-infectious

causes between 2011 and 2020 at Sheba Medical Center, Israel,

a referral tertiary hospital. The clinical and procedural data

were gathered prospectively from the procedural report and

patients’ records. This study included 88 consecutive patients

who underwent non-infectious lead extraction (a total of 146

leads), between January 2011 and March 2020. Patients who

presented with any signs of infection such as fever or positive

bacterial culture were excluded from the analysis. The decision

to perform TLE in these cases was left to the discretion of the

treating team and was performed in cases where abandoning

leads was not clinically justified. The study was approved by the

Local Institutional Review Board.

TLE procedure

All TLE procedures were performed by qualified

experienced operators with a cardiothoracic surgeon

available on site. Procedures were performed under general

anesthesia, with hemodynamic monitoring and transesophageal

echocardiography (TEE). A large-bore femoral venous access

was inserted in all patients in case femoral bailout was

warranted and for the SVC bridging balloon wire after it became

available. A stepwise approach was used in all patients as

previously described by our group (8, 9). The TLE procedure

was terminated after complete removal of the leads, when

lead fragments could not be removed or in the event of a

major complication.

Venography was routinely performed when a patient needed

a CIED upgrade (22 patients) and in the rest by the discretion of

the operator (26 patients). All patients without pre-procedural

venography were retrospectively evaluated for vein occlusion by

surveying the fluoroscopy data from the procedure. Some of the

patients in the lead malfunction group had an occluded vein

(OV) as observed by venography during the procedure (n =

14). We hypothesized that an OV is a significant contributor for

the occurrence of complications during an extraction procedure,

and thus, we regrouped all patients according to whether they

were found to have an OV or not.

Definitions

Non-infectious causes for lead removal were categorized as

having an indication for TLE because of a lead malfunction,

occluded vein, or other cause. The primary analysis focused on
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FIGURE 1

Study design. *3 status of vein occlusion unknown.

comparing the two major groups (lead malfunction and device

upgrade in the setting of an OV).

TLE procedures were classified as simple (when complete

removal of leads was achieved with simple traction including

the need for locking stylet) or complex (when the former

failed and the operator proceeded to the mechanical tool,

powered sheaths, laser sheath, or femoral approach using a

snare or ablation catheter). Different time points were ascribed

for the periods from first device implantation to extraction

(representing the oldest lead dwelling time) and last intervention

to extraction (elapsed time from last pocket intervention

to extraction).

Complications were divided into major complications

(defined as life-threatening as tamponade, required surgical

intervention, or result in death). Complications that did

not meet the major complication criteria were classified as

minor complications.

Success or failure was defined by radiological success results

and not clinical success results (10). Patients were divided

depending on the outcome of the extraction procedure. Success

was defined only if the complete removal of all leads (including

“lead tips”) was achieved.

Patients were then regrouped according to the presence of an

OV, regardless of whether the primary reason for non-infectious

TLE was lead malfunction or device upgrade.

Follow-up

Patients were followed up until 1 May 2021. Mortality status

was updated from Israel’s population registry, a national registry

updated regularly.

Statistical analysis

Categorical variables are reported in frequencies and

percentages. All continuous variables were tested for normal

distribution by the Kolmogorov-Smirnov test and by visualizing

the Q–Q plot, plotting the distribution and variance of

the residuals. Normally distributed continuous variables were

reported as mean and standard deviation values, and differences

between groups were assessed using the Student’s t-test.

Continuous variables not normally distributed were reported as

median and interquartile range (IQR, 25th−75th percentiles)

values, and significance was assessed using the Mann-Whitney

U test or Kruskal Wallis test. All statistical tests were two-sided,

and a p < 0.05 was considered significant.

A binomial multivariable logistic regression model analysis

was employed to identify the predictors of the OV among

TLE patients and the variables associated with periprocedural

complication andmortality in patients undergoing TLE for non-

infectious etiologies. The variables included in both models were

prioritized based on statistical significance in the univariate

analysis and those assumed to be clinically relevant based on

previous publications and clinical plausibility.

Statistical analysis was performed using the SPSS software

27.0.0 (IBM, Armonk, NY, USA) and the R foundation statistical

computing and graphics software (version 4.0.0).

Results

Study population

During the trial period, 88 patients underwent TLE

procedures at the Sheba Medical Center for non-infectious
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TABLE 1 Patient characteristics of the entire cohort.

All patients Overall Non-infectious

Number of patients 425 88

Male sex 327 (76.9) 66 (75.0)

Age 65.5±15.7 58.4± 16.8

Smoking 140 (32.9) 16 (18.2)

Atrial fibrillation 149 (35.1) 32 (36.4)

Hypertension 223 (52.5) 40 (45.5)

Heart failure 191 (44.9) 34 (38.6)

Stroke 54 (12.7) 8 (9.1)

Vascular disease 238 (56.0) 43 (48.9)

Malignancy 28 (6.6) 3 (3.4)

Diabetes mellitus 178 (41.9) 24 (27.3)

EF (%) [median (IQR)] 38.0 [25.0, 60.0] 35.00 [25.0, 60.0]

Creatinine (mg/dl) 1.05 [0.84, 1.50] 0.95 [0.80, 1.19]

Hemoglobin (mg/dl) 11.54 (2.13) 13.05 (1.73)

C-Reactive protein (mg/dl) 24.70 [6.91, 74.97] 6.07 [1.88, 15.97]

Albumin (g/dl) 3.44 (0.80) 3.96 (0.52)

Device type

CRT-D 108 (25.4) 19 (21.6)

CRT-P 11 (2.6) 3 (3.4)

ICD 139 (32.7) 40 (45.4)

PM 166 (39.1) 26 (29.5)

Number extracted leads

1 105 (24.7) 46 (52.3)

2 186 (43.8) 29 (33.0)

3 101 (23.8) 13 (14.8)

Extraction success

Full 390 (91.8%) 81 (92%)

Partial 21 (4.9%) 2 (2.3%)

Failure 14 (3.3%) 5 (5.7%)

indications (out of a total of 425 TLE procedures performed)

and were included in this cohort (Figure 1). The mean age

at extraction was 58.4 ± 16.9 years, and the majority (75%)

were male patients with a median ejection fraction (EF) of

35% [25, 60%]. In the majority of the cohort, one lead was

extracted (52.3%). The TLE was defined as fully successful

in most procedures (92%). Patient baseline characteristics are

presented in Table 1.

Extraction indication

The majority were extracted due to a non-functioning lead

(70.5%). Further indications included device upgrade (25%) and

four patients (4.5%) because of other causes (heart transplant,

intractable pain, irradiation, and severe tricuspid regurgitation).

Lead malfunction compared to device
upgrade

Table 2 provides the primary comparison of the two major

groups of non-infectious indication for TLE for characteristics,

complications, and extraction methods.

The TLE patients for device upgrade were significantly older

than those with a lead malfunction (mean age 68.3± 12.6 vs. 55

± 17.2, respectively, p= 0.002), had more vascular disease (68.2

vs. 43.5%, respectively, p = 0.022), had a higher creatinine level

(1.25± 0.4 vs. 0.98± 0.4mg/dl, respectively, p= 0.005), and had

a lower EF (25 vs. 52.5%, respectively, p < 0.001). No difference

was observed in the type of extracted device or number of leads,

as well as lead dwelling time.

The extractionmethod used did not differ between these two

groups, as well as the success rate of the procedure.

There were significantly more major and minor

complications in the CIED upgrade group (minor 40.9 vs.

8.1%, respectively, p < 0.001 and major 9.1% vs. none,

respectively, p = 0.06). One patient undergoing TLE for

device upgrade perished during the procedure (due to SVC

tear). Overall death during follow-up did not differ between

the groups.

Occluded vein presence

We observed 14/62 patients (22.6%) from the lead

malfunction group with an OV during the procedure. A new

total of 36 patients in our cohort had an OV and were compared

to 49 patients without OV. In 3/88 patients, data on OV could

not be retrieved. These groups were compared accordingly as

shown in Table 3.

Patients with an OV were significantly older (65.7± 14.1 vs.

53.8± 15.9, respectively, p= 0.001). Both groups had a majority

of male patients undergoing TLE.

The OV group had a higher comorbidity prevalence such as

atrial fibrillation (52.8% vs. 24.5% for the non-occluded group,

p = 0.018), hypertension (66.7 vs. 30.6%, p = 0.003), and a

trend toward more vascular disease (61.1 vs. 40.8%, p = 0.07).

EF was significantly lower for the OV group (27.5 vs. 57.5% for

the non-occluded group, p= 0.001).

The OV group had a lower hemoglobin (12.5 ± 1.5 vs. 13.6

± 1.8 mg/dl, p= 0.01) and a lower albumin (3.8± 0.5 vs. 4.13±

0.5 g/dl, p= 0.005).

There was no difference in the type of CIED extracted or the

number of leads. Lead dwell time in the OV group was longer

compared to the non-occluded group (3,226± 2,324 vs. 2,191±

1,355 days, respectively, p= 0.012).

The methods used for TLE were significantly different

between the groups with more complex methods used for

OV as compared to the non-occluded group (94.4 vs. 73.5%,
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TABLE 2 Comparison of TLE due to lead malfunction or device upgrade in the setting of an occluded vein.

Device upgrade Lead malfunction P-Value

Number of patients 22 62

Male 16 (72.7) 48 (77.4) 0.879

Age 68.3± 12.6 55± 17.2 0.002

Smoking 3 (13.6) 13 (21.0) 0.4

Atrial fibrillation 10 (45.5) 22 (35.5) 0.533

Hypertension 14 (63.6) 25 (40.3) 0.13

Heart failure 8 (36.4) 25 (40.3) 0.509

Stroke 3 (13.6) 5 (8.1) 0.171

Vascular disease 15 (68.2) 27 (43.5) 0.022

Malignancy 1 (4.5) 1 (1.6) 0.174

Diabetes mellitus 8 (36.4) 15 (24.2) 0.476

EF (%) [median (IQR)] 25.00 [22.50, 30.00] 52.50 [35.00, 60.00] <0.001

Creatinine (mg/dl) 1.25± 0.4 0.98± 0.4 0.005

Hemoglobin (mg/dl) 12.6± 1.6 13.2± 1.7 0.138

C-Reactive protein (mg/dl) 7.7± 10.5 17.2± 22.8 0.302

Albumin (g/dl) 3.8± 0.4 4± 0.5 0.086

Referral from other hospital 17 (77.3) 39 (62.9) 0.334

Device type 0.176

CRT-D 4 (18.2) 14 (22.6)

CRT-P 2 (9) 1 (1.6)

ICD 8 (36.4) 31 (50)

PM 8 (36.4) 16 (25.8)

Number extracted leads 0.314

1 9 (40.9) 37 (59.7)

2 9 (40.9) 17 (27.4)

3 4 (18.2) 8 (12.9)

First device implant to extraction (days) 2,712.95± 1,803 2,545.6± 1,917.5 0.722

Last intervention to extraction (days) 1,454.2± 901.8 1,457.2± 970.6 0.99

Extraction type 0.21

Simple 2 (9.1) 14 (22.6)

Complex 20 (90.9) 48 (77.4)

Extraction success 0.54

Full 20 (90.9) 57 (91.9)

Partial 0 2 (3.2)

Failure 2 (9.1) 3 (4.8)

Minor complication 9 (40.9) 5 (8.1) <0.001

Major complication 2 (9.1) 0 (0.0) 0.06

Periprocedural death 2 (5.5) 1 (2) 0.38

Follow up time (days) 989 [353, 2,219] 1,365 [416, 2,259] 0.36

Death during follow up 5 (22.7) 7 (11.3) 0.363

respectively, p= 0.012). Radiological success was more common

in the non-occluded group compared to the OV group (98 vs.

83.3%, respectively, p= 0.047; Figure 2).

Major complications were exclusively found in the OV

group (two patients compared to none in the non-occluded vein,

p = 0.17), and minor complications were more frequent in the

OV group as well (33.3 vs. 4.1%, p < 0.001; Figure 3).

Periprocedural death during follow-up was similar (2% in

the non-occluded vein group vs. 5.5% in the occluded group, p

= 0.38; Figure 3).
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TABLE 3 Comparison according to occluded vein presence.

No vein occlusion Occluded vein P-Value

Number of patients 49 36

Male 37 (75.5) 27 (75.0) 1

Age 53.84± 15.91 65.69± 14.14 0.001

Smoking 9 (18.4) 7 (19.4) 0.471

Atrial fibrillation 12 (24.5) 19 (52.8) 0.018

Hypertension 15 (30.6) 24 (66.7) 0.003

Heart failure 17 (34.7) 17 (47.2) 0.205

Stroke 3 (6.1) 4 (11.1) 0.345

Vascular disease 20 (40.8) 22 (61.1) 0.07

Malignancy 2 (4.1) 1 (2.8) 0.481

Diabetes mellitus 11 (22.4) 13 (36.1) 0.286

EF (%) [median (IQR)] 57.5 [35, 60] 27.5 [25, 37.25] 0.001

Creatinine (mg/dl) 1.02 (0.39) 1.10 (0.36) 0.395

Hemoglobin (mg/dl) 13.56 (1.77) 12.54 (1.52) 0.01

C-Reactive protein (mg/dl) 16.39 (19.87) 12.61 (22.85) 0.627

Albumin (g/dl) 4.13 (0.52) 3.79 (0.48) 0.005

Referral from other hospital 28 (57.1) 28 (77.8) 0.08

Device type 0.187

CRT-D 11 (22.4) 8 (22.2)

CRT-P 1 (2.1) 2 (5.6)

ICD 26 (53.1) 12 (33.3)

PM 11 (22.4) 14 (38.9)

First device to extraction (days) 2,191± 1,355 3,226± 2,324 0.012

Last intervention to extraction (days) 1,438± 1,010 1,584± 981 0.528

Extraction type 0.012

Simple 13 (26.5) 2 (5.6)

Complex 36 (73.5) 34 (94.4)

Number of leads extracted 0.202

1 30 (61.2) 15 (41.7)

2 13 (26.5) 14 (38.9)

3 6 (12.2) 7 (19.4)

Extraction success 0.047

Full 48 (98) 30 (83.3)

Partial 0 2 (5.6)

Failure 1 (2) 4 (11.1)

Minor complication 2 (4.1) 12 (33.3) <0.001

Major complication 0 (0.0) 2 (5.5) 0.17

Periprocedural death 1 (2) 2 (5.5) 0.38

Follow up time (days) 1,325 [432, 2,269] 1,218 [386, 2,053] 0.36

Death during follow up 6 (12.5) 7 (19.4) 0.38

A binomial multivariable logistic regression model was

deployed to identify the clinical parameters associated with

the presence of an OV. Older age [odds ratio (OR): 1.07

(95% CI: 1.01–1.13 per 1 year), p = 0.01] and hypertension

[OR: 5.79 (95% CI: 1.68–20.08, p < 0.01)] were shown

to be strongly correlated with vein occlusion. Lower left

ventricular ejection fraction (LVEF) and the time elapsed from

implantation to extraction were predictors for vein occlusion

(Table 4).

A binomial multivariable backward regression model was

performed to ascertain the predictors for periprocedural

complications, including mortality. Patients with an OV had
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FIGURE 2

Comparison of procedural outcomes between occluded and non-occluded vein groups. More complex methods were used for TLE in the

presence of an occluded vein as compared to the non-occluded group (p = 0.012). Radiological success was more common in the

non-occluded group compared to the occluded vein group (p = 0.047). *p < 0.05.

significantly higher odds for periprocedural complications,

including mortality [OR: 15.08 (95% CI: 2.76–82.2, p < 0.01)

Table 5].

Discussion

Main findings of our study are as follows:

• TLE for non-infectious causes is a prevalent indication for

TLE in the current era and is mainly performed due to lead

malfunction and, to a lesser degree, due to the need for

CIED upgrade.

• These subgroups of non-infectious TLE are inherently

different, and the complication rate of TLE for CIED

upgrade is considerably higher.

• Analysis according to the presence of an OV reveals

that this factor is a major driving force for complex

procedures, less procedural success, and abundant

periprocedural complications.

• The present retrospective analysis of 88 consecutive

patients undergoing TLE for non-infectious reasons

emphasizes the importance of pre-procedural planning and

venography to identify those with an OV, as these patients

were found to have a worse outcome.

Non-infectious TLE

Patients referred for TLE for non-infectious reasons

comprise a significant portion of those undergoing the

procedure (6); however, they are underrepresented in the

literature, and indications for appropriate extraction are all

currently a class 2 indication (1).

In the ELECTRa European prospective cohort, the rate of

TLE for a non-infectious etiology was found to be 47.3% of

all TLE procedures (1,683/3,555) (6). The recently published

CLEAR registry including eight Canadian centers showed that

non-infectious reasons for TLE were the majority of cases, with

only 48.6% of TLEs due to an infection (11). A recent study

from the United Kingdom included a total of 1,151 patients, with

632 (54.9%) and 519 (45.1%) patients representing infective and

non-infective indications, respectively (12).

Our cohort of 88 such patients represents a non-negligible

fraction (21%), which is less than the aforementioned rates of
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FIGURE 3

Complication rates for the occluded and non-occluded vein groups. Major complications were exclusive for the occluded vein group (2

patients), and minor complications were more frequent (p < 0.001). Periprocedural death during follow-up was similar (p = 0.38). **p < 0.001.

non-infectious TLE published. However, in Mayo Clinic, out

of the 480 TLE performed between January 2001 and October

2012, 123 procedures (25.6%) were because of superfluous leads

(13), and indications for extraction were malfunction in 41%,

recall in 26%, and upgrade in 15% (13). Archontakis et al. (14)

provided data from their high-volume reference center for CIED

extractions in Athens, with a total of 242 consecutive patients

undergoing TLE of which a minority was for non-infectious

reasons (16.9%). This difference may be due to a strict adherence

to current indications and a higher tendency to add leads in cases

of lead malfunction of required upgrade.

Occluded veins

Patients with an OV were older and had more comorbidities

such as atrial fibrillation, hypertension, and a borderline

tendency for vascular disease. Not surprisingly, these patients

also had a lower EF, as most of these patients were referred for

a CIED upgrade. Our secondary analysis divided patients by

results of venography, comparing the presence of OVs and the

effect on the TLE procedure and outcome.

Predictors for occluded veins

Our findings reveal that advanced age, hypertension,

decreased LVEF, and lead dwell time were significant predictors

for an OV that will result in a more complex procedure with less

favorable outcomes.

An important predictor for vein occlusion was lead dwell

time, which was significantly longer in the OV group compared

to those without an occlusion. This was also observed by

Pieper et al. (15), when assessing venous obstruction in patients

undergoing revision of CIED. The issue of the number of

leads as a risk factor for an OV is debatable. The existence of

multiple leads has previously been found to be a risk factor

for developing venous thrombosis (16, 17), and thus, complete

lead extraction is recommended whenever there are more than

four leads on one side or five leads through the superior vena

cava (SVC) (16). On the contrary, some studies failed to show

a correlation between venous complications and lead burden

(18, 19) in accordance with our findings. Moreover, Li et al. (19)

found that infection (both systemic and local infection) and not

the number of leads was associated with an increased risk of

venous occlusion.
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TABLE 4 Multivariate analysis of predictors for occluded veins.

Predictors Univariate analysis Multivariable analysis

Odds ratio Confidence interval P-Value Odds ratio Confidence interval P-Value

Age 1.05 1.02–1.09 0.002 1.07 1.01–1.13 0.018

Atrial fibrillation 3.2 1.29–1.83 0.01 1.49 0.43–5.07 0.52

HTN 4.12 1.65–10.29 0.002 5.79 1.67–20.08 0.006

LVEF 0.95 0.92–0.98 0.001 0.95 0.91–0.99 0.016

Years (from first implantation to extraction) 1.12 1.02–1.25 0.019 1.21 1.07–1.36 0.003

HTN, hypertension; LVEF, left ventricular ejectin fraction.

TABLE 5 Multivariable regression (backward Wald) models of predictors for periprocedural complications and mortality.

Predictors 1st step model Final step model

Odds ratio Confidence interval P-Value Odds ratio Confidence interval P-Value

Age 0.98 0.93–1.04 0.54

Male gender 1.4 0.22–9.5 0.72

Atrial fibrillation 0.13 0.02–0.81 0.29 2.4 0.06–1.01 0.052

HTN 4.8 0.98–23.8 0.052 3.60 0.84–15.4 0.084

LVEF < 40% 0.50 0.74–3.40 0.48

Years (from first implantation to extraction) 1.09 0.95–1.26 0.21

Occluded vein 15.03 1.86–121.8 0.11 15.08 2.76–82.2 0.002

HTN, hypertension; LVEF, left ventricular ejectin fraction.

Results of OV procedures

The most clinically important findings of our analysis were

the significantly more difficult procedures performed in the

presence of OV, as reflected by the need to use more complex

methods and the lower full success rate of the procedure.

Complication rates were more frequent in the aforementioned

group as well. Li et al. (19) demonstrated, although in a cohort

of infected devices, that lead extraction was more challenging

in patients with venous occlusion, requiring superior devices

and longer time. Opposed to these findings, Boczar et al. (20)

could not observe vein occlusion to influence the effectiveness,

safety, and the use of additional devices during TLE procedures;

however, their population was a mix of infected and non-

infected devices, with a significantly higher rate of vein

occlusion (36.1%).

Limitations

We acknowledge several limitations. This was a single-

center retrospective cohort, and the results as such may not be

generalized to other populations. Performing a TLE in these

cases was left to the discretion of the treating physician team

as was the decision to perform a pre-procedural venography.

Of note, not all lead malfunction procedures had a venography

prior to the procedure, mainly due to the fact that it was

determined to proceed with TLE regardless of the venography

results. No attempted venoplasty was performed in cases of

venous occlusion, and these were referred for TLE.

Conclusion

The TLE for non-infectious reasons is common, and strict

criteria and indications should be formalized. Vein occlusion

appears as a major predictor for complex TLE tools use,

complications, and procedural success. Venography should be

considered prior to non-infectious TLE to identify venous

occlusion and high-risk patients.
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Left atrial function after
standalone totally
thoracoscopic left atrial
appendage exclusion in atrial
fibrillation patients with
absolute contraindication to
oral anticoagulation therapy
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Francesca Tedoldi1, Giovanni D’Onghia1, Diego Fanti1,
Emanuele Sarao1, Fabrizio Guarracini1, Silvia Quintarelli1,
Cinzia Monaco2, Angelo Graffigna3, Roberto Bonmassari1,
Mark La Meir4, Gian Battista Chierchia2 and
Carlo de Asmundis2

1Department of Cardiology, S. Chiara Hospital, Trento, Italy, 2Heart Rhythm Management Centre,
Postgraduate Program in Cardiac Electrophysiology and Pacing, Vrije Universiteit Brussel,
Universitair Ziekenhuis Brussel, Brussels, Belgium, 3Department of Cardiac Surgery, S. Chiara
Hospital, Trento, Italy, 4Department of Cardiac Surgery, Vrije Universiteit Brussel, Universitair
Ziekenhuis Brussel, Brussels, Belgium

Background: Left atrial appendage (LAA) is a common source of thrombi in

patients with atrial fibrillation (AF). The effect on left atrial (LA) function of

the Totally Thoracoscopic (TT)-LAA exclusion with epicardial clip is currently

unknown. This study aims at evaluating the effect of TT-LAA exclusion on

LA function.

Methods: Standalone TT-LAA exclusion with the clip device was performed

in 26 patients with AF and contraindication to oral anticoagulation

(OAC). A 3D CT scan, trans-esophageal echocardiography, spirometry and

cerebrovascular doppler ultrasound were performed preoperatively. Clip

positioning and LAA exclusion were guided and confirmed by intraoperative

trans-esophageal echo. To evaluate LA function, standard transthoracic

echocardiography and 2D strain of LA were performed before surgery, at

discharge and at 3-month follow-up.

Results: The mean CHA2DS2-VASc and HASBLED scores were 4.6 and 2.4

respectively. There were no major complications during the procedure. At

median follow-up of 10.3 months, 1 (3.8%) non-cardiovascular death, 1 (3.8%)

stroke and 4 (15.4%) cardiovascular hospitalizations occurred. At 2D strain

of LA, the reservoir function decreased significantly at discharge, compared

to baseline and recovered at 3-months follow-up. Furthermore, NT-proBNP
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increased significantly after the procedure with a return to baseline after

3 months. Changes in E/A were persistent at 3 months.

Conclusion: Our data in a small cohort suggest that TT-LAA exclusion with

epicardial clip can be a safe procedure with regards to the atrial function.

The LAA amputation impairs the reservoir LA function on the short term, that

recovers over time.

KEYWORDS

left atrial appendage exclusion, oral anticoagulation therapy, totally thoracoscopic
surgery, atrial fibrillation, left atrial appendage

Introduction

Atrial fibrillation (AF) is the most common sustained
arrhythmia in humans and oral anticoagulation (OAC) to
prevent ischemic stroke in AF patients with high CHA2DS2-
VASc risk score is a guideline-recommended therapy (1, 2).

Despite the recent advances in pharmacological stroke
prevention the perceived risk of OAC-associated bleeding may
result in significant under prescription or under dosage of this
therapy (3). The surgical exclusion of the left atrial appendage
(LAA) is a therapeutic strategy for stroke prevention in AF
patients with an absolute contraindication to OAC or a high
risk of life-threatening bleeding on OAC or antiplatelet therapy
(APT) (3) and unsuitable for percutaneous LAA occlusion.
This intervention effect on left atrial (LA) function has not
been studied. The LAA produces vasoactive neuroendocrine
hormones activated by stretch-sensitive receptors (4) and
this suggests a role in cardiovascular homeostasis as a
“decompression chamber.” LAA closure results in an increase
LA size and mean pressure from animal models and human
studies (5). Recent techniques have been introduced to assess
the LA function such as two-dimensional speckle tracking
echocardiography (2D STE), and specifically the strain and
strain rate parameters. Through these parameters, the three
LA function stages (reservoir, conduit and contractile) can
be assessed.

This study aims at evaluating the effect of totally
thoracoscopic (TT)-LAA exclusion on the LA function,
evaluated with 2D STE.

Materials and methods

Patient population

This observational and retrospective study enrolled patients
with AF at high risk for ischemic stroke and at high risk of life-
threatening bleeding on OAC or APT or with a contraindication
to long-term OAC. All patients underwent TT-LAA exclusion

in the period between March 2020 and June 2021 at S. Chiara
Hospital, Trento, Italy.

Inclusion criteria were: (1) AF defined following current
guidelines (1); (2) Patients deemed at high risk for ischemic
stroke, defined as CHADSVASC > 1 or ≥ 2 if female sex;
and (3) contraindication to long term OAC/APT, defined as
at least one of the following: HASBLED > 3, previous severe
bleeding on OAC/APT or refractory anemia; or (4) refractory
LAA thrombosis or recurrent stroke despite different OAC
therapies (1). Previous severe bleeding was defined as at least one
of the following:, diffuse gastrointestinal hemorrhage requiring
transfusions or prior cerebral hemorrhage or other bleeding
scenario with BARC > 1 (6).

Final decision on inclusion in the study was taken by the
“AF Heart Team,” including a cardiac surgeon, a cardiologist,
neurologist/neurosurgeon and referring physician following
current guidelines on LAA exclusion (6).

All patients underwent preoperative computed tomography
(CT) with 3-dimensional reconstruction, transthoracic and
transesophageal echocardiography (TEE) to rule out thrombi
in the LAA and to exclude other cardiac surgery indications
for structural or functional heart diseases. Spirometry and
bilateral carotid ultrasound doppler were also performed during
the preoperative work out. Clinical history and laboratory
data were collected and analyzed. Patient provided written
informed consent to the procedure. The study complied with the
Declaration of Helsinki as revised in 2013; the ethic committee
approved the study.

Surgical procedure

All patients were treated using the video assisted
thoracoscopic LAA exclusion approach with Atriclip PRO2
device (AtriCure Inc., Mason, OH). The procedure has been
previously described in details (7). Briefly, patients were
placed in a supine position, selective right lung ventilation
was chosen with double lumen ventilation and intraoperative
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TEE monitoring to evaluate and guide the correct device
positioning. Three 12 Fr thoracoscopic access ports were
used, including the following: (1) a camera port placed
along the mid axillary line at mid sternal level and (2)
working ports, placed along the anterior axillary line in
the third intercostal space and in the intercostal space at
the intersection between the line in the middle of anterior
and midaxillary line and a sagittal line crossing the xiphoid
process. After insufflation with CO2, visualization of the
intrathoracic anatomy, and freeing of adhesions, the opening
of the pericardium was performed. The LAA was mobilized
and the base measured with a dedicated sizer to select
the device size. The AtriClip PRO2 (Atri-Cure Inc., West
Chester, OH) device was positioned using the dedicated
deployment device and deployed under TEE guidance and
camera visualization.

Echocardiographic analysis

Echocardiographic analysis was performed in all patients by
experienced cardiologists, a specific protocol was compiled, and
the echocardiographic measurements were obtained following
current guidelines (8). Standard 2D measurements were
performed using GE Vivid E9 or GE Vivid E80, (GE-Healthcare,
Chicago, Illinois) and LA deformation was evaluated with a 2D
STE software. All images were acquired in a DICOM format and
digitally stored for offline analysis. Two different experienced
cardiologists performed offline analysis. Echocardiographic
parameters analyzed included the following: LV end diastolic
volume (EDV), left ventricular (LV) ejection fraction (LVEF),
LA volume indexed to body surface area (BSA), mitral peak
velocity in early diastole (E) and in late diastole (A), average
(mean of septal and lateral) early diastolic mitral annulus
velocity (e’) estimated by tissue Doppler. Simpson’s biplane
method of discs was used to perform volumetric calculation of
both LV and LA. All measurements were performed following
ASE guidelines (9).

Two-dimensional speckle tracking
echocardiography

Two-dimensional speckle tracking echocardiography was
performed with a standard protocol following current guidelines
(10). The apical four-chamber view was utilized for the
strain measurements of LA and LV. Briefly, first the LA
endocardium edge was traced manually and then the tracings
based on the 2D STE were generated by the software,
Figure 1. The mean deformation (strain) expressed in
percentage was then calculated by the software. The reservoir
function of the LA (LA reservoir strain) was calculated
as the maximal wall deformation of LA during LV systole

as compared to the end diastole, that was considered as
preset reference point (11). 2D STE LA strain refers to
reservoir strain if not otherwise specified. In patients with
permanent AF, atrial strain was performed during ongoing
AF. In patients with non-permanent AF, atrial strain was
performed during sinus rhythm. Global longitudinal strain
(GLS) of LV was measured as the longitudinal shortening of
the myocardium (change in length compared to the baseline
length).

Follow-up

Periprocedural adverse events were registered.
Thoracoscopic access was evaluated after 10 days from
the procedure. Clinical evaluations included laboratory
work-out at pre-discharge and after 3 months and physical
examination. A protocol echocardiogram was performed at
baseline (pre-surgery), at pre-discharge (after surgery) and
at 3 months. At 3 months follow-up, a cardiac synchronized
CT scan or TEE were also performed to measure the size
of the residual stump, if any and to assess the efficacy of
LAA exclusion. A satisfactory outcome was considered as a
residual stump < 1 cm (12). The primary endpoint was LA
function, defined with 2D STE at pre-discharge and at 3 months.
Secondary endpoints were the following: all-cause mortality,
cardiovascular hospitalizations and stroke at long-term
follow-up.

Statistical analysis

Descriptive statistics are reported as medians and
interquartile range (IQR) for non-normally distributed
continuous variables or mean ± standard deviation for
normally distributed continuous variables. T-test was used
to compare numerical normal variables, and Wilcoxon test
for non-parametric variables. The categorical variables were
compared by Chi-squared test or Fisher’s exact test and
described as frequencies and percentages. A p-value < 0.05 was
considered significant for all tests. The analysis was performed
using R software version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Patient population

The study enrolled 26 consecutive patients (77.3 ± 6 years,
76.9% males). The mean HAS-BLED and CHA2DS2-VASc
scores were 2.4 ± 0.6 and 4.6 ± 1.1 respectively. Permanent
AF was present in 8 patients (30.8%). The indication
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FIGURE 1

Atrial strain measurement. (A) The apical four-chamber view was utilized for the strain measurements of the left atrium (LA); the edge of the LA
endocardium was manually traced. (B) The software generated tracings based on the 2D strain of LA. The mean deformation (strain) is
expressed in percentage and calculated by the software.

TABLE 1 Baseline characteristics.

Overall (N = 26)

Age (years) 77.3 (6.0)

Sex (M) (n, %) 20 (76.9%)

BMI 25.6 (4.7)

BSA 1.9 (0.2)

Permanent AF (n, %) 8 (30.8%)

CHA2DS2-VASc score 4.6 (1.1)

HASBLED score 2.4 (0.6)

Stroke/TIA history (n, %) 6 (23.1%)

Diabetes (n, %) 7 (26.9%)

Hypertension (n, %) 25 (96.2%)

Heart failure (n, %) 9 (34.6%)

CKD (HASBLED definition) (n, %) 3 (11.5%)

Peripheral vascular disease (n, %) 15 (57.7%)

COPD (n, %) 3 (11.5%)

NYHA II–III (n, %) 21 (80.8%)

Follow-up (months) 10.3 (4.7)

AF, atrial fibrillation; BMI, body mass index; BSA, body surface area; CKD,
chronic kidney disease; COPD, chronic obstructive pulmonary disease; TIA, transient
ischemic attack.

for LAA exclusion was the following: history of cerebral
hemorrhage (n = 10), diffuse gastrointestinal hemorrhage
requiring transfusions (n = 4), clinical scenario of high bleeding

risk (n = 4), refractory anemia (n = 3), other bleeding scenarios
(n = 2), refractory LAA thrombosis (n = 1) and recurrent stroke
despite different OAC therapies (n = 2). Baseline characteristics
are summarized in Table 1.

Surgical treatment

A total of 26 patients underwent thoracoscopic
LAA exclusion. Mean operation time (skin-to-skin) was
69.2 ± 18.5 min. No deaths procedure-related or pulmonary
morbidity were observed. No patient required conversion to
mini thoracotomy. Intraoperative TEE showed complete LAA
exclusion with minimal residual stump (<1 cm) in all cases.
Following the procedure, no patients were prescribed OAC,
APT or heparin. There were no major complications during
and after the procedure.

Laboratory and echocardiographic
changes

Compared with baseline, NT-proBNP was significantly
higher at pre-discharge evaluation (1000.3 ± 950.1
pg/ml vs. 3170.2 ± 2011.6 pg/ml, p < 0.001); after
3 months there was no differences in NT-proBNP
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TABLE 2 Laboratory and echocardiographic data during follow-up.

Baseline
(N = 26)

Pre-discharge
(N = 26)

P-value
(baseline vs.

pre-discharge)

3 months
follow-up
(N = 26)

P-value (baseline
vs. 3 months
follow-up)

P-value
(pre-discharge vs.

3 months follow-up)

NT-proBNP (pg/ml) 1000.3 (950.1) 3170.2 (2011.6) <0.001 1509.5 (1444.3) 0.17 0.005

Creatinine (mg/dl) 1.4 (0.9) 1.5 (1.1) 0.86 1.7 (1.7) 0.46 0.56

Hb (g/dl) 12.3 (1.5) 12.0 (1.5) 0.37 12.5 (2.2) 0.75 0.34

LVEF (%) 58.9 (8.4) 58.1 (6.5) 0.72 56.3 (9.2) 0.32 0.46

GLS (%) 16.8 (4.5) 14.6 (4.2) 0.11 15.3 (4.2) 0.28 0.59

EDV (ml) 103.7 (27.7) 108.8 (33.2) 0.57 113.8 (27.9) 0.24 0.60

E wave (m/s) 0.8 (0.3) 0.9 (0.2) 0.48 0.8 (0.3) 0.99 0.47

A wave (m/s) 0.89 (0.2) 0.81 (0.3) 0.44 0.61 (0.3) 0.005 0.08

E/A 0.9 (0.3) 1.1 (0.3) 0.25 1.3 (0.4) 0.004 0.07

dT (ms) 165.0 (42.7) 168.0 (49.4) 0.83 183.2 (39.2) 0.16 0.28

E’ (m/s) 0.1 (0.0) 0.1 (0.0) 0.31 0.1 (0.0) 0.17 0.74

E/e’ 13.1 (6.8) 12.7 (6.8) 0.85 10.6 (3.0) 0.14 0.20

PAPs 33.7 (11.7) 33.4 (13.5) 0.96 30.6 (9.7) 0.47 0.55

LA volume index 59.3 (33.0) 56.6 (26.9) 0.76 59.2 (28.3) 0.99 0.76

LA reservoir strain 16.9 (7.7) 11.8 (8.0) 0.028 18.6 (10.5) 0.55 0.017

dT, deceleration time; EDV, end-diastolic volume; GLS, global longitudinal strain; Hb, hemoglobin; LA, left atrium; LVEF, left ventricular ejection fraction; PAPs, systolic pulmonary
artery pressure.

TABLE 3 2D strain results for permanent vs. non-permanent atrial fibrillation patients.

Non-permanent AF (N = 18) Permanent AF (N = 8) Overall (N = 26) P-value

LA reservoir strain baseline 19.9 (7.0) 10.1 (4.2) 16.9 (7.7) 0.003

LA reservoir strain pre-discharge 14.2 (8.6) 6.6 (2.2) 11.8 (8.0) 0.023

LA reservoir strain 3 months follow-up 20.5 (9.9) 11.0 (10.7) 18.6 (10.5) 0.11

AF, atrial fibrillation; LA, left atrium.

value compared with baseline (p = 0.17) (Table 2).
There were no significant differences in creatinine and
hemoglobin at pre-discharge and at 3-months follow-up
(Table 2).

The 2D STE of LA measured at pre-discharge decreased
significantly compared with the baseline values (11.8 ± 8%
vs. 16.9 ± 7.7%, p = 0.028) with a recovery at 3-months
(18.6 ± 10.5% vs. 16.9 ± 7.7%, p = 0.55) (Table 2). When
compared with baseline, E/A increased significantly after
3 months (1.3 ± 0.4 vs. 0.9 ± 0.3, p = 0.004) (Table 2).
Of note, there was a non-significant trend toward higher
E/A values at pre-discharge evaluation compared to baseline
(1.1 ± 0.3 vs. 0.9 ± 0.3, p = 0.25). E/e’ decreased throughout
serial evaluation with no significant change (13.1 ± 6.8 vs.
12.7 ± 6.8 vs. 10.6 ± 3.0, p = NS for all comparisons). At pre-
discharge and at 3-months follow-up echocardiography, the LA
volume indexed to BSA was unchanged compared with baseline
measurements (56.6 ± 26.9 ml/mq vs. 59.2 ± 28.3 ml/mq
vs. 59.3 ± 33.0 ml/mq, p = NS for all comparisons). There
was no significant difference in LV EDV, LVEF and GLS of
LV (Table 2). The results of 2D STE of LA for permanent

AF patients compared with non-permanent AF patients are
summarized in Table 3.

Follow-up

Follow up was completed and available for all 26
patients. At a median follow-up of 10.3 ± 4.7 months, no
patients were on OAC, APT or heparin therapy. One (3.8%)
non-cardiovascular death, 1 (3.8%) stroke and 4 (15.4%)
cardiovascular hospitalizations occurred at long-term follow
up. Evaluation by TEE or CT after 3 months showed stable
and appropriate device position with LAA stump < 1 cm
in all patients.

Discussion

The main findings of this study can be summarized as
follows: (1) The amputation of LAA significantly impairs LA
reservoir function after the procedure, although this function
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recovers after 3 months. (2) TT-LAA exclusion results in a
change in E/A that is persistent at 3 months follow-up.

The role of left atrial appendage
clipping on left atrial reservoir function

The LA function consists of three components, namely:
conduit, reservoir and pump. It is the result of a complex
interplay between LV systolic and diastolic function, circulating
blood volume and LAA function (13).

In the current study a transient impairment of LA
reservoir function was observed after LAA exclusion; different
mechanisms might contribute to this finding.

The sudden volume reduction of the LA after the procedure
may affect LA distension, whereas its recovery might be
explained with volume recovery or LA remodeling over time.

Changes in LA function could also be secondary to an
altered neuro-humoral homeostasis expressed by changes in
both atrial natriuretic peptide (ANP) and NT-proBNP. LAA
endovascular occlusion is associated with an increase in ANP
levels (14); ANP is produced by LAA and it plays an important
role in LA physiology (15); its mutation is associated with a
familial atrial dilated cardiomyopathy with standstill evolution
(15). In a previous study on endovascular LAA closure, NT-
proBNP was higher at 6 h and 24 h after procedure with
no difference at 48 h (16). This is consistent with our results
of a sudden increase in NT-proBNP followed by a return to
baseline values.

Previous studies with percutaneous LAA closure, were
characterized by heterogeneous results; different groups showed
no changes in LA function after the procedure (17–19).
A limitation of previous studies was the lack of routine
2D STE. Indeed, a subtle difference in LA function was
evident only at 2D STE in our study. Furthermore, other
groups demonstrated an improvement in LA function (20).
The technical difference between the percutaneous and the
surgical approach (with the latter causing a clean anatomical
exclusion of the LAA) could explain the different behavior
of the atrial function during the follow-up (21). In patients
undergoing TT pulmonary veins isolation and LAA exclusion:
De Maat et al. (21) concluded that the LAA exclusion does
not impair the LA contractile function or the ejection fraction
of LA, but there is only a reduction in LA reservoir function,
in contrast Gelsomino et al. (22) described a gain of LA
function and a reverse LA remodeling after the surgical ablation
and LAA exclusion.

The recovery of reservoir strain of LA after 3 months
is consistent with previous studies with 2D STE (20, 23); it
might be explained by the recovery of both LA preload and
neuro-humoral homeostasis. LAA exclusion might improve
mechanical function of the LA and result in reverse LA
remodeling (24).

Pulsed wave measures, in particular E/A remained increased
at 3 months follow-up in the current study. In the pulsed wave
analysis of transmitral flow, E wave represents the early fast
diastolic filling and it is a measure of LA reservoir function. Its
increase, with a consequent increase of E/A has been reported in
previous studies (25); it could be a consequence of LA volume
reduction following LAA exclusion, that represents the most
distensible portion of LA (26).

Limitations

The main limitation of the study is that it is retrospective.
The included number of patients was relatively small, due to
strict inclusion criteria. Limitations also included referral bias,
being the center specialized in TT treatment of AF and TT-LAA
exclusion. The reported changes in reservoir function might
depend also on the appendage volume, which may differ among
individuals. Data on LAA volume are lacking in all the published
studies, and in the present one. In patients with permanent AF,
A wave was not measured.

Conclusion

Our data in a small cohort suggest that TT-LAA exclusion
with epicardial clip can be a safe procedure with regards to the
atrial function. The LAA amputation impairs the reservoir LA
function on the short term, that recovers over time.
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valve surgery
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Aims: Atrial fibrillation (AF) occurs frequently after mitral valve (MV) surgery.

This study aims to evaluate the e�cacy and long-term clinical outcomes after

the first AF ablation in patients with prior MV surgery.

Methods: Sixty consecutive patientswith a history ofMV surgerywithoutMAZE

referred to three European centers for a first AF ablation between 2007 and

2017 (group 1) were retrospectively enrolled. They were matched (propensity

score match) with 60 patients referred for AF ablation without prior MV surgery

(group 2).

Results: After the index ablation, 19 patients (31.7%) from group 1 and 24

(40%) from group 2 had no recurrence of atrial arrhythmias (ATa) (p = 0.3).

After 62 (48–84) months of follow-up and 2 (2–2) procedures, 90.0% of group

1 and 95.0% of group 2 patients were in sinus rhythm (p = 0.49). In group 1,

19 (31.7%) patients had mitral stenosis, and 41 (68.3%) had mitral regurgitation.

Twenty-seven (45.0%) patients underwent mechanical valve replacement and

33 (55.0%) MV annuloplasty. At the final follow-up, 28 (46.7%) and 33 (55.0%)

patients were o� antiarrhythmic drugs (p = 0.46). ATa recurrence was seen

more commonly in patients with prior MV surgery (54 vs. 22%, respectively, p

< 0.05). No major complication occurred.

Conclusion: Long-term freedom of atrial arrhythmias after atrial fibrillation

catheter ablation is achievable and safe in patients with a history of mitral

valve surgery. In AF patients without a history of mitral valve surgery, repeated

procedures are needed to maintain sinus rhythm.

KEYWORDS

atrial fibrillation, mitral valve surgery, ablation, atrial tachyarrhythmias,

antiarrhythmic drugs
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Introduction

Atrial tachyarrhythmias (ATa) are a common cause of

morbidity in patients with mitral valve disease. Left atrial

volume and pressure loading in the setting of stenotic and

regurgitant mitral valvular disease results in atrial electrical and

structural remodeling predisposing to atrial arrhythmogenesis

(1). Although surgical correction is associated with an

improvement in hemodynamics and reduction in left atrial (LA)

dimensions (2), the risk of post-surgical ATa remains elevated

(1–3) and is associated with increased mortality and morbidity

(4, 5). As well as ongoing pre-existing arrhythmia (3) de novo

atrial fibrillation (AF) is associated with increased age and LA

size while reentry mechanisms can arise from sites of surgical

incision and scarring (6). Catheter ablation can be challenging

in this cohort, given the degree of intrinsic arrhythmogenic

remodeling and the presence of surgical incisions and scars.

Nevertheless, symptom burden is often high in this population

and ablation may offer a significant quality of life benefit to the

patient (7, 8).

To the best of our knowledge, little data exist on long-

term efficacy, beyond 2 years, of AF catheter ablation after MV

surgery. The aim of this study is, therefore, to evaluate long-term

safety and efficacy outcomes of catheter ablation in this cohort.

Methods

Study population

An electronic medical database of three Europeans was

screened for patients with a history of successful surgical

correction of mitral stenosis or regurgitation and without

concomitant MAZE surgery, referred for a first AF ablation

from January 2008 to December 2017 across three European

centers, were screened for inclusion (group 1). Patients with no

or mild residual mitral regurgitation and with both paroxysmal

and persistent AF were included. Those with a history of

prior surgical or percutaneous ATa ablation or congenital

cardiomyopathy were excluded. After collecting patients’ written

informed consent, a detailed case report form including

clinical and procedural characteristics and follow-up was filled

and incorporated into a common database shared by the

three centers.

A comparison was made to a group of patients, matched for

age, gender, body mass index, follow-up duration, and AF type

with a history of AF ablation and no priorMV surgery (group 2).

Radiofrequency catheter ablation

Procedures were carried out under local or general

anesthesia depending on the institution. Ablation strategy was

according to operator discretion and ranged from pulmonary

vein isolation (PVI) only to more extensive strategies including

linear ablation at the LA roof and mitral isthmus, ablation

of complex fractionated atrial electrograms, cavo-tricuspid

isthmus ablation and superior vena cava isolation, depending

on AF duration and persistence. The PVI-only strategy was

performed either with a radiofrequency catheter or a single-

shot cryoballoon.

In the case of repeat procedures for recurrent ATa, persistent

isolation of the pulmonary veins and block across lines (if

applicable) were evaluated with RF ablation performed, where

necessary, to achieve re-isolation or block. Further ablation was

eventually performed according to the operator’s discretion.

Electrical cardioversion was performed at the end of the

procedure in the event of failure to restore sinus rhythm.

Follow-up

All patients underwent a clinical evaluation and a 12-lead

electrocardiogram (ECG) at 1, 3, 6, and 12 months as well as

a yearly 24-h Holter. ATa recurrence was defined according

to the HRS/EHRA/ECAS expert consensus document as any

recurrence of atrial arrhythmia >30 s (9) and a 3-month

blanking period was applied.

Complications including vascular damage,

thromboembolism, pericardial effusion, esophageal fistula,

mechanical valve damage, atrioventricular block, and

procedure-related death were systematically recorded.

Statistical analysis

Statistical analyses were performed in SPSS Statistics 24

(IBMCorporation, Armonk, New York, USA). Propensity-score

matching with a 1:1 ratio, without replacement, and with the

nearest neighbor technique was used to create groups of patients

with similar characteristics out of a database of 180 patients (age,

gender, body mass index, LA volume, follow-up duration, and

AF type) to compare the outcomes in patients with vs. without

MV surgery undergoing ablation.

Comparison of means between groups was performed using

independent samples t-test for normally distributed data and

Mann–Whitney U-test for non-uniformly distributed data.

Continuous variables are expressed as mean ± SD if normally

distributed, medians with first and third quartiles (Q1–Q3)

if non-normally distributed, and dichotomous variables as

percentages were compared using the χ
2 test. Kaplan–Meier

plots were used to report arrhythmia-free survival curves for

each group, and a time-to-event analysis was performed using

the log-rank test. A bilateral p-value < 0.05 was considered

statistically significant.
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Results

Patients’ and procedural characteristics

The baseline clinical characteristics of the study cohort are

presented in Table 1. Sixty patients with prior MV surgery and a

first AF ablation (Group 1; 65.5± 5.8 years, 50% women) and 60

matched patients (Group 2; 64.3 ± 6.9 years, 55% women) were

studied. Patients’ characteristics in both groups are summarized

in Table 1.

In group 1, 19 (31.7%) patients had mitral stenosis and

41 (68.3%) had mitral regurgitation. Twenty-seven (45.0%)

patients underwent MV replacement with mechanical valves

and 33 (55.0%) MV annuloplasty. Eighteen patients underwent

concomitant surgical procedures, including coronary bypass

in six patients, aortic valve replacement in three patients,

tricuspid valve repair in eight patients, and interatrial closure

in one patient. Surgical atrial access was granted through

the right atrium and the interatrial septum in 32 patients,

12 patients through the left atrium, and 16 patients through

the roof.

Procedural characteristics are shown in Table 2.

Substrate ablation was performed in a higher proportion

of patients in group 1 (Table 2). Procedural times (p =

0.47) and fluoroscopy times were similar between groups

(p= 0.72).

Procedural outcomes and recurrence
characteristics

Following the index ablation, 19 patients (31.6%) from

group 1 and 24 patients (40.0%) from group 2 had no

recurrence of ATa (p = 0.34). Of these, 9 (15%) and 18 (30%)

respectively were not taking antiarrhythmic drugs (AADs)

(p = 0.22, Table 3). In those with recurrent arrhythmia, the

median time to the first recurrence was similar between

groups [Group 1, 13 (9–17) months vs. Group 2, 19 (8–

22) months] (p = 0.06; Figure 1). One-, 2-, and 5-years

freedom of recurrence are also shown on Kaplan–Meier curves

(Supplementary material).

As pointed out in Table 3, 41 patients (68.3%) from group 1

and 36 patients (60.0%) from group 2 experienced recurrence.

Among them, AT was more observed in group 1 than in group 2

(22 vs. 8, respectively, p= 0.03), whereas AFwas evenly observed

in both groups (19 vs. 28; p= 0.09).

Each patient underwent a median of 2 (2–2) ablation

procedures and was followed for 62 (48–84) months. No

difference was observed in both groups regarding the outcome

with 54 patients (90.0%) in sinus rhythm in group 1 vs. 57

(95.0%) in group 2 (p = 0.49; Table 3). Twenty-eight (46.7%)

and 33 (55.0%) patients were off AADs at the final follow-up in

groups 1 and 2, respectively (p= 0.46).

TABLE 1 Clinical and index procedure characteristics (n = 120).

Group 1
(n = 60)

Group 2
(control,
n = 60)

P-
value

Female, n (%) 30 (50.0%) 33 (55.0%) 0.84

Age, mean± SD yrs 65.5± 5.8 64.3± 6.9 0.29

BMI, mean± SD kg/m2 24.9± 4.1 25.5± 4.1 0.31

Mitral regurgitation, n (%) 41 (68.3%) NA NA

Mitral stenosis, n (%) 19 (31.7%) NA NA

Mitral valve repair, n (%) 33 (55.0%) NA NA

Mitral valve

replacement, n (%)

27 (45.0%) NA NA

Mechanical valve, n (%) 27 (45%) NA NA

Type of atrial fibrillation

Paroxysmal AF, n (%) 32 (53.3%) 30 (50.0%) 0.85

Non paroxysmal AF, n (%) 28 (46.7%) 30 (50.0%) 0.85

Time from first AF episode,

months

35.8± 6.5 33.0± 8.4 0.16

CHA2DS2-VASc Score 2,4± 1.4 2.2± 1.1 0.92

Arterial Hypertension, n (%) 36 (60.0%) 39 (65.0%) 0.78

Diabetes, n (%) 5 (7.1%) 4 (6.7%) 0.66

Congestive heart failure, n (%) 12 (20.0%) 7 (11.7%) 0.32

History of stroke, n (%) 6 (10.0%) 4 (6.7%) 0.53

Anti-arrhythmic drug before

the procedure, n (%)

33 (55.0%) 30 (50.0%) 0.84

Betablockers, n (%) 25 (41.7%) 36 (60.0%) 0.07

Flecainide, n (%) 25 (41.7%) 21 (35.0%) 0.57

Sotalol, n (%) 4 (6.7%) 3 (5.0%) 0.46

Amiodarone, n (%) 10 (16.7%) 5 (7.1%) 0.27

Direct anticoagulant, n (%) 37 (61.7%) 40 (66.7%) 0.71

Antivitamin K, n (%) 34 (56.7%) 7 (11.7%) 0.001

LVEF, mean± SD % 51.8± 7.5 52.7± 3.9 0.21

Left atrial diameter 47.2± 6.7 44.3± 5.5 0.08

BMI, body mass index; AF, atrial fibrillation; LVEF, left ventricular ejection fraction.

No statistical difference was seen between mitral stenosis or

regurgitation in terms of overall ATa recurrence, the number of

procedures, and the type of ATa.

Complications

No major peri or postoperative complications are reported.

One pseudo-aneurysm and two groin hematomas were observed

in groups 1 and 2 groin hematomas in group 2. Of note, mitral

valve entrapment was not observed in either group.
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Discussion

In the present study, we evaluated the safety and long-

term efficacy of AF catheter ablation after MV surgery in

TABLE 2 Procedural characteristics (n = 120).

Group 1
(n = 60)

Group 2
(control,
n = 60)

P-
value

Sinus rhythm at index

procedure, n (%)

27 (45.0%) 43 (71.7%) 0.003

PVI only at index, n (%) 13 (21.7%) 29 (48.3%) 0,004

Substrate ablation at index

Left atrium substrate 47 31 0,003

Right atrium substrate 7 1 0,001

Superior Vena Cava

Isolation

7 1 0,001

Cavotricuspid Isthmus 11 2 0,001

Index procedure time,

mean± SD minutes

137.45± 30.2 134.45± 19.7 0.47

Index fluoroscopic time,

mean± SD minutes

8.1± 5.2 7.9± 3.9 0.72

PVI, Pulmonary vein isolation.

60 patients across three experienced European centers. Our

results highlight the following key findings: Catheter ablation

for AF in patients with a history of MV surgery; (1) offers

meaningful results with repeat procedures, similar to those seen

in a matched population; (2) results in a higher rate of AT

recurrence compared to control patients; and (3) has a favorable

safety profile.

Arrhythmia recurrence

This study represents the longest follow-up study of its

nature in patients with prior MV surgery, without concomitant

surgical ablation, referred for first-time catheter ablation for AF.

After one ablation procedure, arrhythmia-free survival is

modest in our cohort, with the majority of patients experiencing

a recurrence of an ATa. Similar outcomes were seen in the

control group; however, these results are also reflected by other

studies of patients with prior MV surgery (Table 4). In a recent

study by Chen et al., only 33% of patients with prior MV

replacement were arrhythmia-free at 42.7 ± 17.3 months post-

ablation (10). Similarly, Hussein et al. (8) describe an Ata-free

rate of 44.2% over 24 months after index ablation (8). Better

results were reported by Mountantonakis et al. (11) with 71%

FIGURE 1

Arrhythmia-free survival after the index catheter ablation for atrial fibrillation in patients with previous mitral valve (MV) surgery patients vs.

control. The proportion of patients o� antiarrhythmic drugs is specified for each group. The number of patients at risk at each time interval is

shown below the figure. The p-value reflects the log-rank significance at the end of the follow-up.

Frontiers inCardiovascularMedicine 04 frontiersin.org

120

https://doi.org/10.3389/fcvm.2022.928974
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Almorad et al. 10.3389/fcvm.2022.928974

TABLE 3 Follow-up characteristics (n = 120).

Group 1
(n = 60)

Group 2
(control,
n = 60)

P-
value

Free of arrhythmia after index

procedure, n (%)

19 (31.7%) 24 (40.0%) 0.34

Free of arrhythmia and

off-AAD after index

procedure, n (%)

9 (15%) 18 (30%) 0.08

Free of arrhythmia after one

repeat procedure, n (%)

48 (80.0%) 52 (86.7%) 0.46

Free of arrhythmia at end of

follow-up, n (%)

54 (90.0%) 57 (95.0%) 0.49

Out of AAD after last

procedure, n (%)

28 (46.6%) 33 (55.0%) 0.46

Without any recurrence, n (%) 9 (32.1%) 18 (54.5%) 0.22

Number of procedures per

patient, median (Q1–Q3)

2 (2–2) 2 (2-2) 0.11

Atrial tachyarrhythmias

recurrence, n (%)

41 (68.3%) 36 (60.0%) 0.45

Atrial fibrillation, n (%) 19 (46.0%) 28 (78.0%) 0.09

Atrial tachycardia 22 (54.0%) 8 (22.0%) 0.03

Time to first recurrence,

median (Q1–Q3), n (%)

13 (9–17) 19 (8–22) 0.06

Major complication 0 0 0.91

AAD, Antiarrhythmic drugs.

of patients arrhythmia-free in a similar population, however,

the follow-up duration was significantly shorter at only 7 ± 4

months (11) (Table 4).

While a single procedure appears to be insufficient to

maintain sinus rhythm in these patients, after one repeat RF

procedure, the rate of ATa freedom in our MV cohort increased

to 80% (Figure 2) with 68.3% (41/60) of them undergoing

a second procedure. Supporting these findings, high rates of

repeat procedures have been described in similar population

groups (6, 8).

Furthermore, at a median final follow-up of 62 (48–84)

months, the long-term rate of sinus rhythm was high at 90%,

with no difference seen with respect to the control group. These

results suggest that, with repeat ablation, long-term outcomes

similar to a control population are achievable in patients with

prior MV surgery.

With regards to medium to long-term follow-up, conflicting

reports exist in the literature, on smaller cohorts and/or shorter

follow-ups (8, 12, 13). In a 2020 meta-analysis of 227 patients

by Marazzato et al. (14) freedom from ATa at the end of follow-

up was more modest at 49% after at least one repeat procedure

with a significant decrease in arrhythmia-free survival seen

after 2 years (14). While several studies in this meta-analysis

included follow-up beyond 2 years, it also included studies of

prior surgical ablation and those referred primarily for atrial T
A
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FIGURE 2

Arrhythmia-free survival in patients with previous mitral valve (MV) surgery patients vs. control at the end of follow-up after a median of 2 (2–2)

catheter ablation. The proportion of patients o� antiarrhythmic drugs is specified for each group. The number of patients at risk at each time

interval is shown below the figure. The p-value reflects the Log-rank significance at the end of the follow-up.

tachycardia ablation, however, rendering direct comparisonwith

the patients studied here difficult. Differences in reported post-

ablation success rates in those with prior MV surgery may

be explained by multiple factors including varying follow-up

duration, multiple valve surgery, ablation technique, and post-

ablation monitoring. Indeed, significant heterogeneity exists

between the studies included in the meta-analysis mentioned

above. The more favorable results seen at long-term follow-

up in our study may reflect advances in current ablation and

mapping technology.

At the end of the follow-up period, approximately 50%

of patients in each group were off AADs. These ratios are

comparable to previously published data from Mountantonakis

et al. (8) and Hussein et al. (11) with patients off drugs at 43 and

69.1%, respectively (8, 11). Furthermore, without AADs, only

a small proportion of the patients studied here remained free

from any recurrence of atrial arrhythmia throughout follow-up.

This highlights the complementary role of AADs and repeats

ablation in the long-term maintenance of sinus rhythm in this

patient cohort.

Recurrence mechanisms

We report a higher rate of atrial tachycardia (AT) recurrence

in the patients who underwent surgery in our cohort. This

phenomenon could be explained by several mechanisms. On the

one hand, valve surgery itself can contribute to slow conduction

zones facilitating the appearance of re-entry circuits (15) with

the type of surgical incision previously described as predictive

of the development of atrial tachycardia on follow-up (16).

In addition, it is well established that multiple valve surgery

and coronary bypass patients, as is the case in our cohort, are

associated with a higher incidence of arrhythmia (15, 16). Atrial

scar and fibrosis, slow conduction zones, or incomplete lines

of previous ablation procedures may also play a role in the

development of AT recurrences (6). While right atrial macro

re-entry circuits appear to predominate in patients undergoing

first-time ablation for AT post-MV surgery, LA ATs have

been more commonly described in those who have undergone

concomitant surgical ablation, and become more frequent

after the index catheter ablation procedure (6). Accordingly,

previous studies report that the predominant mechanism for

AT recurrence in patients post-MV surgery was macro re-

entry in 75–99%, mostly originating from the LA in 63–100%

(14, 17, 18). These observations are comparable to ours and

highlight the role of LA substrate in ATa recurrence after index

catheter ablation in patients with a history of MV surgery. In

contrast, AF recurrences in this population may relate less to

the prior surgical procedure and rather reflect the progression

of an advanced atrial arrhythmia substrate secondary to the

hemodynamic consequences of the valvular lesion. This point is

highlighted by the authors of the 2020 meta-analysis outlined

above as a probable explanation for the relationship between
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AF recurrences and follow-up duration (14). The high rate

of sinus rhythm at the end of follow-up in this study may

underscore the importance of adjunct atrial substrate ablation

in this population.

Safety

Prior safety concerns regarding catheter ablation of atrial

arrhythmia in patients post-MV surgery surround the risk of

damage to the prosthetic valve (19, 20) and thromboembolic

events (7, 13). In this study, we report no major complications

relating to ablation. In patients with a history of MV surgery

and in particular with valve prostheses, catheter maneuvering

may be challenging due to the presence of atrial remodeling,

scarring, and the prosthesis itself. This is reflected in frequently

reported increased procedural as was the case in our study.

Nevertheless, with attention, the risk of valve damage appears

to be low as we report no mechanical valve entrapment or

post-procedural malfunction. In addition, the maintenance

of periprocedural therapeutic warfarin has been reported to

mitigate the increased risk of thromboembolic events (7, 13).

Our findings are supported by several studies emphasizing

the safety of catheter ablation in this cohort (8, 11, 14) with

no difference in complication rates between those with prior

MV surgery and matched controls. While Lang et al. (12)

reported more procedure-related complications among patients

with MV prostheses, these did not include valvular damage or

thromboembolism (12).

Clinical implications

Our study suggests that patients with symptomatic AF

and a history of severe mitral valve disease requiring valvular

surgery derive a potential long-term benefit from catheter

ablation. Despite the need for repeat ablation procedures inmost

patients and the continuation of AADs in approximately half

of our cohort, the results seen here were similar to a group

of matched control patients, suggesting that this treatment

strategy is of similar value in both cohorts. The ongoing use

of AADs appears to be complimentary to repeat ablation in

maintaining sinus rhythm and freedom from symptoms, and the

continuation of these should not be viewed as a treatment failure

in this group.

Limitations

This is a non-randomized retrospective observational

study with a sample of heterogeneous patients, including the

type of MV surgery (repair or replacement) but also the

physiopathology of the MV disease itself: rheumastismal and

degenerative MV regurgitation propensity scores are performed

to reduce the heterogeneity bias and improve the power of

the analysis in retrospective studies. Nevertheless, this statistical

technique is limited by nature, as only few factors can be

matched, and the analysis depends on the available database.

Thus, the p-value in Kaplan–Meier curves can be only a

reflection of the low power of the study. Also, ATa recurrences

were assessed by ECG rather than continuous monitoring,

thus, the overall success rate may have been overestimated.

Moreover, performing ablation on an operated heart, especially

on the MV, is challenging and could lead to an incomplete

ablation and, thus, considered a cause of the recurrence of

ATa. Furthermore, due to its retrospective design, no quality of

life assessment was performed during this study preventing to

draw off any conclusion regarding the symptoms. In the index

procedure, the PVI-only rate between groups is different, this

could have impacted the final result regarding the ATa freedom,

but this parameter is comparable between groups at the end

of the follow-up. Whether the PVI-only strategy plays a role

in the type of recurrence (AF vs. AT) is highly speculative as

the number of patients would be limited to draw a powerful

conclusion. In addition, over the long period covered by this

study, a lot of changes in the guidelines and improvements

occurred not only from a technological point of view (3D

map, ContactForce, irrigation, and power control) but also

technically (Ablation Index and Close protocol), this could have

impacted the results of ATa freedom on the long run. Finally,

this study was performed in experienced centers with strict

patient selection making the results entrusted exclusively to

experienced teams.

Conclusion

In this long-term follow-up study, freedom from atrial

arrhythmias after catheter ablation for atrial fibrillation is

achievable and safe in patients with a history of mitral valve

surgery.With repeated procedures and the use of antiarrhythmic

drugs, high rates of sinus rhythm can be achieved in the

long term, emphasizing the value of this treatment strategy in

this cohort.
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Purpose: Rhythm-control therapy administered early following the initial

diagnosis of atrial fibrillation (AF) has superior cardiovascular outcomes

compared to rate-control therapy. Frailty is a key factor in identifying older

patients’ potential for improvement after rhythm-control therapy. This study

evaluated whether frailty affects the outcome of early rhythm-control therapy

in older patients with AF.

Methods: From the Korean National Health Insurance Service database

(2005–2015), we collected 20,611 populations aged ≥65 years undergoing

rhythm- or rate-control therapy initiated within 1 year of AF diagnosis.

Participants were emulated by the EAST-AFNET4 trial, and stratified into non-

frail, moderately frail, and highly frail groups based on the hospital frailty

risk score (HFRS). A composite outcome of cardiovascular-related mortality,

myocardial infarction, hospitalization for heart failure, and ischemic stroke was

compared between rhythm- and rate-control.

Results: Early rhythm-control strategy showed a 14% lower risk of the primary

composite outcome in the non-frail group [weighted incidence 7.3 vs. 8.6 per

100 person-years; hazard ratio (HR) 0.86, 95% confidence interval (CI) 0.79–

0.93, p < 0.001] than rate-control strategy. A consistent trend toward a lower

risk of early rhythm-control was observed in the moderately frail (HR 0.91, 95%

CI 0.81–1.02, p = 0.09) and highly frail (HR 0.93, 95% CI 0.75–1.17, p = 0.55)

groups.
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Conclusion: Although the degree attenuated with increasing frailty, the

superiority of cardiovascular outcomes of early rhythm-control in AF

treatment was maintained without increased risk for safety outcomes. An

individualized approach is required on the benefits of early rhythm-control

therapy in older patients with AF, regardless of their frailty status.

KEYWORDS

atrial fibrillation, rhythm-control, rate-control, frailty, older adults

Introduction

Atrial fibrillation (AF) has the highest proportion among
persistent arrhythmias, and its prevalence increases with aging
(1, 2). It can be related with ischemic stroke, hospitalization,
heart failure (HF), as well as cognitive dysfunction, depression,
and impaired quality of life. It ultimately increases mortality
(3, 4). Many major clinical studies have been conducted to
compare rate-control and rhythm-control treatment strategy in
AF treatment (5–8). The results have shown the superiority
of rhythm-control, strengthened by recent studies on the
development of newer medications and advances in ablation
capable of overcoming the limitations of the initial rhythm-
control strategies (9). Additionally, it has been shown that
these reference trial results are equally reflected in real world
observational data (10). However, the outcome of rhythm-
control for older patients is still controversial. In an analysis
of the AFFIRM trial for ages between 70 and 80 years, rate-
control therapy had lower mortality and hospitalization rates
than rhythm-control therapy (11). However, a study showed that
active rhythm-control with ablation is advantageous in the older
population (12).

Frailty refers to a condition in which the physiological
system that copes with external stress weakens and becomes
functionally vulnerable with increasing age. It has a significant
impact on medical outcomes of the older population (13), and
has been found to be an important factor in predicting older
patients’ potential for improvement after catheter ablation (14,
15). Therefore, the assessment of frailty plays a meaningful
role in generating management plans for older patients (16).
The method of measuring frailty is systematic and sufficiently
objective, and validation has already been made through the
results of studies on older population in various countries (17–
19).

The results of studies on rhythm-control in compared
to rate-control the older AF population have been mostly
associated with age. However, the effects of variables apart from
age have been insufficiently studied. In this study, the effect
of frailty on the results of early rhythm-control compared to
rate-control therapy in the older AF population was evaluated.

Materials and methods

The present study is a retrospective observational cohort
analyses based on the National Health Claims Database (NHIS-
2016-4-009) provided by the National Health Insurance Service
(NHIS) of Republic of Korea. The start of the observation period
was 1 January 2005. The NHIS is the single insurer managed by
the Korean Government, with the majority (97.1%) of Korean
citizens as mandatory subscribers, and the remaining (3%)
under the Medical Aid program. As the NHIS database contains
the information of Medical Aid users as well, it is essentially
based on the entire Korean population (4, 20–23). The data can
be accessed through the National Health Insurance Data Sharing
Service homepage.1

This study was approved by the Institutional Review Board
of the Yonsei University Health System (4-2016-0179), and
following strict confidentiality guidelines, personally identifiable
information was removed after the cohort was created, and
it was therefore exempt from prior consent requirements.
Applications to use the NHIS data will be reviewed by the
inquiry committee of research support and, once approved, raw
data will be provided to the authorized researcher with a fee
at several permitted sites. Through this study, we attempted
to closely emulate the protocol of the EAST-AFNET4 trial, as
summarized in Table 1.

Study population

This observational cohort study evaluated whether the
degree of frailty affects the outcome of rhythm- and rate-
control therapies in older AF populations. AF was defined
based on the cases registered with the National Health Claims
Database as International Classification of Diseases 10th Revised
Edition (ICD-10) code I48, and the time of initial diagnosis
was judged to be the time when the code was first registered.
The code I48 registration was only possible when AF was
documented in electrocardiogram (ECG). The reliability of

1 http://nhiss.nhis.or.kr
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TABLE 1 Summary of strategies for emulating target trial.

Components Target trial (EAST-AFNET4) This study

Inclusion period 28 July 2011 – 30 December 2016 1 January 2005 – 31 December 2015

Eligibility criteria 1) Adults (≥18 years of age) who were older than 75 years
of age, had had a previous transient ischemic attack or
stroke, or met two of the following criteria: age greater than
65 years, female sex, heart failure, hypertension, diabetes
mellitus, severe coronary artery disease, chronic kidney
disease, and left ventricular hypertrophy
2) Early AF (diagnosed ≤12 months before enrollment)

1) Selected older adults (≥65 years of age) that received a
rhythm-control or rate-control treatments and have no prior history of
prescriptions and no records of ablation in the database who were older
than 75 years of age, had a previous transient ischemic attack or stroke,
or met two of the following criteria: age greater than 65 years, female
sex, heart failure, hypertension, diabetes mellitus, myocardial infarction,
and chronic kidney disease
2) Early AF (defined as AF diagnosed ≤12 months before enrollment)
3) Undergoing oral anticoagulation (>90 days of supply within
180 days after their first recorded prescription of rhythm- or
rate-control medications or ablation procedure)

Exposed group Rhythm control: antiarrhythmic drugs, AF ablation,
cardioversion of persistent AF, to be initiated early after
randomization

Rhythm control: a prescription of more than a 90-day supply of any
antiarrhythmic drugs in the 180-day period since the first prescription
or the performance of an ablation procedure for AF.

Unexposed group Usual care: initially treated with rate-control therapy
without rhythm-control therapy

Rate control: a prescription of more than a 90-day supply of any
rate-control drugs in the 180-day period since the first prescription and
with no prescription of rhythm-control drug and no ablation within this
period. Patients prescribed rhythm-control drugs for more than 90 days
or who underwent ablation within the 180-day period since the
initiation of rate-control drugs were classified as intention-to-treat with
rhythm control.

Primary outcome 1) A composite of death from cardiovascular causes,
stroke, or hospitalization with worsening of heart failure or
acute coronary syndrome
2) The number of nights spent in the hospital per year.

1) A composite of death from cardiovascular causes, ischemic stroke,
hospitalization for heart failure, or acute myocardial infarction
2) The number of nights spent in the hospital per year.

Secondary outcome Each component of the primary outcome, rhythm, left
ventricular function, quality of life, AF-related symptom

Each component of the primary outcome

Safety outcome A composite of death from any cause, stroke, or
pre-specified serious adverse events of special interest
capturing complications of rhythm-control therapy

A composite of death from any cause, intracranial or gastrointestinal
bleeding requiring hospitalization, or pre-specified serious adverse
events of special interest capturing complications of rhythm control

Follow-up From randomization until the end of the trial, death, or
withdrawal from the trial.

From 180 days after their first recorded prescription or procedure to
avoid immortal time bias until the end of follow-up of the database (31
December 2016) or death.

AF diagnosis using this method in the NHIS database was
verified as a positive predictive value of 94.1% in a previous
study (22).

We designed this study based on the criteria of the EAST-
AFNET 4 trial, which has been approved for the study of AF
early rhythm control (9). We collected AF populations above
65 years of age with a medical history of an ischemic stroke
or transient ischemic attack, or ones that met the following
standards: female, with the presence of any of the related
medical history (hypertensive disorders, diabetes, chronic renal
disease, HF, or previous myocardial infarction) between 1
January 2005 and 31 December 2015 (details of inclusion and
exclusion standards are described in Table 1).

Patients underwent rhythm-control or rate-control
treatments according to a new-user and intention-to-treat
design. A “new-user” was defined as a patient with no previous
record of prescription or treatment during the observation
period, while “intention-to-treat-with-rhythm-control” was

defined as a patient prescribed with rhythm control drugs for
90 days within 180 days from the first prescription after AF
diagnosis, or the first prescription after AF procedure. In the
case of patients who underwent ablation, the intention-to-
treat-with-rhythm-control group was considered only if the
procedure was carried out within 180 days after the initial
diagnosis of AF. Conversely, “intention-to-treat-with-rate-
control” was defined as having been prescribed a rate-control
drug for 90 days within 180 days from the first prescription
after AF diagnosis, and not receiving any rhythm-control drug
prescriptions or ablation within this period. Definitions and
ICD-10 codes used for defining rhythm- and rate- control
drugs treatments and procedures for AF are presented in
Supplementary Table 1.

The present study excluded the following: (1) patients who
had not been prescribed anticoagulants (warfarin or direct oral
anti-coagulant) for 90 days or more within 180 days of starting
(rhythm-control or rate-control) drugs therapy or receiving
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FIGURE 1

Flowchart of enrollment and analysis of the study population. AF, atrial fibrillation. *AF populations above 65 years of age with a medical history
of an ischemic stroke or transient ischemic attack, or ones that met the following standards: female, with the presence of any of the related
medical history (hypertensive disorders, diabetes, chronic renal disease, heart failure, or previous myocardial infarction).

ablation for AF, and (2) those who died within 180 days of
starting drugs therapy or undergoing ablation (Figure 1).

This study assessed the frailty of individual patients using
hospital frailty risk score (HFRS) based on administrative data
(18). The HFRS has been validated using data from Canada,
the UK, and Korea; therefore, it is a reliable and objective
indicator (17, 19, 24). The HFRS for each patient was estimated
using ICD-10 codes registered before 180 days from the first
prescription date after AF diagnosis. The ICD-10 code-based
HFRS is a scoring method based on the selection of 109
diagnostic ICD codes related to frailty, assigning a specific value
proportional to how strongly it was reflected for each code (17).
The variables and their corresponding ICD codes are described
in Supplementary Table 2.

We classified the enrolled populations into three levels of
frailty groups according to the calculated HFRSs. Populations
were divided into the non-frail (low-risk) (<5), moderately
frail (5–15), and highly frail (>15) groups with reference to
previously reported cut-off points (17). The interaction tests
were performed among three groups.

Outcomes and covariates

Outcomes and covariates were obtained from the Korea
NHIS data. To avoid immortal time bias, the investigation of
clinical outcomes was begun 180 days after the first prescription
or first ablation post AF diagnosis, and the observation ended
(31 December 2016) according to the protocol or with the death
of the participant. The types and definitions of AF procedures
and the corresponding ICD-10 codes are summarized in
Supplementary Table 1 in detail. The endpoint of the study also
followed the EAST-AFNET 4 trial with evidence (9).

The primary outcome was a composite of ischemic
stroke, acute myocardial infarction, hospitalization for HF,
and cardiovascular mortality. Additionally, the number of
days in hospital per year during each patient’s individual
follow-up period was also identified and calculated. The safety
outcome was a composite of all-cause death, major bleeding
(intracranial or gastrointestinal bleeding), and critical adverse
events associated with rhythm-control (complications related
to ablation such as cardiac tamponade, and the development
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of bradyarrhythmia related to antiarrhythmic drugs). The
definition of study outcomes and the ICD codes corresponding
to each element are detailed in Supplementary Table 3.

Statistical analysis

Descriptive statistics were employed to analyze the baseline
characteristics of participants. In order to eliminate bias between
the rhythm- and rate-control groups, propensity score overlap
weighting was performed on the baseline characteristics (25).
Propensity scores for the probability of receiving rhythm-
control were estimated by logistic regression based on
demographics, time since diagnosis of AF, year of treatment
initiation, level of care at which the initial prescription was
provided, clinical risk scores, medical history, and concurrent
medication use (variables in Supplementary Table 4). We
estimated the balance between enrolled patients by standardized
differences of every qualitative and quantitative covariates using
a threshold of 0.1 to manifest imbalance (26). The distribution
of propensity scores before and after overlap weighting is shown
in Supplementary Figure 1. We did subgroup analyses for the
primary composite outcome stratified by sex, age, HF, chronic
kidney disease, and ischemic stroke. Interaction tests were done
for all subgroups. We used the test variable from the weighting
procedure to recreate the overlap weighting.

The weighted incidence rates of clinical outcomes were
evaluated by dividing the weighted number of events by 100
person-years at risk, with a 95% confidence interval (CI). The
significance of the difference in outcome between the rhythm-
control group and the rate-control group was confirmed using
the log-rank test, and the results were expressed through failure
curves. Fine and Gray competing risk regression with time-
varying covariates was used to estimate the relative hazards of
all-cause mortality as a main outcome (27). The proportional
hazards assumption was checked using the Schoenfeld residual
test (28).

Cox models were stratified on frailty score, with treatment
as the exposure. Cox proportional hazards model for the total
weighted study population was used to evaluate whether the
degree of frailty (non-frailty, moderately frailty, or highly frailty)
affects the primary composite outcome and safety outcome
of the early AF treatment strategy (rhythm-control vs. rate-
control). The balance of baseline characteristics before and after
propensity overlap weighting in the overall study population is
summarized in Supplementary Table 5.

A two-sided p-value < 0.05 was judged to be objectively
significant. All statistical work was performed with the R version
4.1.2 (The R Foundation2, Vienna, Austria) and the SAS version
9.4 (SAS Institute, Cary, NC, USA).

2 www.R-project.org

Sensitivity analyses

Sensitivity analysis was carried out according to the
on-treatment principle, by censoring treatments for patients
who dropped out mid-therapy or switched strategies between
rhythm- and rate-control. Time-varying regression was
performed considering a time-dependent variable for the
switch between treatments. The above analytical process is
schematically represented in Supplementary Figure 2. Next, we
performed one-to-one propensity score matching test without
replacement with a caliper of 0.01. The balance of baseline
characteristics after propensity score matching is summarized
in Supplementary Table 6. We evaluated the association
between intention-to-treat with rhythm control, which was
defined as the performance of a cardioversion for AF as well as
the use of antiarrhythmic drug or ablation, and cardiovascular
outcomes. We defined the treatment strategies of rhythm or
rate control as a prescription for more than a 20-day supply
of the drugs in the 30-day period since the first prescription,
instead of the 180-day period in the main analyses. Follow-up
began 30 days after the first recorded prescription or procedure
to avoid immortal time bias. Any systematic bias in the present
study was excluded by using falsification analysis with 30 pre-
specified falsification endpoints with a true hazard ratio (HR) of
1 (29). The component and their corresponding ICD codes for
falsification endpoints are described in Supplementary Table 7.

Results

A total of 20,611 patients aged ≥65 years [median 73,
interquartile range (IR) 69–78] at an early stage of AF
diagnosis (within 1 year) were included (Figure 1). Before
propensity overlap weighting, compared with those in the
rate-control group, populations in the rhythm-control group
were younger, mostly female, had a higher income, and
more comorbidities, irrespective of frailty risk (Supplementary
Table 4). After propensity overlap weighting, the baseline
characteristics were well balanced between the rhythm-control
and rate-control groups (Table 2). The small sized hospital
showed a preference for rate-control approach independent
of frailty status (Supplementary Table 4). The distribution
of HFRS in the population recently diagnosed with AF
receiving rhythm-control or rate-control strategies is presented
in Figure 2. In rhythm-control therapy, class III antiarrhythmic
drug, amiodarone, had the highest proportion (40% in the
non-frail, 47.1% in the moderately frail, and 53.1% in the
highly frail groups), followed by the class Ic antiarrhythmic
drugs (Figure 3). Ablation strategy was performed as an initial
treatment in 1.5, 1.2, and 0.2% of the patients in the non-frail,
moderately frail, and highly frail groups, respectively, and as a
final therapy during the entire study period in 5.4, 3.2, and 0.4%
of the patients in each group, respectively (Figure 3).
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TABLE 2 Baseline characteristics before overlap weighting.

Non-frail (n = 14,429) Moderately frail (n = 5,135) Highly frail (n = 1,047)

Variables Rhythm
control

(n = 6,520)

Rate
control

(n = 7,909)

ASD
(%)

Rhythm
control

(n = 2,500)

Rate
control

(n = 2,635)

ASD
(%)

Rhythm
control

(n = 514)

Rate
control

(n = 533)

ASD
(%)

Age (years) 72 (68–76) 73 (69–78) 23.9 74 (70–79) 75 (71–80) 18.6 76 (71–81) 77 (72–83) 18.8

65–74 4,349 (66.7) 4,548 (57.5) 19.0 1,314 (52.6) 1,166 (44.3) 16.7 215 (41.8) 194 (36.4) 11.1

≥75 2,171 (33.3) 3,361 (42.5) 19.0 1,186 (47.4) 1,469 (55.7) 16.7 299 (58.2) 339 (63.6) 11.1

Male 1,776 (49.5) 1,827 (51.6) 7.5 1,121 (44.8) 1,247 (47.3) 5.0 187 (36.4) 234 (43.9) 15.4

AF duration
(months)

0.1 (0.0–1.2) 0.0 (0.0–0.0) 30.5 0.0 (0.0–1.2) 0.0 (0.0–0.2) 22.9 0.0 (0.0–1.3) 0.0 (0.0–1.0) 1.9

Enrollment year:

2005 353 (5.4) 1,078 (13.6) 28.3 65 (2.6) 146 (5.5) 14.9 7 (1.4) 18 (3.4) 13.3

2006 374 (5.7) 841 (10.6) 17.9 83 (3.3) 157 (6.0) 12.6 8 (1.6) 21 (3.9) 14.6

2007 351 (5.4) 632 (8.0) 10.5 92 (3.7) 146 (5.5) 8.9 13 (2.5) 16 (3.0) 2.9

2008 339 (5.2) 628 (7.9) 11.1 106 (4.2) 193 (7.3) 13.2 13 (2.5) 30 (5.6) 15.7

2009 378 (5.8) 555 (7.0) 5.0 122 (4.9) 133 (5.0) 0.8 22 (4.3) 29 (5.4) 5.4

2010 454 (7.0) 526 (6.7) 1.2 166 (6.6) 189 (7.2) 2.1 29 (5.6) 38 (7.1) 6.1

2011 569 (8.7) 539 (6.8) 7.1 212 (8.5) 230 (8.7) 0.9 42 (8.2) 39 (7.3) 3.2

2012 655 (10.0) 615 (7.8) 8.0 242 (9.7) 261 (9.9) 0.8 55 (10.7) 47 (8.8) 6.3

2013 800 (12.3) 739 (9.3) 9.4 369 (14.8) 320 (12.1) 7.7 78 (15.2) 79 (14.8) 1.0

2014 937 (14.4) 731 (9.2) 15.9 426 (17.0) 348 (13.2) 10.7 112 (21.8) 76 (14.3) 19.7

2015 1,310 (20.1) 1,025 (13.0) 19.3 617 (24.7) 512 (19.4) 12.7 135 (26.3) 140 (26.3) <0.1

High tertile of
income

3,419 (52.4) 3,168 (40.1) 25.0 1,219 (48.8) 1,164 (44.2) 9.2 256 (49.8) 263 (49.3) 0.9

Number of OPD
visits ≥12/year

5,813 (89.2) 6,313 (79.8) 26.0 2,174 (87.0) 1,964 (74.5) 31.9 387 (75.3) 346 (64.9) 22.8

Living in
metropolitan areas

3,230 (49.5) 3,284 (41.5) 16.2 1,097 (43.9) 994 (37.7) 12.6 203 (39.5) 196 (36.8) 5.6

Level of care initiating treatment

Tertiary 4,019 (61.6) 3,120 (39.4) 45.5 1,348 (53.9) 1,030 (39.1) 30.1 257 (50.0) 176 (33.0) 35.0

Secondary 2,199 (33.7) 3,899 (49.3) 32.0 1,104 (44.2) 1,489 (56.5) 24.9 251 (48.8) 338 (63.4) 29.7

Primary 302 (4.6) 890 (11.3) 24.7 48 (1.9) 116 (4.4) 14.2 6 (1.2) 19 (3.6) 15.8

CHA2DS2-VASc
score

4 (3–5) 4 (3–5) 15.2 5 (4–6) 5 (4–6) 20.7 6 (5–7) 6 (5–7) 33.3

mHAS-BLED score* 3 (2–3) 2 (2–3) 38.8 3 (3–4) 3 (2–4) 34.7 4 (3–4) 3 (3–4) 37.4

Charlson
comorbidity index

3 (2–5) 2 (1–4) 53.4 5 (3–7) 4 (2–6) 49.1 7 (5–9) 6 (4–8) 44.9

Hospital frailty risk
score

0.8 (0.0–2.5) 0.0 (0.0–2.2) 13.1 8.0 (6.2–10.3) 8.0 (6.2–10.4) 1.2 19.0
(16.8–23.2)

19.0
(16.6–23.1)

3.0

Medical history

Heart failure 2,761 (42.3) 4,049 (51.2) 17.8 1,331 (53.2) 1,276 (48.4) 9.6 315 (61.3) 256 (48.0) 26.9

Previous
hospitalization for
heart failure

705 (10.8) 1,288 (16.3) 16.0 427 (17.1) 397 (15.1) 5.5 106 (20.6) 65 (12.2) 22.9

Hypertension 5,432 (83.3) 4,945 (62.5) 48.1 2,187 (87.5) 1,821 (69.1) 45.7 476 (92.6) 410 (76.9) 44.7

Diabetes 1,700 (26.1) 1,553 (19.6) 15.4 929 (37.2) 744 (28.2) 19.1 246 (47.9) 199 (37.3) 21.4

Dyslipidaemia 5,234 (80.3) 4,493 (56.8) 52.2 2,183 (87.3) 1,945 (73.8) 34.6 465 (90.5) 449 (84.2) 18.8

(Continued)
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TABLE 2 (Continued)

Non-frail (n = 14,429) Moderately frail (n = 5,135) Highly frail (n = 1,047)

Variables Rhythm
control

(n = 6,520)

Rate
control

(n = 7,909)

ASD
(%)

Rhythm
control

(n = 2,500)

Rate
control

(n = 2,635)

ASD
(%)

Rhythm
control

(n = 514)

Rate
control

(n = 533)

ASD
(%)

Ischemic stroke 1,456 (22.3) 1,678 (21.2) 2.7 1,279 (51.2) 1,478 (56.1) 9.9 385 (74.9) 420 (78.8) 9.2

Transient ischemic
attack

577 (8.8) 401 (5.1) 14.9 410 (16.4) 290 (11.0) 15.7 126 (24.5) 87 (16.3) 20.4

Intracranial
bleeding

50 (0.8) 66 (0.8) 0.8 94 (3.8) 113 (4.3) 2.7 56 (10.9) 57 (10.7) 0.6

Myocardial
infarction

548 (8.4) 442 (5.6) 11.1 383 (15.3) 256 (9.7) 17.0 112 (21.8) 82 (15.4) 16.5

Peripheral arterial
disease

962 (14.8) 625 (7.9) 21.7 485 (19.4) 297 (11.3) 22.7 130 (25.3) 91 (17.1) 20.2

Valvular heart
disease

517 (7.9) 876 (11.1) 10.7 230 (9.2) 167 (6.3) 10.7 29 (5.6) 21 (3.9) 8.0

Chronic kidney
disease

267 (4.1) 202 (2.6) 8.6 265 (10.6) 128 (4.9) 21.6 99 (19.3) 49 (9.2) 29.1

Proteinuria 366 (5.6) 358 (4.5) 5.0 171 (6.8) 124 (4.7) 9.2 33 (6.4) 28 (5.3) 5.0

Hyperthyroidism 756 (11.6) 559 (7.1) 15.6 379 (15.2) 255 (9.7) 16.7 96 (18.7) 52 (9.8) 25.8

Hypothyroidism 799 (12.3) 533 (6.7) 18.9 408 (16.3) 246 (9.3) 21.0 106 (20.6) 68 (12.8) 21.2

Malignancy 1,407 (21.6) 1,243 (15.7) 15.1 797 (31.9) 659 (25.0) 15.3 188 (36.6) 168 (31.5) 10.7

COPD 1,969 (30.2) 2,165 (27.4) 6.2 1,120 (44.8) 952 (36.1) 17.7 269 (52.3) 251 (47.1) 10.5

Chronic liver
disease

2,498 (38.3) 2,031 (25.7) 27.3 1,165 (46.6) 972 (36.9) 19.8 255 (49.6) 223 (41.8) 15.6

Hypertrophic
cardiomyopathy

165 (2.5) 101 (1.3) 9.2 71 (2.8) 22 (0.8) 15.0 16 (3.1) 4 (0.8) 17.2

Osteoporosis 2,331 (35.8) 2,233 (28.2) 16.2 1,320 (52.8) 1,220 (46.3) 13.0 361 (70.2) 336 (63.0) 15.3

Sleep apnea 25 (0.4) 10 (0.1) 5.1 7 (0.3) 3 (0.1) 3.7 0 (0.0) 3 (0.6) 10.6

Concurrent drugs†

Oral anticoagulant 6,520 (100.0) 7,909 (100.0) <0.1 2,500 (100.0) 2,635 (100.0) <0.1 514 (100.0) 533 (100.0) <0.1

Warfarin 5,627 (86.3) 7,320 (92.6) 20.4 2,090 (83.6) 2,334 (88.6) 14.4 421 (81.9) 443 (83.1) 3.2

NOAC 1,142 (17.5) 774 (9.8) 22.7 540 (21.6) 410 (15.6) 15.6 118 (23.0) 112 (21.0) 4.7

Beta blocker 2,866 (44.0) 4,965 (62.8) 38.4 1,100 (44.0) 1,639 (62.2) 37.1 236 (45.9) 318 (59.7) 27.8

Non-DHP CCB 923 (14.2) 1,386 (17.5) 9.2 330 (13.2) 457 (17.3) 11.5 72 (14.0) 103 (19.3) 14.3

Digoxin 601 (9.2) 3,692 (46.7) 91.9 223 (8.9) 990 (37.6) 72.1 54 (10.5) 180 (33.8) 58.4

Aspirin 1,803 (27.7) 2,002 (25.3) 5.3 655 (26.2) 557 (21.1) 11.9 133 (25.9) 97 (18.2) 18.6

P2Y12 inhibitor 630 (9.7) 565 (7.1) 9.1 299 (12.0) 285 (10.8) 3.6 90 (17.5) 68 (12.8) 13.3

Statin 2,621 (40.2) 2,468 (31.2) 18.9 1,182 (47.3) 1,128 (42.8) 9.0 267 (51.9) 249 (46.7) 10.5

DHP-CCB 1,522 (23.3) 962 (12.2) 29.6 585 (23.4) 400 (15.2) 20.9 122 (23.7) 93 (17.4) 15.6

ACEI/ARB 3,720 (57.1) 4,634 (58.6) 3.1 1,341 (53.6) 1,334 (50.6) 6.0 272 (52.9) 235 (44.1) 17.7

Loop/thiazide
diuretics

2,792 (42.8) 4,932 (62.4) 39.9 1,140 (45.6) 1,336 (50.7) 10.2 238 (46.3) 214 (40.2) 12.4

K+ sparing diuretics 884 (13.6) 2,164 (27.4) 34.7 382 (15.3) 528 (20.0) 12.5 81 (15.8) 83 (15.6) 0.5

Alpha blocker 194 (3.0) 221 (2.8) 1.1 70 (2.8) 88 (3.3) 3.1 13 (2.5) 19 (3.6) 6.0

Values are presented as median (interquartile range) or n (%).
*Modified HAS-BLED = hypertension, 1 point; >65 years old, 1 point; stroke history, 1 point; bleeding history or predisposition, 1 point; labile international normalized ratio, not assessed;
ethanol or drug abuse, 1 point; drug predisposing to bleeding, 1 point.
†Defined as a prescription fill of >90 days within 180 days after the first prescription for rhythm- or rate-control drugs or the performance of an ablation procedure for AF.
AAD, antiarrhythmic drug; ACEI, angiotensin converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; ASD, absolute standardized difference; CCB,
calcium channel blocker; COPD, chronic obstructive pulmonary disease; DHP, dihydropyridine; NOAC, non-vitamin K antagonist oral anticoagulant; OPD, outpatient department.
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FIGURE 2

Distribution of the hospital frailty risk score in study population recently diagnosed with atrial fibrillation. The patients were diagnosed within
1 year, receiving new rhythm-control or rate-control treatments among patients.

Outcomes of early rhythm-control
according to different frailty risks

In non-frail patients (HFRS <5), 6,520 and 7,909 patients
started rhythm-control and rate-control therapies at an early
stage of AF diagnosis (within 1 year), respectively. During a
median follow-up of 4.1 (IR 2.2–7.1) years, early rhythm-control
had a lower risk of primary composite outcome compared to
rate-control therapy (weighted incidence rate 7.3 vs. 8.6 events
per 100 person-years; HR 0.86, 95% CI 0.79–0.93; Table 3 and
Figure 4A). For each component of the primary composite
outcome, early rhythm-control was related with reduced risks of
ischemic stroke (HR 0.75, 95% CI 0.66–0.84), hospitalization for
HF (HR 0.86, 95% CI 0.77–0.97) and acute myocardial infarction
(HR 0.60, 95% CI 0.43–0.85) when compared to rate-control
(Table 3).

In the moderately frail group (HFRS 5–15), 2,500 and 2,635
patients started rhythm-control and rate-control, respectively,
with a median follow-up duration of 2.9 (IR 1.7–5.0) years.
In the highly frail group (HFRS >15), rhythm-control and
rate-control treatments were started in 514 and 533 patients,
respectively, with a median follow-up of 2.1 (IR 1.3–3.7)
years. There was no interaction between frailty risk and
treatment effect in the primary composite outcome (p for
interaction = 0.180), any of its components, or the composite

safety outcome (p for interaction = 0.716). The early rhythm-
control strategy showed a non-significant trend toward a lower
risk of the primary composite outcome than the rate-control
strategy in both the moderately frail (weighted incidence rate
12.3 vs. 13.7 events per 100 person-years; HR 0.91, 95% CI
0.81–1.02; Table 3 and Figure 4B) and highly frail (weighted
incidence rate 20.4 vs. 21.6 events per 100 person-years; HR
0.93, 95% CI 0.75–1.17; Table 3 and Figure 4C) groups. Among
patients in the moderately frail group, early rhythm-control was
related with a reduced risk of ischemic stroke (HR 0.80, 95% CI
0.67–0.95).

We also calculated the number of days in hospital per
year during each patient’s individual follow-up period. In both
the non-frail and moderately frail groups, the mean number
of days in hospital was lower with the early rhythm-control
than with the early rate-control group (17.6 vs. 21.7 days per
year; p < 0.001 and 46.9 vs. 52.5 days per year; p = 0.025
respectively; Table 3). In case of the highly frail group, there
was no significant difference in the number of days in hospital
between the early rhythm-control and early rate-control groups
(110.4 vs. 112.2 days per year; p = 0.829; Table 3).

In addition, a subgroup analysis according to sex, old age
over 75 years, HF, CKD, and ischemic stroke showed that factors
other than ischemic stroke in highly frail group did not affect
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FIGURE 3

Initial choice of rhythm-control strategy. Treatments according to different frailty risk categories among patients who were recently (within
1 year) diagnosed with atrial fibrillation.

the benefit of the early rhythm control strategy for frail patients
(Supplementary Figure 3).

Among all frail groups, there was no significant difference
in the risk of composite safety outcome between early rhythm-
control and rate-control (Table 4). The weighted incidence rates
of early rhythm-control therapy vs. rate-control therapy were
9.0 vs. 9.1 events per 100 person-years (HR 0.99, 95% CI 0.89–
1.01, p = 0.850); 15.8 vs. 14.1 events per 100 person-years (HR
1.11, 95% CI 0.96–1.30; p = 0.149); and 27.3 vs. 27.2 events per

100 person-years (HR 1.00, 95% CI 0.82–1.23; p = 0.995) in the
non-frail, moderately frail and highly frail groups, respectively
(Table 4).

Sensitivity analysis

Some patients switched between treatment strategies: 1,003
(9.1%) patients from rate control switched to rhythm control,
whereas 5,013 (52.6%) patients switched from rhythm control

Frontiers in Cardiovascular Medicine 09 frontiersin.org

133

https://doi.org/10.3389/fcvm.2022.1050744
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm
-09-1050744

D
ecem

ber24,2022
Tim

e:16:30
#

10

Y
u

e
t

al.
10

.3
3

8
9

/fcvm
.2

0
2

2
.10

5
0

74
4

TABLE 3 Efficacy outcomes in weighted patients undergoing rhythm or rate control stratified according to frailty.

Rhythm control Rate control Absolute rate
difference per 100

person-years* (95% CI)

Weighted
hazard ratio

(95% CI)

p-
value

p for
interaction*

Outcome Number
of events

Person-
years

Event
rate

Number
of events

Person-
years

Event
rate

Non-frail (HFRS <5) n = 2,165.2 n = 2,165.2

Primary composite outcome 581 8,006 7.3 654 7,582 8.6 −1.4 (−2.3 to −0.5) 0.86 (0.79–0.93) <0.001 0.180

Components of primary outcome

Cardiovascular death 218 9,291 2.3 233 9,085 2.6 −0.2 (−0.7 to 0.2) 0.93 (0.82–1.06) 0.287 0.604

Ischemic stroke 242 8,675 2.8 316 8,332 3.8 −1.0 (−1,5 to −0.5) 0.75 (0.66–0.84) <0.001 0.245

Hospitalization for heart failure 285 8,526 3.3 326 8,246 4.0 −0.6 (−1.2 to −0.0) 0.86 (0.77–0.97) 0.010 0.168

Acute myocardial infarction 27 9,231 0.3 45 8,976 0.5 −0.2 (−0.4 to −0.0) 0.60 (0.43–0.85) 0.004 0.823

Night spent in hospital/year† 17.6 ± 43.5 21.7 ± 52.1 −4.0 (−5.6 to −2.5) <0.001

Moderately frail (HFRS 5–15) n = 848.2 n = 848.2

Primary composite outcome 270 2,197 12.3 292 2,132 13.7 −1.4 (−3.6 to 0.7) 0.91 (0.81–1.02) 0.093

Components of primary outcome

Cardiovascular death 118 2,624 4.5 112 2,633 4.3 0.2 (−0.9 to 1.3) 1.06 (0.89–1.27) 0.511

Ischemic stroke 110 2,406 4.6 136 2,373 5.7 −1.1 (−2.5 to 0.1) 0.80 (0.67–0.95) 0.011

Hospitalization for heart failure 122 2,386 5.1 132 2,354 5.6 −0.5 (−1.8 to 0.8) 0.92 (0.77–1.09) 0.324

Acute myocardial infarction 12 2,600 0.5 13 2,602 0.5 −0.0 (−0.4 to 0.3) 0.93 (0.54–1.60) 0.794

Night spent in hospital/year† 46.9 ± 87.5 52.5 ± 92.9 −5.6 (−10.6 to −0.7) 0.025

Highly frail (HFRS >15) n = 177.2 n = 177.2

Primary composite outcome 65 317 20.4 71 326 21.6 −1.2 (−8.3 to 5.9) 0.93 (0.75–1.17) 0.552

Components of primary outcome

Cardiovascular death 32 391 8.2 35 411 8.4 −0.2 (−4.2 to 3.8) 0.96 (0.69–1.33) 0.866

Ischemic stroke 27 348 7.7 30 365 8.1 −0.4 (−4.5 to 3.7) 0.93 (0.65–1.33) 0.689

Hospitalization for heart failure 23 357 6.5 23 376 6.1 0.4 (−3.3 to 4.0) 1.03 (0.69–1.55) 0.873

Acute myocardial infarction 1 391 0.2 4 398 1.1 −0.8 (−1.9 to 0.3) 0.22 (0.05–1.07) 0.061

Night spent in hospital/year† 110.4 ± 129.7 112.2 ± 131.4 −1.7 (−17.6 to 14.1) 0.829

Event rates are presented as per 100 person-years. CI, confidence interval; HFRS, hospital frailty risk score.
*p for interactions between frailty risk (non-frail/intermediate-frailty/high-frailty) and treatment strategy (rhythm control or rate control).
†Results are reported as mean (standard deviation) and the difference between the treatment groups was estimated using a two-sample weighted t test.
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FIGURE 4

Weighted cumulative incidence curves for primary composite outcome. Curves shown for non-frail (A), moderately frail (B), and highly frail (C)
patients who were recently (within 1 year) diagnosed with atrial fibrillation.

to rate control during follow-up (Supplementary Table 8).
The results of on-treatment analyses (Supplementary Table 9)
and time-varying regression analyses (Supplementary Table 10)
were consistent with the main results. Similar outcomes were
obtained in the one-to-one propensity score matched patients
as in the main analysis (Supplementary Table 11). The
sensitivity analyses in which cardioversion was also included
as a rhythm-control strategy, and the results were consistent
(Supplementary Table 12). When analyzed using a 30-day
observational period (within the period, more than 20 days
of drug supply was defined as intention-to-treat), and the
results were consistent with the main findings (shown in
Supplementary Table 13). In the falsification analysis, the
95% CIs of the correlations between rhythm-control and each
falsification endpoint (30 in total) covered 1 of 29 (96.7%),
1 of 29 (96.7%), and 1 of 30 (100%) endpoints in the non-
frail, moderately frail, and highly frail groups, respectively
(Supplementary Table 14).

Discussion

Our previous study demonstrated that early rhythm control
was associated with less frequent cardiovascular events than
rate control in patients with AF (10). In the present study,
we conducted a stratified analysis according to frailty, and
the main finding were that, compared to early rate-control
treatment, early rhythm-control treatment among non-frail
patients with AF was related to a 14% decreased risk (absolute
decrease in risk: 1.4 events per 100 person-years) in primary
efficacy composite outcomes without an increased risk of safety
outcomes. These results are consistent with the EAST-AFNET 4
trial that we emulated.

Further, although statistical significance was decreased, a
consistent trend toward a lower risk of early rhythm-control was
seen in the moderately frail (HR 0.91, 95% CI 0.81–1.02) and
highly frail (HR 0.93, 95% CI 0.75–1.17) groups.

Third, there was no difference in the risk of composite
safety outcomes across the different frailty groups, which is
noteworthy for this study due to the concern that frailty may
affect the safety outcome of active rhythm-control therapy.

Efficacy of early rhythm-control
strategy in frail patients

Although current AF guidelines recommend
anticoagulation and treatment for comorbidities in all patients
who are eligible, rhythm-control treatment is limited to only
those who have related symptoms (1, 2). However, the ATHENA
and EAST-AFNET 4 trials reported that rhythm-control strategy
may reduce cardiovascular events in patients who have received
dronedarone (ATHENA) or early rhythm-control therapy
(EAST-AFNET 4) (9, 30). We have confirmed through previous
works that the results of a reference trial on the benefits of early
rhythm-control are equally reflected in real world observational
data in old age (10). Nevertheless, it is not yet clear which
patients should be targeted for early rhythm-control, especially
in elderly patients.

This study is meaningful as it suggests rhythm-control as a
suitable target by stratifying the patients according to frailty and
extending the inferences. We showed that early rhythm-control
strategy was related with a reduced risk of primary outcomes
in non-frail patients with AF and there was a consistent trend
toward a lower risk of early rhythm-control in the moderate as
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TABLE 4 Safety outcomes in weighted patients undergoing rhythm or rate control stratified according to frailty.

Rhythm control Rate control Absolute rate
difference per 100

person-years (95% CI)

Weighted
hazard ratio

(95% CI)

p-value

Outcome Number of
events

Person-
years

Event
rate

Number of
events

Person-
years

Event
rate

Non-frail (HFRS <5) n = 2,165.2 n = 2,165.2

Composite safety outcome* 733 8,110 9.0 746 8,183 9.1 −0.1 (−1.0 to 0.8) 0.99 (0.89–1.01) 0.850

All-cause death 473 9,291 5.1 533 9,085 5.9 −0.8 (−1.5 to −0.1) 0.86 (0.76–0.98) 0.020

Intracranial bleeding 64 9,191 0.7 79 8,938 0.9 −0.2 (−0.5 to 0.1) 0.80 (0.58–1.12) 0.196

Gastrointestinal bleeding 169 8,910 1.9 191 8,694 2.2 −0.3 (−0.7 to 0.1) 0.88 (0.72–1.09) 0.243

SAE related to rhythm control

Cardiac tamponade 7 9,282 0.1 3 9,074 0.0 0.0 (−0.0 to 0.1) 2.09 (0.56–7.84) 0.273

Syncope 129 8,866 1.5 93 8,795 1.1 0.4 (0.0 to 0.7) 1.38 (1.06–1.80) 0.018

Sick sinus syndrome 90 8,783 1.0 26 8,973 0.3 0.7 (0.5 to 1.0) 3.56 (2.30–5.49) <0.001

Atrioventricular block 41 9,028 0.5 25 8,931 0.3 0.2 (−0.0 to 0.4) 1.70 (1.03–2.81) 0.037

Pacemaker implantation 48 9,019 0.5 16 9,013 0.2 0.3 (0.2 to 0.5) 3.00 (1.71–5.26) <0.001

Sudden cardiac arrest 59 9,268 0.6 53 9,067 0.6 0.1 (−0.2 to 0.3) 1.12 (0.77–1.61) 0.565

Moderately frail (HFRS 5–15) n = 848.2 n = 848.2

Composite safety outcome* 356 2,251 15.8 335 2,381 14.1 1.7 (−0.5 to 4.0) 1.11 (0.96–1.30) 0.149

All-cause death 260 2,624 9.9 263 2,633 10.0 −0.1 (−1.8 to 1.6) 0.99 (0.84–1.18) 0.928

Intracranial bleeding 27 2,582 1.1 25 2,598 1.0 0.1 (−0.4 to 0.6) 1.12 (0.65–1.93) 0.684

Gastrointestinal bleeding 80 2,495 3.2 84 2,497 3.4 −0.2 (−1.2 to 0.9) 0.96 (0.70–1.30) 0.780

SAE related to rhythm control

Cardiac tamponade 2 2,621 0.1 0 2,632 0.0 0.1 (−0.0 to 0.2) 22.5 (2.76–182.7) 0.004

Syncope 50 2,481 2.0 34 2,552 1.3 0.7 (−0.0 to 1.4) 1.52 (0.98–2.36) 0.060

Sick sinus syndrome 25 2,428 1.0 11 2,582 0.4 0.6 (0.1 to 1.1) 2.43 (1.19–4.99) 0.015

Atrioventricular block 16 2,536 0.6 5 2,588 0.2 0.4 (0.1 to 0.8) 3.12 (1.17–8.35) 0.024

Pacemaker implantation 11 2,502 0.4 7 2,600 0.3 0.2 (−0.2 to 0.5) 1.57 (0.61–4.03) 0.352

Sudden cardiac arrest 17 2,619 0.7 25 2,626 1.0 −0.3 (−0.8 to 0.2) 0.70 (0.38–1.28) 0.247

(Continued)
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TABLE 4 (Continued)

Rhythm control Rate control Absolute rate
difference per 100

person-years (95% CI)

Weighted
hazard ratio

(95% CI)

p-value

Outcome Number of
events

Person-
years

Event
rate

Number of
events

Person-
years

Event
rate

Highly frail (HFRS >15) n = 177.2 n = 177.2

Composite safety outcome* 91 335 27.3 96 351 27.2 0.1 (−7.7 to 8.0) 1.00 (0.82–1.23) 0.995

All-cause death 74 391 18.8 78 411 19.1 −0.3 (−6.3 to 5.8) 0.98 (0.78–1.22) 0.842

Intracranial bleeding 9 382 2.4 6 405 1.5 0.9 (−1.1 to 2.8) 1.55 (0.73–3.25) 0.252

Gastrointestinal bleeding 22 364 5.9 24 376 6.5 −0.6 (−4.1 to 3.0) 0.89 (0.59–1.35) 0.597

SAE related to rhythm control

Cardiac tamponade 1 391 0.2 0 411 0.1 0.2 (−0.4 to 0.7) 3.21 (0.22–47.4) 0.395

Syncope 5 380 1.2 10 390 2.6 −1.4 (−3.4 to 5.4) 0.45 (0.20–0.99) 0.048

Sick sinus syndrome 5 371 1.4 0 410 0.1 1.3 (0.1 to 2.6) 13.4 (2.45–73.1) 0.003

Atrioventricular block 2 380 0.6 1 407 0.2 0.4 (−0.5 to 1.3) 2.64 (0.64–11.0) 0.182

Pacemaker implantation 1 381 0.3 0 409 0.1 0.3 (−0.4 to 0.9) 5.44 (0.59–50.2) 0.135

Sudden cardiac arrest 5 385 1.3 8 408 1.9 −0.5 (−2.3 to 1.2) 0.68 (0.32–1.47) 0.503

Event rates are presented as per 100 person-years. CI, confidence interval; SAE, serious adverse event(s).
*p for interactions between frailty risk (non-frail/intermediate frailty/high frailty) and treatment strategy (rhythm control or rate control) was 0.716.
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well as highly frail groups. Thus, early rhythm-control can be
carried out without hesitation regardless of the degree of frailty.

Safety outcomes after early
rhythm-control strategy in frail
patients

Major guidelines have no specific recommendations on
age or frailty assessment for choosing rate- or rhythm-control
treatment, such as electrical shock delivery and ablation therapy
(1, 2). For safety concerns, rhythm-control therapy is not
an active treatment in elderly frail patients; based on the
findings of this study, it tends to be a more passive treatment
option in primary or secondary institutions. Contrary to
common perception however, the results of the present study
consistently showed that the degree of frailty had no effect
on the safety outcomes of early rhythm-control strategy in
older AF populations.

Although the importance of integrated AF management,
including symptom control, is consistent in frail patients, the
outcome of rhythm-control at an advanced age cannot be
guaranteed as frail older patients are predisposed to a decline
in both renal and hepatic function, leading to hesitation in its
use (19). However, this study showed that early rhythm-control
did not affect safety outcomes in older frail AF populations,
therefore suggesting that the treatment direction should be
decided by evaluating, characterizing, and individualizing each
patient’s condition rather than basing it simply on age and
frailty. This is also emphasized in the recently revised 2019
AHA/ACC/HRS and 2020 ESC guidelines (1, 2).

Study limitations

The present research has some limitations, however. First,
this study was retrospectively performed using all patients with
AF in Korea National Health Insurance Service databases, and
needed more validation in general population group. Second,
this study used ICD-10 codes for the AF diagnosis, medications
and procedure complications. Although AF definition and study
outcomes are validated (Supplementary Table 3), there is
the possibility of mis-diagnosis of AF and AF ablation state.
Third, the number of participants who underwent ablation
among patients who chose early rhythm-control as a treatment
strategy was low. This is because the reimbursement of ablation
therapy is allowed only for AF patients who have not achieved
sinus rhythm even after receiving drug treatment, including
antiarrhythmic drugs, for 6 weeks or more. The use of catheter
ablation therapy was minimal, such that no conclusions could
be drawn for this specific form of rhythm-control therapy.
Fourth, this study used per-protocol analysis, so there may be
an attrition bias resulting from patients who do not have similar

characteristics among the groups. Fifth, although the results of
the falsification analysis showed that the probability of a major
systematic bias was unlikely, unmeasured confounders (such
as the adequacy of anticoagulant treatment or health-related
habits like drinking, smoking, and physical activity) may have
affected the results. Finally, because the aim of the present study
was to evaluate the effectiveness of therapeutic interventions
for rhythm-control and rate-control, non-users were excluded.
However, as some non-users included frail patients that did not
need rate-control drugs due to a low baseline heart rate, future
studies may need to take this into consideration.

Conclusion

In the non-frail population, the superiority of cardiovascular
outcomes of early rhythm-control in the treatment of AF was
observed without any effect on the safety outcomes, showing a
consistent trend toward a lower risk of adverse cardiovascular
outcomes without an increased risk of safety outcomes. And
frailty does not have a detrimental effect on rhythm-control
treatment. Thus, an individualized approach is required on
the early rhythm-control strategy in older patients with AF,
regardless of their frailty status.
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Compatibility assessment of a
temperature-controlled
radiofrequency catheter with a
novel electroanatomical mapping
system
Luigi Pannone1†, Ivan Eltsov1,2†, Robbert Ramak1, David Cabrita2,
Paul De Letter3, Gian-Battista Chierchia1 and Carlo de Asmundis1*
1Heart Rhythm Management Centre, Postgraduate Program in Cardiac Electrophysiology and Pacing,
Universitair Ziekenhuis Brussel—Vrije Universiteit Brussel, European Reference Networks Guard-Heart,
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Background: The novel DiamondTemp ablation system (DTA) and EnSiteX mapping
System (EAM) are both CE-Marked and FDA approved medical devices. The DTA
has been validated by its manufacturer only in combination with previous version
of EnSite System—EnSite Precision. The aim of this study was to evaluate
compatibility of DTA with EnSite X with a previously developed protocol.
Methods: Three configurations were tested: 3.1. Medtronic Generator connection
Box (GCB) and AmpereConnect cable; 3.2. the Medtronic GCB-E and electrogram
out cable from GCB to EAM; 3.3. Direct connection of DTA to EAM using
intracardiac out cable with no GCB.
Results: The previously developed universal method for compatibility assessment
of ablation catheters and navigation systems was used with success for assessing
DTA and EnSite X EAM compatibility, with reproducible results. Accuracy of DTA
visualization with different setups was evaluated with a phantom model
measuring distances between DTA and reference points. DTA is compatible with
EnSiteX EAM with a safety and reliability profile guaranteed, if within the
described specifications. In particular, careful setup is mandatory to achieve good
clinical outcomes as only setup 3.2 is viable for both NavX and Voxel Mode and
demonstrated satisfactory results and accuracy. Setup 3.3 showed a significant
shift immediately after catheter insertion. Catheter position was away from
baseline points and the dislocation increased during the radiofrequency delivery.
Conclusions: Previously developed method for compatibility assessment of
ablation catheters and navigation systems has been used for a new EAM. DTA is
compatible with EnSiteX EAM with proper configuration.

KEYWORDS

catheter ablation, universal compatibility, diamondTemp ablation system, ensite

electroanatomic mapping system, cardiac arrhythmias

Introduction

Fast development of the medical device industry in the last decades has led to novel

technologies from different manufacturers. Electrophysiology products are one of the

most dynamic parts of the entire medical device market and the cross-compatibility

between electrophysiological devices is not always investigated. As compatibility is not
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FIGURE 1

Diamondtemp
TM

catheter composite tip structure. The tip of the
catheter consists of a diamond network—distal, proximal and center
diamond. Three thermally isolated thermocouples protrude from the
distal tip to ensure enhanced tip-tissue interface temperature
readings; another 3 thermocouples are embedded in the proximal
part to allow correct measurements.
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guaranteed “out of the box” the need for compatibility assessment

methods between devices from different manufacturers becomes

crucial.

Our group has previously developed a novel universal

compatibility assessment method to evaluate the safety and

accuracy of a new temperature-controlled radiofrequency (RF)

catheter ablation system with 3rd party electro anatomical

mapping systems (1).

The aim of this research is to the apply our bench testing

protocol to assess the compatibility between a temperature-

controlled RF catheter ablation and a novel Electroanatomical

mapping system (EAM), EnSiteXTM (Abbott, St. Paul, MN).

EnSiteXTM, offers both a primary impedance mode (NavX) and

a primary magnetic mode (Voxel) (2).

Magnetic based systems are constantly sending localization

information based on magnetic field measurements, which allows

the system to track it and represent it in the 3D model, but it is

possible only for catheters manufactured by the same company.

Impedance-based tracking allows to visualize and tracking

virtually any catheter using the impedance measurement between

external patches and an electrode on the catheter. However, the

precision of this tracking needs to be assessed. Hybrid tracking

of EnSiteX system in Voxel mode uses both magnetic and

impedance-based methods, where magnetic tracking is enhancing

localization accuracy of impedance tracked catheter by

acquisition of Voxels.

The novel DiamondTempTM ablation system (DTA),

(Medtronic Inc, Minneapolis, MN) and EnSiteXTM EP System

(Abbott, St. Paul, MN) are both CE-Marked and FDA approved

medical devices (3, 4). The DTA has been validated by its

manufacturer only in combination with previous version of

EnSite System—EnSite PrecisionTM System (Abbott, St. Paul,

MN) (5). The aim of this study was to evaluate compatibility

between DTA and EnSiteX with a previously developed protocol

(1). Furthermore, different configurations have been tested to

ensure accuracy of DTA visualization in the novel mapping system.
FIGURE 2

Ensite X voxel and NavX modes tracking. Panel A: schematic mechanism
of magnetic based tracking of sensor enabled (SE) catheters (Voxel
Mode). Panel B: impedance-based visualization of catheters without
magnetic sensor (NavX mode).
Methods

Ablation catheter and mapping system

The DTA ablation catheter is a 7.5-F irrigated RF catheter; the

4.1-mm composite tip electrode delivers RF. The ablation electrode

tip is embedded with 3 interconnected diamonds, which allows

rapid RF delivery (due to electric and thermal diamond

properties) and shunting heath from externalized thermocouples,

Figure 1. This allows accurate temperature measurement at tip-

tissue interface. The catheter operates in temperature control

mode and a dedicated RF generator (RFG), titrates rapidly the

delivered power to the target temperature. The dual composite

ablation tip behaves as a single electrode during ablation and

electrically insulation of the tip allows for high-resolution EGM

sensing (3, 4).

EnSite XTM EP System is a novel EAM which is result of

further development of EnSite Product Family. The system can
Frontiers in Cardiovascular Medicine 02142
operate in 2 different modes—Voxel mode and NavX mode.

NavX mode is an enhanced version of the previous feature of the

EnSiteTM Precision Cardiac Mapping System. Catheter location is

purely based on impedance data, Figure 2. Magnetic data is

optional and used to improve impedance tracking. Tracking is

also dependent on local changes in thoracic impedance (lungs,

sheath, etc.). In Voxel Mode the inflexible portion of sensor

enabled (SE) catheter location is based on magnetic localization,

Figure 2. The system collects Voxels (Impedance Fiducials)

which allow Impedance-based electrodes to be shown. SE

catheter location is based on impedance & magnetic data.

Catheter shape is consistent despite local impedance changes.

Non-SE catheters are visualized using Voxels as well which

allows better precision compared to NavX mode, Figure 2.
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Assessment endpoints

This study has 3 endpoints

1) Safety and efficiency of RF energy delivery when a specific

setup is used. To ensure that RF energy and current emitted

by the system does not leak throughout the setup and can be

entirely delivered to the tissue.

2) The DTA is correctly represented inside the 3D model, with a

precise and reliable position not influenced by external factors,

especially RF energy delivery. Four different configurations

have been tested.

3) Reproducibility of results, in comparison with earlier testing

according to the described compatibility assessment method

(1).

The DTA can be connected to the navigation system either by

using electrogram (EGM) out cables from RF generator or from

dedicated GenConnect interface to be able to filter out RF energy

so it does not affect localization. Previous version of EnSite has

been validated to be used in combination with Genconnect

connected to the EAM directly—so this configuration was tested

as well. In addition, the new EnSite X system has 2 operating

modes NavX and Voxel mode. As the DTA can be visualized

using impedance mode—testing have been performed in NavX

mode. Compatibility of DTA with EnSiteX in VoXel mode has

been also assessed for investigational purposes, however

qualificative data is not available as in this mode it is impossible

perform reliable measurements, so results of this evaluation can

be considered only speculative.

Test configurations (setups), Figure 3:

1.0. DTA connected only to the DTA RFG—No GenConnect

(GC) nor Genconnect Cable (GCC) connected to the DTA;

2.0. DTA not connected to a MS but connected to:

2.1. The Medtronic (MDT) Generator Connection Box E

(MDT GCB-E)

2.2. The MDT GCB-E and intracardiac (IC) out via the

MDT GCB-E;
FIGURE 3

Test configurations (setups). Configuration 3.1—DTA connected to the En
Configuration 3.2—DTA connected via EGM out cable from the genconnec
EGM cable from RFG back to CIM and not from genconnect.
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3.0. DTA connected to the EnSiteX EAM using:

3.1. MDT GCB and AmpereConnect cable

3.2. The MDT GCB-E and EGM out cable from GCB to

EAM (Figures 3, 4)

3.3. The direct connection of DTA to EAM using IC out

cable with no GCB.

Configurations 1.x and 2.x were used for functional and safety

assessment only.
Functional and safety parameters
assessment

To assess functional and safety parameters of the DTA with the

different setups proposed, a calibrated electrosurgery analyzer

“FLUKE Biomedical QA-ESII” was used (6). This device allows

for continuous measurement of power, current, peak-to-peak

voltage (closed load only) and crest factor for each RF

application. The test and connectivity of the FLUKE Biomedical

QA-ESII Electrosurgery Analyzer equipment to different

components is performed in “continuous operation mode” with

no footswitch. The test is interrupted by pressing the “stop” key.

The Analyzer acts like a meter during the test, showing

increasing and decreasing values as received from the unit being

tested, in this case the DTA RFG. The DTA RFG is connected to

the connection for the electrode outputs of an internal variable

resistance. An active connection (Red) is directly connected to

the catheter tip alligator clip wired to Red pin. The neutral

connection is direct wired from the DTA neutral plate

connection and the analyzer neutral pin (Black).

The functional and safety parameters of the DTA and its RFG

were assessed at 3 different loads, namely 50 Ohms, 100 Ohms and

150 Ohms and 3 different maximum power outputs 50 W, 30 W

and 15 Watts. For each load and maximum power output,

measurements were repeated 3 times to assess the following

parameters: (1) Maximum power output indicated on the DTA

RFG; (2) Power output measured at the tip of the DTC; (3)

Current measured at the tip of the DTC; (4) Peak-to-peak
siteX via AmpereConnect cable connected to the MDT Genconnect.
t to the Ensite CIM (without distal as it is not wired). Configuration 3.3
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FIGURE 4

Configuration 3.2 details. Electrogram (EGM) out cable connected to the Genconnect and to the EnsiteX CIM pins 2–4.
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voltage measured at the tip of the DTC; (5) Maximum current

variation among the 3 measurements.
Accuracy assessment

The accuracy assessment of DTA visualization when using the

Ensite XTM EAM was assessed using a dedicated EAM phantom

emulating the patient with patches connected. The phantom was

similar to the one used during EAM installation prior to

certification for clinical use. Different components were

connected to the DTA RFG and EAM according to the different

setup to be tested.

In NavX mode no geometry model was created; reference

locations have been reached with ring electrode of Advisor HD

Grid Mapping Catheter, Sensor Enabled (Abbott, St. Paul, MN)

and tagged to create a baseline point set. Then DTA has been

inserted into the phantom and its proper visualization has been

visually assessed. Then the DTA has been moved to reference

locations to ensure accuracy.

To assess the reliability of the catheter location on the EAM,

the DTA was placed back at each reference location and an

additional point was collected. An assessment was made

regarding the reproducibility of the baseline point locations by

measuring the distance between tags (in mm) on the EAM.

Each reinsertion and reconnection were performed 5 times

prior to energy delivery. RF was delivered 3 times at each point.

For each setup, three different RF pulses were tested: (1) RF

energy for 45 s with a target temperature of 60°C (longest

application time and highest temperature allowed by the DTA in

a clinical setting), with zero sec of power ramp delay, 1 s of pre-

cooling and 0 s of cooling post ablation (RF1); or (2) RF energy

for 10 s with a target temperature of 55°C (longest application

time and highest temperature allowed by the DTA in a clinical

setting) with zero sec of power ramp delay, 1 s of pre-cooling

and 0 s of cooling post ablation (RF2); or (3) RF energy for 5 s

with a target temperature of 50°C (longest application time and
Frontiers in Cardiovascular Medicine 04144
highest temperature allowed by the DTAS in a clinical setting)

with zero sec of power ramp delay, 1 s of pre-cooling and 0 s of

cooling post ablation (RF3).

Between each RF delivery the DTA was removed and reinserted

in the phantom and the DTA cable was disconnected and re-

connected without moving the catheter.

After each RF application, the catheter was manually placed at

each reference location by looking at the phantom directly. An

additional point was collected at each reference location.

Distance between every taken point and its corresponding

baseline marker were measured using EAM software (Figure 5).

Distance measurements (in mm) between baseline points and

collected points were repeated for every reference location on the

phantom model after each RF pulse. At the next step, the DTA

was placed once again back at each reference location and an

additional final point was collected.

Voxel mode testing has been performed only for configuration

3.2 as using configuration 3.1 in Voxel mode is not possible

according to the instruction for use (IFU). The phantom

anatomy was built using a dedicated mapping catheter, Advisor

HD Grid Mapping Catheter, Sensor Enabled, (Abbott, St. Paul,

MN). Reference locations from the phantom were reached with

the tip of this catheter and reference locations were added to the

surface of the phantom as baseline. Then the tracking of the

DTA was verified by visual comparison of physical catheter

movements and its representation on the map (Figure 6). The

exact accuracy measurements in this mode were not possible as

the system does not allow to tag locations from non-SE catheters.
Configurations and settings of EnSiteX EAM
and DTA

In configuration 3.1 DTA has been configured as an ablation

catheter connected to the AmpereConnect. The original setup

has been modified by connecting AmpereConnect cable between

EAM and MDT GCB.
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FIGURE 6

Visualization of DiamondTempTM catheter in voXel mode. Photo of real location of HD-Grid mapping catheter and DiamondTempTM (DTA) within the
phantom and their representation on the Ensite System in Voxel mode.

FIGURE 5

Accuracy measurements. Distance measurements between tags collected at same location during different moments of evaluation. Tip location has been
tagged at each testing step and then distance has been measured.
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For configurations 3.2 and 3.3 the DTA has been configured as

AUX catheter connected to the IC module of EnSite X and no

modifications to the original setup has been done.

The accuracy assessment of the DTA visualization in the Voxel

mode was based on the fact that Voxel mode uses a hybrid tracking

mechanism. In this mode, the EAM system collects Voxels using

SE catheter and aligns impedance values with magnetic points.

This allows to accurately track non SE catheters.
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Statistical analysis

All variables were tested for normality with Shapiro–Wilk test.

Normally distributed variables were described as mean ± standard

deviation and the groups were compared through ANOVA,

paired or unpaired t-test as appropriate, while the non-normally

distributed variables were described as median (Inter Quartile

Range) and compared by Kruskal-Wallis test, Mann-Whitney test
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or Wilcoxon signed-rank test as appropriate. The categorical

variables were described as frequencies (percentages) and

compared by Chi-squared test or Fisher’s exact test as appropriate.

A p-value less than 0.05 was considered statistically significant.

The analysis was performed using R software version 3.6.2 (R

Foundation for Statistical Computing, Vienna, Austria).
Results

DTA functional and safety parameters
assessment with different setups

The data collected on the functional and safety parameters of

the DTA connected to the EnSite XTM EAM are detailed in

Table 1 and Supplementary Table S1.

At the lowest load setting of 50 Ohm, a maximum discrepancy

of 5 W, could be observed between the maximum power

programmed to be delivered by the DTA RFG, the actual power

output indicated on the DTA RFG and the power output

measured at the tip of the DTA.

Variations on the current measured at the tip of the DTA by RF

analyzer could be observed between the 3 measurements

performed with the same settings; All variations were within

limits specified by the manufacturer of the device (7). The results

are summarized in Table 1 and Supplementary Table S1.
Accuracy of DTA visualization

The DTA location was represented in real-time for all

configurations. A proper tracking of the DTA was observed by

visual comparison of physical catheter movements and its

representation on EAM. This was consistent with all setups tested.
TABLE 1 Functional and safety parameters of DiamondTempTM

radiofrequency generator.

Reference Setup
3.1

Setup
3.2

Setup
3.3

15 Watt setting
RFG Power Value (W) 15 15 15 15

Measured power (W) 15 15 15 15

Peak-to-Peak Voltage (V) 116 116 116 116

Current measured at tip (mA) 384 383 383 384

30 Watt setting
RFG Power Value (W) 30 30 30 30

Measured power (W) 30 30 30 30

Peak-to-Peak Voltage (V) 164 164 164 165

Current measured at tip (mA) 542 541 541 542

50 Watt setting
RFG Power Value (W) 50 50 50 50

Measured power (W) 50 50 50 50

Peak-to-Peak Voltage (V) 213 212 212 213

Current measured at tip (mA) 700 698 698 697

Measurements have been performed with 3 different loads (50 Ohm, 100 Ohm and

150 Ohm). Each measurement has been repeated 3 times. Data for 100 Ohm is

shown in Table 1 (other measurements are available in Supplementary Table S1).

P value = not significant (NS) for all comparisons.
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Baseline points were taken using HD Grid Mapping Catheter

tracked either using magnetic (Voxel mode) or impedance based

(NavX mode) localization. The verification of the location of

baseline points was established by taking points at the reference

markers on the wet tank.

In setups 3.1 and 3.2 no major shifts were observed in the DTC

location after RF1, RF2 or RF3 were performed with all setups

tested, Table 2 and Supplementary Table S2. The location of

the DTC did not significantly shift in space when compared to

baseline reference points. This was consistent: after reinsertion

and reconnection as well as following RF energy delivery. The

distances measured between the baseline points after each

variable, for each setup tested, are described in Table 2 and

Supplementary Table S2.
Specific observations related to the
setup 3.3

In this configuration a significant shift was observed

immediately after catheter insertion. Catheter position was away

from baseline points and this dislocation increased during the RF

delivery. This may be linked to the fact that in this configuration

no proper RF filtering is used. Due to huge baseline shift, further

RF applications were not delivered as could be harmful for the

EAM system with no added value as this configuration was

suboptimal, Table 2 and Supplementary Table S2.
Observations related to the setup 3.1
and 3.2

In these configurations no significant shift has been observed.

All points were taken within the EnSiteX accuracy specifications

(1), Table 2 and Supplementary Table S2.
Specific observations related to voxel mode
evaluation

Voxel mode evaluation has been performed only for the

configurations 3.2 and 3.3 as per EnSite X IFU. Setup 3.3 showed

a baseline shift in catheter position as in NavX mode. No RF

application has been delivered in configuration 3.3 to avoid

potential damage of the system.

Due to impossibility of adequately measuring accuracy in

Voxel mode, a visual assessment of accuracy in Voxel mode has

been performed. DTA has been placed on the surface of HDGrid

and their relative visualizations on the EAM were compared.

DTA was deemed as stable and accurate, Figure 6.
Discussion

The main results of the current study are: (1) Previously

developed universal method for compatibility assessment of
frontiersin.org
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TABLE 2 Accuracy of DiamondTemp
TM

visualization in EnsiteX system with different setups and different radiofrequency applications.

Reference Setup 3.1 Setup 3.2 Setup 3.3 P value
Distance after reinsertion (mm) 1.14 ± 0.4 1.49 ± 0.5 1.19 ± 0.1 5.16 ± 2.2 0.49/0.75/0.011

Distance after reconnection (mm) 1.26 ± 0.3 1.65 ± 0.7 1.44 ± 0.4 4.26 ± 1.6 0.37/0.38/0.013

Shift during RF (mm) 1.31 ± 0.2 1.35 ± 0.7 1.21 ± 0.3 13.81 ± 4.7 0.74/0.69/0.01

Shift after RF (mm) 1.09 ± 0.1 1.67 ± 0.6 1.12 ± 0.2 11.15 ± 3.2 0.31/0.68/0.002

Maximum shift observed (mm) 2.50 ± 0.4 4.00 ± 0.9 2.70 ± 0.6 21.40 ± 4.6 0.22/0.55/0.008

Each reinsertion and reconnection were performed 5 times prior to energy delivery. Radiofrequency (RF) was delivered 3 times at each point. The table summarizes average

and maximal distance from catheter tip to the reference point after each step for 5 different points on the model. P value is reported for each comparison as follows:

Reference-Setup 3.1/Reference-Setup 3.2/Reference-Setup 3.3. Details are available in Supplementary Table S2.
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ablation catheters and navigation systems has been used for a new

EAM with reproducible results; (2) DTA is compatible with

EnSiteX EAM. Safety and reliability profile is guaranteed within

described specifications; (3) Careful setup is mandatory to

achieve good clinical outcomes as only setup 3.2 is viable for

both NavX and Voxel Mode and demonstrated satisfactory results.

3D mapping systems are considered as a standard of care for

the diagnosis and treatment of cardiac arrythmias. They reduce

radiation time and dose and improve the precision of ablation

treatment (2, 5, 8). However, the use of third-party ablation

catheters is limited as there is no compatibility out of the box.

Extending the range of compatible ablation systems with various

EAM allows new therapeutic modalities, which may be associated

with clinical benefit.

The in vitro compatibility assessment is a crucial step, which

must be done prior to clinical trials (3, 4). In the current study a

previously developed universal method for compatibility

assessment was used (1). It demonstrated to be reproducible with

different EAM. This is of clinical relevance as it could be used

for future standard bench evaluation before commercialization of

novel components by different manufacturers.

Compared to our previous study, assessing compatibility

between DTA and RhythmiaTM EAM (Boston Scientific) (1),

the current study is the first to evaluate the compatibility

between DTA and another EAM, namely EnSiteX. The results

showed that the same in vitro method can be applied to

different EAM. Indeed, the experimental dataset hereby

presented is completely new and this further reinforces the

generalizability of the approach.

Furthermore, DTA has been demonstrated as compatible with

EnSiteX EAM. Despite the current clinical use of DTA with

EnSiteX EAM is feasible, configuration choice is of utmost

importance. Indeed, safety and reliability of tracking is

guaranteed within described settings. Both configurations 3.1 and

3.2 might be used for DTA in NavX mode. However only

configuration 3.2 is possible for Voxel mode. If switching from

NavX mode to Voxel mode can be required during procedure,

careful pre procedural planning and proper connection setting

should be considered.
Limitations

This study is based on a phantom model. There was no test

in vivo.
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Conclusions

Previously developed universal method for compatibility

assessment of ablation catheters and navigation systems has been

used for a new EAM with reproducible results. DTA is

compatible with EnSiteX EAM with proper configuration.
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Cfa-circ002203 was upregulated
in rapidly paced atria of dogs and
involved in the mechanisms of
atrial fibrosis
Wenfeng Shangguan1†, Tianshu Gu1†, Rukun Cheng1†, Xing Liu1,
Yu Liu2, Shuai Miao1, Weiding Wang1, Fang Song3, Hualing Wang1,
Tong Liu1* and Xue Liang1*
1Tianjin Key Laboratory of Ionic-Molecular Function of Cardiovascular Disease, Department of
Cardiology, Tianjin Institute of Cardiology, The Second Hospital of Tianjin Medical University, Tianjin,
China, 2Department of Cardiology, Taikang Ningbo Hospital, Ningbo, China, 3Department of Geriatric,
The Second Hospital of Tianjin Medical University, Tianjin, China

Background and aims: The role of circular RNAs (circRNAs) in the pathophysiology
of cardiovascular disease is gradually being elucidated; however, their roles in atrial
fibrillation (AF)-related fibrosis are largely unknown. This study aimed to
characterize the different circRNA profiles in the rapid-pacing atria of dogs and
explore the mechanisms involved in atrial fibrosis.
Methods: A rapid right atrial-pacing model was established using electrical
stimulation from a pacemaker. After 14 days, atrial tissue was collected for
circRNA sequencing analysis. In vitro fibrosis was established by stimulating
canine atrial fibroblasts with angiotensin II (Ang II). The fibroblasts were
transfected with siRNA and overexpressing plasmids to explore the effects of
cfa-circ002203 on fibroblast proliferation, migration, differentiation, and the
expression of fibrosis-related proteins.
Results: In total, 146 differentially expressed circRNAs were screened, of which
106 were upregulated and 40 were downregulated. qRT-PCR analysis showed
that cfa-circ002203 was upregulated in both in vivo and in vitro fibroblast
fibrosis models. The upregulation of cfa-circ002203 enhanced proliferation and
migration while weakening the apoptosis of fibroblasts. Western blotting showed
that cfa-circ002203 overexpression increased the protein expression levels of
fibrosis-related indicators (Col I, Col III, MMP2, MMP9, and α-SMA) and
decreased the protein expression levels of pro-apoptotic factors (Bax and
Caspase 3) in Ang II-induced fibroblast fibrosis.
Conclusion: Cfa-circ002203 might serve as an active promoter of the
proliferation, migration, and fibrosis of atrial fibroblasts and is involved in
AF-induced fibroblast fibrosis.

KEYWORDS

atrial fibrillation, atrial fibrosis, high-throughput sequencing, bioinformatics,

cfa-circ002203

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia and is associated with heart

failure, which leads to high morbidity and mortality (1). The long-term persistence of AF

may result in the remodeling and deposition of atrial fibrous tissue. Cardiac fibrosis is

one of the major factors resulting in cardiac remodeling in patients with AF (2, 3).
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In addition, endomysial fibrosis is the strongest determinant of AF

complexity compared with other structural alterations (4). Cardiac

fibrosis is characterized by notable changes in the synthesis and

degradation of collagen I and III, the main components of the

extracellular matrix (ECM), and the malfunction of matrix

metalloproteinases (MMP2 and MMP9) (5). The cellular and

molecular mechanisms underlying the development of cardiac

fibrosis have not been completely elucidated. Studies have

indicated that phenotypic changes in cardiac fibroblasts, a class

of small fusiform cells that control the composition and structure

of the ECM, contribute to AF-induced cardiac fibrosis. When

activated by pro-fibrotic stimulation, such as mechanical stress,

and growth factors, such as angiotensin II (Ang II), fibroblasts

proliferate and differentiate into a secretory phenotype, namely

myofibroblasts, with α-smooth muscle actin (α-SMA) expression

acting as a marker of the myofibroblast phenotype (6).

Consequently, cardiac fibrosis might directly involve in the

occurrence and perpetuation of AF and its related disease.

Cellular circular RNAs (circRNAs) are a class of stable, single-

stranded RNAs with covalently closed head-to-tail circularized

transcripts (7). Owing to improvements in RNA sequencing and

bioinformatics tools, thousands of circRNAs in various

organisms have been identified. CircRNAs play an important role

in the pathogenesis of heart disease, as previous studies have

revealed that they play regulatory roles in heart failure (8, 9) and

pathological hypertrophy (10). For example, Ni et al. found that

circHIPK3 inhibited Ang II-induced cardiac fibrosis by sponging

miR-29b-3p (11). In a diabetic db/db mouse model,

circRNA_010567 was found upregulated and knockdown of

circRNA_010567 could reduce synthesis of Col I, Col II and α-

SMA in Ang II-treated cardiac fibroblasts (12). Wu et al.

uncovered that circYAP was significantly decreased in the hearts

of patients with cardiac hypertrophy and the pressure overload

mouse model (13). Most of these studies based on cells or mice.

Our research group previously performed circRNA sequencing

analysis in the atrial tissue of a rapid atrial pacing dog model

and screened several differentially expressed circRNAs (14),

indicating that they may be involved in the pathology of AF and

fibrosis. Based on this, this study focuses on the function of the

molecular mechanism of circRNA’s involvement in the fibrosis of

atrial fibroblasts. Given the extensive influence of circRNAs on

the activity of microRNA (miRNA), there is great interest in

understanding the effect of circRNAs on the gene regulatory

functions of miRNAs (15). In this molecular mechanism,

circRNAs act as sponges and compete with miRNAs to bind to

the untranslated regions of messenger RNA (mRNA) and

regulate the expression of target genes. As post-transcriptional

regulators, circRNAs participate in mammalian physiological and

pathological processes. Each circRNA acts as a competing

endogenous RNA (ceRNA) with multiple miRNAs, generating a

complex and fine-tuned system that regulates the pathology of

diseases.

Based on the above information, the objective of this study was

to identify circRNAs associated with AF in dogs by producing an

interaction network diagram of circRNA-miRNA-mRNA and
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performing qRT-PCR verification, and to further identify the role

of circRNAs in fibroblast inflammation, proliferation, and fibrosis

in an in vitro atrial fibroblast fibrosis model induced by Ang II.
2. Methods

2.1. Rapid right atrial pacing model
establishment

This study was conducted in compliance with the ARRIVE

guidelines and approved by the Laboratory Animal Ethics

Committee of the Institute of Radiation Medicine, Chinese

Academy of Medical Sciences (approval number: IRM-DWLL-

2019018).

Twelve healthy mongrel dogs of either sex weighing between 12

and 14 kg were randomly divided into two groups, a control group

(n = 6) and an AF group (n = 6) with the established rapid right

atrial pacing model. After randomization, sex and body weight

were equally distributed between the two groups by artificial

adjustment to reduce system errors. The dogs were fasted for

12 h and anesthetized with an intravenous injection of 3% (w/v)

isopentobarbital sodium (dissolved in normal saline, 30 mg/kg)

into the right upper limb. After endotracheal intubation, an

ALC-V8 animal ventilator (tidal volume 12–15 ml/kg, frequency

25 bpm; Shanghai Alcott Biotech Co., Ltd, Shanghai, China) was

connected to maintain mechanical ventilation. The dog was fixed

in the supine position on the operating table, and their

electrocardiography (ECG), blood pressure, and oxyhemoglobin

saturation were monitored using a multichannel

electrophysiological system (Shanghai Hongtong Industrial Co.

Ltd., Shanghai, China) during anesthesia before and after 14 days

of pacing. A longitudinal incision of 3 cm was made on the right

side of the middle of the trachea, a modified pacemaker electrode

(St. Jude Medical, St. Paul, MN, USA) was inserted along the

external jugular vein into the right atrium, and electrical

stimulation of 5 V and 200 bpm was applied using an

electrophysiological stimulator (Suzhou Oriental Electronic

Instrument Factory, Suzhou, China). The pacing frequency was

adjusted to 500 bpm, and the electrode was fixed when the

pacing was good. A surgical incision was made in the

interscapular region and a pacemaker pocket was buried

subcutaneously. Electrical stimulation with a pacing voltage of

5 V, pulse width of 0.2 ms, and frequency of 500 bpm was

applied continuously. The control group underwent the same

operation as described above, with pacemaker placement, but no

electrical stimulation. Aseptic procedures were strictly followed

during the operation, and antibiotics (1 g of cefuroxime sodium

dissolved in 50 ml of normal saline) were administered to each

dog by an intravenous drip three times a day for 3 days after the

operation to prevent pacemaker pocket infection.

After 14 days of pacing, the anesthetized dog was fixed on the

operating table, the pacing electrode was removed, and the

mapping electrodes (diameter:1.5 mm; distance between

poles:1.5 mm) were stitched onto the left and right atrial
frontiersin.org
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epicardia and four limbs to monitor the atrial epicardial

electrocardiography and limb-lead electrocardiography using a

multi-channel electrophysiological recorder. AF susceptibility was

assessed according to preprocedural cardiac stimulation (S1S2).

AF was induced by four times the threshold and 600 bpm rapid

stimulation for 2 min, and was regarded as successful when the

electrocardiogram sinus P wave was replaced by a rapid and

disorderly fibrillation wave and the duration of this electrical

activity disorder was more than 1 s.
2.2. Tissue preparation for sequencing

The dogs were euthanized by an intravenous injection of

overloaded 3% isopentobarbital sodium (85 mg/kg). The hearts of

the experimental dog in each group were quickly removed and

washed with pre-cooled phosphate-buffered saline (PBS) at 4°C.

The right atrium was separated and weighed. The right atria of

three dogs from each group were randomly fixed in 10% neutral

formalin for histomorphological examination. The remaining

tissue of the right atrium was placed in a cryopreservation tube

and stored at −80°C for qRT-PCR detection. The remaining

three atrial tissues of dogs were washed with pre-cooled PBS

solution at 4°C and then placed in a cryopreservation tube and

stored in the refrigerator at −80°C until the total RNA was

extracted for high-throughput sequencing.
2.3. Hematoxylin-Eosin (HE) staining and
Masson staining

HE staining and Masson staining were performed using a HE

staining kit (Solarbio, Beijing, China) and Masson staining kit

(Solarbio, Beijing, China), respectively, on the right atria fixed in

10% neutral formalin. Briefly, the atria were dehydrated using an

ethanol gradient, cleared with xylene, and embedded in paraffin.

The paraffin-embedded atria were cut into 5-µm sections and

dewaxed with xylene, hydrated with an ethanol gradient, and

stained with hematoxylin and eosin or Masson trichrome. The

sections were observed under an optical microscope (Olympus,

Tokyo, Japan) at a magnification of 200×.
2.4. High-throughput sequencing

The total RNA was isolated using Trizol Reagent (Invitrogen,

Carlsbad, CA, USA) and resuspended in sterile water for RNA

quality control. The RNA purity is suitable for sequencing when

the OD260/OD280 value ranges from 1.8 to 2.1. Ribosomal

RNAs (rRNAs) were removed using RiboZero rRNA removal kits

(Illumina, San Diego, CA, USA). A circRNA sequencing library

was constructed using the TruSeq Stranded Total RNA Library

Prep Kit (Illumina, San Diego, CA, USA). Library quality control

was performed using a BioAnalyzer 2,100 instrument. CircRNA

sequencing was performed in the two-terminal mode on an

Illumina HiSeq 4,000 sequencer (Illumina, San Diego, CA, USA).
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Q30 was the quality control standard, and Q30 > 80% indicates

good sequencing quality. Cutadapt software (version 1.9.3) was

used to remove connectors and obtain high-quality reads for

statistical analysis.

For circRNA expression profile screening, clean reads were

compared with the dog reference genome (UCSC canFam3)

using Bowtie2 software, and, under the guidance of Ensembl

Transcriptome GTF files, find_circ software (7) was used for

circRNA detection. The number of spliced reads reflects the

abundance of circRNAs. The identified circRNAs were annotated

using the circBase database (16) according to their genomic

locations. In this study, the standardized reads number was used

to screen differentially expressed circRNAs between two groups

with multiple changes of ≥2.0 and P≤ 0.05 as the threshold of

differential circRNAs. The differentially expressed circRNAs

screened from the atrial tissue were analyzed by clustering with

fragments per kilobase of exon model per million mapped

fragment values using the heatmap2 function of R. A circRNA-

miRNA-mRNA network diagram was constructed using

Cytoscape software based on the binding information available in

online databases, including TargetScan, miRNet, and ENCORI

(Starbase V3.0), and the relationship between them was visualized.
2.5. Culture of atrial fibroblasts

The myocardial tissue from the posterior wall of the right

atrium was cut into 1 × 1 × 1-cm pieces. After the residual blood

was washed with PBS, the pieces were placed in Petri dishes in

RPMI-1640 medium. The tissue was digested with 0.125%

trypsin, prepared into a suspension, and cultured in a culture

flask at 37°C. After 1.5 h of culturing, the medium was replaced

with fresh medium every other day. Cells were passaged at the

logarithmic growth stage until they reached 90% confluence. The

mixture in the culture flask was digested with 0.25% trypsin.

When the cells became spherical, PBS was added to stop the

digestion. The cell suspension was centrifuged at 1,500 rpm for

5 min, and the cell precipitate was suspended. The cells were

passaged at a ratio of 1:2 and cultured in a cell incubator. Two

to three generations of fibroblasts were used in subsequent

experiments.
2.6. In vitro Ang-II induced fibroblast
fibrosis

The fibroblasts were maintained in RPMI-1640 (supplemented

with 10% fetal bovine serum, 2 mm L-glutamine, 100 U/ml

penicillin G, and 100 µg/ml streptomycin) (Invitrogen, Carlsbad,

CA, USA) and cultured at 37°C in a humidified incubator with

5% CO2 (Thermo Fisher, Waltham, MA, USA). Fibroblasts were

seeded in a six-well plate at 5 × 104 cells/well. After 12 h of

culture, the medium was replaced with the L-15 basic medium

without serum and penicillin-streptomycin (Gibco, Carlsbad, CA,

USA). After 12 h of culture, 5.0 µmol/L angiotensin II (AngII)

(ab120183, Abcam, Waltham, MA, USA) was added to stimulate
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the fibroblasts. The cells were collected at various time points for

subsequent detection.
2.7. Cell transfection

The cells were seeded in six-well plates at a density of 2 × 106

cells/well, and basic culture medium without penicillin–

streptomycin was added to each well. When the cells grew to

about 80% confluence, 200 pmol of siRNA or 4 µg of pcDNA3.1+

plasmid (Invitrogen, Carlsbad, CA, USA) plus 10 µl of

lipofectamineTM2000 (Invitrogen, Carlsbad, CA, USA) were added

to each well. The six-well plate was placed in a cell incubator at

37°C for 6–8 h and then replaced with complete medium.

Twenty-four hours after transfection, Ang II was added and the

cells were collected after 24 h for subsequent tests.
TABLE 2 Primers used in real-time PCR.

Primer Species Sequence (5′-3′) Tm (°C)
GFI Dog F: CGTCATTAACATCGGCATTG 58.0

R: TGGTCTCCTGGGTGGTAAAG

cfa-
circ001021

Dog F: GATTATTAGGACACAACGGAGC 58.0

R: CTGGCAATAATGACTGGTTTCT

cfa-
circ002168

Dog F: ACCAACTCAGAGTGGGTAA 58.0

R: GGTCTGAATGATCTGTGGTG

cfa-
circ002203

Dog F: ATCACATGAACGTTGTCCG 58.0

R: TGATGGCAACAGCCCTAA

cfa-
circ009305

Dog F: AACCAAGTACCAAGTGAAGAC 58.0

R: CAATCATCTGTTCAGGAGTAGT
2.8. Western blot

To each well of six-well plates, 200 µl of prepared cell lysate was

added (radio immunoprecipitation assay: phenylmethanesulfonyl

fluoride = 100:1) and the plates were shaken slowly at 4°C for

30 min. Protein samples were obtained by centrifugation,

quantified using a bicinchoninic acid kit (Sigma-Aldrich,

St. Louis, MO, USA), and loaded into sodium dodecyl sulfate

polyacrylamide gel electrophoresis mixed with loading buffer.

Proteins were transferred from the gels to the polyvinylidene

fluoride (PVDF) membranes using a Bio-Rad Trans-Blot Turbo

system (Hercules, CA, USA). After transfer, the PVDF

membrane was placed in 5% defatted milk powder dissolved in

TBST-Tween-20, blocked at room temperature for 1 h, and

incubated overnight with primary antibodies. On the second day,

the rinsed PVDF membranes were immersed in the secondary

antibodies and incubated at room temperature for 1 h. Enhanced

chemiluminescence was added to the PVDF membrane and

developed and photographed using a Gel Imaging System.
TABLE 1 Primary and secondary antibodies used in western blot.

Primary antibodies Dilution Solvent
Rabbit Anti-Collagen I antibody (ab233080) 1:1,000 TBST

Rabbit Anti-Collagen III antibody (ab7778) 1:5,000 TBST

Rabbit anti-MMP2 (ab97779) 1:2,000 TBST

Rabbit anti-MMP9 (ab219372) 1:1,000 TBST

Goat anti-α-SMA (ab21027) 1:1,000 TBST

Rabbit anti-TIMP1 (ab216432) 1:1,000 TBST

Rabbit anti-POSTN (ab92460) 1:1,000 TBST

Rabbit anti-Bax (ab104156) 1:1,000 TBST

Mouse anti-Bcl2 (ab692) 1:1,000 TBST

Rabbit anti-Caspase3 (ab13874) 1:500 TBST

Mouse anti-β-actin (ab8226) 1:5,000 TBST

Secondary antibodies Dilution Solvent
Goat anti-rabbit IgG-HRP (ab7090) 1:5,000 TBST

Goat anti-mouse IgG-HRP (ab97040) 1:5,000 TBST

Donkey anti-goat IgG-HRP (ab7125) 1:5,000 TBST
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Detailed information on the primary and secondary antibodies is

provided in Table 1.
2.9. qRT-PCR

To each well of six-well plates, 1 ml of Trizol reagent

(Invitrogen, Carlsbad, CA, USA) was added and lysed for

30 min. Extracted RNA samples were dissolved in sterile water.

RNA purity was detected using a NanoDrop ND-2000

instrument, and the OD260/OD280 value ranged from 1.8 to 2.1,

indicating that the purity of the RNA was sufficient. RNA was

reverse-transcribed into cDNA using a FastQuant RT Kit (with

gDNase) (KR106, Tiangen, Beijing, China). The cDNA product

served as a template for the PCR using the SYBR Premix Ex Taq

II kit (Takara, Kyoto, Japan) on an Applied BiosystemsTM 7,500

Fast Dx Real-Time PCR (Thermo Fisher, Waltham, MA, USA).

The primer sequences are listed in Table 2.
2.10. Cell scratch test

One day before transfection, cells were seeded into six-well

plates at a density of 2 × 106 cells/well and transfected with

siRNA or an overexpressed plasmid when the cell density
Collagen I Dog F: TTCAGCTTTGTGGACCTCCG 60.0

R: GGGTTTCCATACGTCTCGGT

Collagen III Dog F: GTATGAAAGGACATAGAGGCTTTGA 59.0

R: ACGAGCACCATCGTTACCTC

MMP2 Dog F: GTGCTCCACCACCTACAACT 60.0

R: TGGAAGCGGAACGGGAACT

MMP9 Dog F: TCGACGTGAAGACGCAGAC 60.0

R: TCACACGCCAGTAGAAGCG

α-SMA Dog F: GAATGCTACCACAGCCCTGA 59.0

R: CCACAACGCAGGTTTCTCTC

TIMP1 Dog ACTTGCACAGGTCCCAGA 58.0

GGGATGGATGAACAGGTAAACA

POSTN Dog TCTCTACTCTTGCTGGTTGTTGT 58.0

TTTCCTTCCACAGATGGCAC

Bax Dog GTGAGGTCTTCTTCCGAGTGG 60.0

TCCAGTGTCCAGCCCATGA

Bcl2 Dog TCATGTGTGTGGAGAGCGTC 60.0

TCAAACAGAGGCTGCATGGT

Caspase3 Dog CCTGCCGAGGTACAGAACT 59.0

GCGTATAGTTTCAGCATCGCAC
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reached approximately 80% influence. After culturing for another

24 h, the cells were scratched in a straight line at an angle

perpendicular to the bottom of the culture plate. PBS preheated

at 37°C was used to infiltrate the plate and remove the cell debris

floating on the cell surface, and the cells were then placed under

a microscope to record the size of the scratch space by

photography. The basic medium was replaced with Ang II

medium. The cells were cultured at 37°C for 24 h. The migration

of cells in each well was photographed. At least three images

were taken for each group of cells, and “Image-Pro Plus 6.0”

software was used to calculate the scratch area and perform

statistical analysis.
2.11. Immunofluorescence staining

The cells were seeded in glass dishes and transfected with

siRNA or an overexpressed plasmid when the cell density

reached approximately 80%influence. After culturing for another

48 h, the cells were washed with PBS, fixed with pre-cooled

methyl alcohol for 10 min, and treated with 0.5% Triton X-100

for 20 min. Cells were blocked with goat serum for 30 min and

incubated with primary antibody and Alexa Fluor®647-labeled

IgG(H + L)/fluorescein isothiocyanates (FITCs) (Beyotime,

Shanghai, China). The cells were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, Beyotime, Shanghai, China).

Fluorescent staining was performed and images were captured

using a confocal microscope (Leica, Wetzlar, Germany).
2.12. Cell apoptosis

The fibroblasts were digested with trypsin and centrifuged at

3,000 rpm for 10 min. After adding pre-cooled PBS to the

supernatant, the cells were centrifuged again at 1,000 rpm for
FIGURE 1

Establishment of a rapid atrial pacing model in dogs. (A) HE staining of the rig
disordered atrial myocytes, abnormal cell morphology, and increased interc
the right atria from control and pacing group dogs. Collagen volume fractio
and comparisons between groups are performed using the independent sam
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10 min. Then, binding buffer, Annexin V-FITC, and 7-

Aminoactinomycin D were added to an Annexin V-FITC

Apoptosis Detection Kit (BD Sciences, Franklin Lake, NJ, USA)

in sequence and placed in the dark for 30 min at 4°C. Cell

apoptosis was assessed within 1 h using a flow cytometer (BD

FACSverse, BD Sciences, Franklin Lake, NJ, USA).
2.13. Statistical analysis

Statistical analysis was performed using SPSS 22.0 and

GraphPad Prism (version 6.0; Boston, MA, USA), and Adobe

Photoshop CS5 (San Jose, CA, USA) was used for plotting.

Measurement data were expressed as the mean ± standard

deviation, and comparisons between groups were performed

using the independent samples t-test. P < 0.05 indicates a

statistically significant difference.
3. Results

3.1. Establishment of rapid atrial pacing
model

ECG showed that the sinus P waves disappeared and were

replaced by fibrillation waves with varying amplitudes and

frequencies (Supplementary Figure S1). In addition, HE staining

revealed obvious myocardial fractures, disordered atrial myocytes,

abnormal cell morphology, and increased intercellular spacing in

the pacing group (Figure 1A). Masson staining indicated clear

blue collagen deposition in the atrial myocyte space of the pacing

group. The collagen volume fraction was significantly higher in

the pacing group than that in the control group (P < 0.05;

Figure 1B). These results indicate the successful establishment of

a rapid atrial pacing model.
ht atria from control and pacing group dogs. Clear myocardial fractures,
ellular space in the pacing group were observed. (B) Masson staining of
n was calculated. Data are expressed as the mean ± standard deviation,
ples t-test. n= 6, * indicates P < 0.05.

frontiersin.org

https://doi.org/10.3389/fcvm.2023.1110707
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Shangguan et al. 10.3389/fcvm.2023.1110707
3.2. CircRNA expression profiles in the right
atria of the rapid atrial pacing model

A total of 15,990 circRNAs were detected using high-

throughput sequencing. According to the positions of the

adjacent coding RNAs, the circRNAs obtained by sequencing

could be roughly classified into five categories: exon circRNAs

(11,060, 69%), justice overlap circRNAs (3,025, 19%), intergenic

circRNAs (720, 5%), antisense circRNAs (673, 4%), and intron

circRNAs (512, 3%) (Figure 2A). 15,990 circRNAs are widely

distributed in all chromosomes including the mitochondrial

genome (Figure 2B). The length of the circRNA exons ranged

from 79 to 99,731 nucleotides, and that of most circRNAs (89%)

ranged from 200 to 2,000 nucleotides. Only 1% of the circRNAs

had lengths of over 5,000 nucleotides (Figure 2C). The analysis

of different circRNA expression profiles showed 146 differentially

expressed circRNAs in the pacing group compared with the

control group, including 106 upregulated and 40 downregulated

circRNAs (Figure 2D). Heatmap analysis showed that the 146

differentially expressed circRNAs could distinguish the samples
FIGURE 2

CircRNA expression profiles detected by high-throughput sequencing. (A) Num
the chromosome. (C) Number of exon circRNAs at each length interval. (D
upregulated circRNAs; blue plot represented downregulated circRNAs). (E) H
in the ceRNA network are indicated.
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in the control and pacing groups, suggesting the reliability of the

differentially expressed circRNAs (Figure 2E).
3.3. Prediction of circRNA-miRNA-mRNA
interactions

We selected inflammation-related mRNAs from the literature

(17–19) and constructed a ceRNA network between the top-25

differentially expressed circRNAs and inflammation-related

mRNAs. Based on the abundance of binding miRNAs, free energy

level, and size of the ceRNA score, several circRNAs with

significant binding abilities were selected as representatives to draw

the network diagram (Figure 3A), where a single circRNA

interacted with different miRNAs in a family and different

circRNAs also acted on the same miRNA (Figure 3A). qRT-PCR

verification of the expression levels of the four circRNAs in the

ceRNA network showed that, compared with the control group,

the expression levels of three circRNAs were significantly

upregulated in the pacing group (Figure 3B), including
ber of circRNAs in the five classifications. (B) Distribution of circRNAs on
) Volcano plot of differentially expressed circRNAs (red plot represents
eatmaps of the 146 differentially expressed circRNAs. The four circRNAs
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FIGURE 3

Prediction of circRNA-miRNA-mRNA interactions. (A) CeRNA network of circRNA-miRNA-mRNA. (B) Validation of four circRNAs in the ceRNA network by
qRT-PCR. Compared with the control group, the expression levels of three circRNAs were significantly up-regulated in the pacing group. All experiments
were conducted in triplicate. Data are expressed as the mean ± standard deviation, and comparisons between groups are performed using the
independent samples t-test. n= 6, *P < 0.05.
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cfa-circ002203, cfa-circ002168, and cfa-circ001021. Cfa-circ002203,

with the highest fold change, was selected to explore whether it was

associated with fibrosis in atrial fibroblasts induced by Ang II in vitro.
3.4. Validation of cfa-circ002203 silenced
and overexpressed cell line construction in
Ang II-induced fibrosis

Atrial fibroblasts may play a key role in myocardial fibrosis, and

their proliferation leads to collagen remodeling. Therefore, we

examined the effect of cfa-circ002203 on atrial fibroblasts. In Ang

II-treated fibroblasts, the expression of cfa-circ002203 was

significantly upregulated at time dependent manner (Figure 4A).

Atrial fibroblasts with cfa-circ002203 silencing or overexpression

were generated and verified by qRT-PCR. Among the three

siRNAs of cfa-circ002203, si-cfa-circ002203-3 had the best silencing

effect, with a 90% reduction (Figure 4B). The transfection of the

cfa-circ002203-pcDNA3.1+ plasmid into atrial myofibroblasts

significantly upregulated the cfa-circ002203 level (Figure 4C).
FIGURE 4

Cfa-circ002203 expression in atrial fibroblasts after cfa-circ002203
silencing or overexpression vector transfection. (A) Expression of cfa-
circ002203 detected by qRT-PCR was significantly increased after
AngII treatment with a time-dependent manner. (B) qRT-PCR showing
that the cfa-circ002203 expression levels were significantly decreased
after 48 h transfection of three siRNAs. (C) qRT-PCR showing that the
cfa-circ002203 expression level was significantly increased after 48 h
of pc-circRNA vector transfection. All experiments were conducted in
triplicate. *P < 0.05.
3.5. Cfa-circ002203 promoted the
expression of inflammatory factors in atrial
fibroblasts

We collected supernatants of atrial fibroblasts transfected with

si-cfa-circ002203 and overexpression vector, and then detected the

changes in the proinflammatory factors interleukin (IL)-6, tumor

necrosis factor (TNF)-α, monocyte chemoattractant protein-1

(MCP-1), and IL-1β. The results showed that the levels of IL-6,

TNF-α, MCP-1, and IL-1β decreased significantly after

transfection with si-cfa-circ002203 (Figures 5A–D), while they

increased significantly after transfection with cfa-circ002203

overexpression vector (Figures 5A–D), indicating that cfa-

circ002203 affected the secretion of inflammatory factors in

myofibroblasts fibrosis induced by Ang II.
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3.6. Cfa-circ002203 promoted fibroblast
fibrosis and inhibited apoptosis

In fibroblast fibrosis induced by Ang II, we detected cells using a

confocal laser microscope and found that the expression of α-SMA

decreased significantly after the cells were transfected with si-cfa-

circ002203, while it was significantly upregulated after transfection

with the cfa-circ002203 overexpression vector (Figure 6).
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FIGURE 5

Expression levels of IL-6 (A), TNF-α (B), IL-1β (C), and MCP-1 (D) measured by ELISA after the silencing and overexpression of cfa-circ002203 in atrial
fibroblasts. Compared with si-circRNA NC (negative control), the expression levels of IL-6, TNF-α, IL-1β, and MCP-1 were significantly decreased,
while their levels were significantly increased after transfecting pc-circRNA compared with the empty vector, pcDNA3.1+. pm/ml, pmol/ml. *P < 0.05.
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Western blotting and qRT-PCR were used to detect the expression

of the fibrosis indicators collagen I, collagen III, MMP2, MMP9,

α-SMA, TIMP1 and POSTN as well as the apoptosis factors Bax,

Bcl-2, and Caspase 3. The results showed that the expression of

fibrosis indicators was significantly decreased after transfection with

si-cfa-circ002203 compared with that in the control (Figures 7A,B,D)

and was significantly upregulated after transfection with the si-cfa-

circ002203 overexpression vector (Figures 7A,C,E). These results

suggest that cfa-circ002203 might be important in promoting the

differentiation of fibroblasts into myofibroblasts. In addition, the

expression of Bax and Caspase3 was significantly upregulated after

transfection with si-cfa-circ002203 compared with that in the control

group (Figures 7A,B,D), while it was significantly decreased when

cfa-circ002203 was overexpressed (Figures 7A,C,E). The expression

of Bcl-2 showed the opposite trend. These results suggest that

cfa-circ002203 represses fibroblast apoptosis.
3.7. Effects of cfa-circ002203 on the
proliferation and migration of fibroblasts

A cell scratch assay was performed to detect fibroblast

migration after the silencing and overexpression of cfa-

circ002203, and the CCK8 assay was used to detect fibroblast

proliferation. The results showed that, 24 h after the cell
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scratching experiment, the mobility of the si-cfa-circ002203

group was lower than that of the si-cfa-circ002203 NC (negative

control) group and increased after the overexpression of cfa-

circ002203 (Figures 8A,B). The CCK8 results showed that,

compared with the NC group, the proliferative ability of

fibroblasts was weakened after transfection with si-cfa-circ002203,

and the proliferative ability of cfa-circ002203-overexpressed

fibroblasts was significantly increased (Figure 8C).
3.8. Effects of cfa-circ002203 on fibroblast
apoptosis

Fibroblasts were stained with Annexin V/PI, and cell apoptosis

was measured by flow cytometry. Compared with the control

group, si-cfa-circ002203 increased the number of late apoptotic

cells in Q2 and decreased the number of living cells in Q1 (P <

0.05). In contrast, the overexpression of cfa-circ002203 inhibited

fibroblast apoptosis (P < 0.05; Figure 9).
4. Discussion

The regulatory and functional roles of circRNAs in the

progression of heart disease have been proposed (8, 20) and their
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FIGURE 6

Immunofluorescence staining of α-SMA expression in atrial fibroblasts transfected with si-cfa-circ002203 or overexpression vector. α-SMA was labelled
with Alexa Fluor®647-labeled IgG(H + L)/FITCs and cell nuclei were stained with DAPI. All experiments were conducted in triplicate. Scale bar, 20 µm. Data
are expressed as the mean ± standard deviation, and comparisons between groups are performed using the independent samples t-test. ***P < 0.001.
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regulatory role in AF-induced fibrosis is the focus of the present

study. This is the first study to demonstrate that cfa-circ002203

plays an important role in AF-induced atrial fibrosis and is

critical for the progression of atrial fibroblast inflammation and

fibrosis.

Fibrosis is part of the pathological remodeling of atrial tissue

and clinical cardiac disease. Although corresponding treatments

have been adopted according to the different mechanisms of AF,

there is currently no effective treatment for atrial fibrosis, and

the prevention and reversal of atrial fibrosis is still a major

problem in medicine (6). CircRNA is a potential target for

preventing or even reversing the progression of tissue fibrosis,

because previous studies have reported the role of circRNAs in

inhibiting myocardial fibrosis. For instance, circRNA_000203

regulates the expression of fibrosis-associated genes in cardiac

fibroblasts (21). circHIPK3 and mmu_circ_0005019 prevent the

proliferation and migration of cardiac fibroblasts (11, 22). These
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data reveal the function of circRNAs in influencing the

expression of fibroblast-related genes and the phenotypic change

from fibroblasts to fibrotic phenotypes. In our experiments using

high-throughput sequencing of fibrotic atrial tissue in an AF dog

model, we found that 15,990 circRNAs were widely distributed in

all chromosomes, and 146 circRNAs were dysregulated in AF-

induced fibrosis, indicating the potential of circRNAs to

participate in AF and AF-induced myocardial fibrosis.

Although circRNAs have been suggested to perform various

biological functions, such as acting as miRNAs or protein

inhibitors (“sponges”), regulating protein functions, or self-

translation (23), their regulatory networks with miRNAs and

mRNAs are widely accepted to play key roles in disease

progression, including cancer and immune system, metabolic,

and endocrine diseases (24–27). This also applies to the

molecular mechanisms underlying cardiovascular diseases

(28, 29). Based on the circRNA-miRNA-mRNA network, we
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FIGURE 7

Protein and mRNA expression levels of fibrosis- and apoptosis-associated proteins in atrial fibroblasts transfected with cfa-circ002203 silencing or
overexpression vectors. (A) Representative western blotting images. (B,C) Relative expression of proteins calculated from three independent samples
in cfa-circ002203-silencing and cfa-circ002203-overexpressing cells. (D,E) Relative expression of fibrosis- and apoptosis-associated genes detected
by qRT-PCR. Data are expressed as the mean ± standard deviation, and comparisons between groups are performed using the independent samples
t-test. n= 3, *P < 0.05.
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screened circRNAs that might have affected the expression of atrial

fibrosis-related mRNA and verified them in the atrial tissues of the

AF dog model. Finally, cfa-circ002203 was selected as a candidate

gene for the further analysis of the involvement of circRNAs in

fibroblast fibrosis. Cfa-circ002203 is located on chr20:33297388–

33298499+ in the dog genome, and its function has not yet been

elucidated. Therefore, we investigated the role of cfa-circ002203

in Ang II-induced fibrosis.

First, cfa-circ002203 is thought to be associated with fibroblast

inflammation, which is an important factor in the occurrence,

maintenance, and recurrence of AF (30). In atrial tissue from patients

with AF, there was a significant, positive correlation between the

serum proinflammatory cytokine TNF-α and IL-6 levels and the

collagen volume fraction (31). Fibrosis is a pathological process of AF

substrate formation and is affected by inflammation (32). Our data

showed that the Ang-II-induced expressions of proinflammatory
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cytokines IL-6, TNF-α, IL-1β, and chemokine MCP-1 in fibroblasts

changed, along with cfa-circ002203 silencing and overexpression. This

led to the interesting speculation that cfa-circ002203 is an active

regulator of the inflammatory activation of fibroblasts.

Atrial fibrosis entailing fibrous collagen types I and III is a

typical characteristic of AF. Collagen is a relatively hard material

with high tensile strength, and even small changes in its quality,

indicated by its concentration, proportion, and degree of

crosslinking, have been proven to significantly affect cardiac

functional properties, resulting in diastolic and contractile

properties (33). Our results showed that the expression of

collagen types I and III significantly decreased in the cfa-

circ002203-silenced fibroblasts, and were up-regulated in cfa-

circ002203-overexpressed fibroblasts. Furthermore, we examined

the expression of MMP-2 and MMP-9, proteins in fibrotic

fibroblasts that are essential for normal and pathological tissue
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FIGURE 8

Effects of cfa-circ002203 on the proliferation and migration of fibroblasts. (A,B) The cell scratch assay was used to detect the migration of fibroblasts after
silencing and overexpressing cfa-circ002203. The red lines depict the edges of cells. The mobility of the si-cfa-circ002203 group was lower than that of
the si-cfa-circ002203 NC group and increased after the overexpression of cfa-circ002203. (C) CCK8 was used to detect the proliferation of fibroblasts.
All experiments were conducted in triplicate. *P < 0.05. Compared with the NC group, the proliferation ability of fibroblasts was weakened after
transfecting with si-cfa-circ002203, and the proliferation ability of cfa-circ002203-overexpressing fibroblasts was significantly increased.
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remodeling, by controlling the degree of ECM remodeling (34).

Our data showed that the silencing or overexpression of cfa-

circ002203 promoted the downregulation and upregulation of

MMP-2 and MMP-9 expression, respectively. It Cfa-circ002203

appears to function in the ECM remodeling of fibroblasts.

Additionally, we verified the role of cfa-circ002203 in the

transformation of fibroblasts into activated myofibroblasts. The

transformation from fibroblasts to myofibroblasts occurs during the

late proliferative stage and is characterized by the expression of SMA

(35). Our data suggest that α-SMA expression and cell migration

induced by Ang II changed with the silencing or overexpression of

cfa-circ002203. Collectively, cfa-circ002203 exerts an active function

on the expression levels of the remarkable proteins of fibrotic

fibroblasts, including collagen I, collagen III, MMP2, MMP9, and α-

SMA, and is considered as a promotor of the fibrosis of fibroblasts.

We also examined the effect of cfa-circ002203 on apoptosis.

Western blotting showed that the expression of Bax and

Caspase3 was significantly upregulated after transfection with

si-cfa-circ002203, whereas it was significantly decreased when

cfa-circ002203 was overexpressed compared with the control
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group. The expression of Bcl-2 showed the opposite trend. In

addition, flow cytometry showed that the overexpression of

cfa-circ002203 decreased the number of late apoptotic cells in Q2

and increased the number of living cells in Q1 compared with

the control group (P < 0.05). AF may result in cardiac apoptosis

by downregulating protective mechanisms and activating

proapoptotic pathways. Xu et al. identified increased levels of

BAX and lower levels of BCL-2 in AF and determined that the

protein expression of BAX and BCL-2 was correlated with the

frequency of apoptosis in AF (36). These results suggest that

cfa-circ002203 promotes the apoptosis of fibroblasts and may

serve as a target for the treatment of AF.

This study had some limitations. First, the role of cfa-

circ002203 on cell proliferation was not checked by EDU

incorporation assay. Second, the expression of circRNA_002203

over the timecourse of the proliferation assay should also be

checked. Therefore, further research is required to investigate the

role of circ002203 in fibrosis.

In summary, the results of the present study suggest that several

circRNAs exhibit aberrant expression patterns in canine AF-induced
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FIGURE 9

Effects of cfa-circ002203 on fibroblast apoptosis detected by flow cytometry. (A) Representative picture of fibroblast apoptosis detected by flow
cytometry. (B) Quantitative analysis of apoptotic cells in each group. All experiments were conducted in triplicate. Compared with the control group,
si-cfa-circ002203 increased the number of late apoptotic cells in Q2 and decreased the number of living cells in Q1. In contrast, the overexpression
of cfa-circ002203 inhibited fibroblast apoptosis. *P < 0.05.
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fibrosis. Among these circRNAs, cfa-circ002203 was closely

associated with fibrosis, inflammatory activation, and fibroblast

apoptosis. The findings of this study strengthen the role of

circRNAs in AF-induced fibrosis in dogs and provide a perspective

on the disease mechanisms and therapeutic targets for AF.
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Atrioventricular nodal reentry
tachycardia treatment using
CARTO 3 V7 activation mapping:
a new era of slow pathway
radiofrequency ablation is
under coming
Enrico Chieffo1*, Sabato D’Amore1, Valentina De Regibus1,
Cinzia Dossena1, Laura Frigerio1, Erika Taravelli2,
Carolina Ferrazzano3, Pasquale De Iuliis3, Michele Cacucci1

and Maurizio E. Landolina1

1Department of Cardiology, ASST Ospedale Maggiore, Crema, Italy, 2Department of Cardiology, S. Croce e
Carle Hospital, Cuneo, Italy, 3Biosense Webster, Johnson & Johnson Medical S.p.A., Pomezia, Italy

Background: Slow pathway (SP) ablation is the cornerstone for atrioventricular
nodal reentry tachycardia (AVNRT) treatment, and a low-voltage bridge offers a
good target during mapping using low x-ray exposure. We aimed to assess a
new tool to identify SP by activation mapping using the last CARTO3® version,
i.e., CARTO PRIME® V7 (Biosense Webster, Diamond Bar, CA, USA)
Methods and results: Rightatrial septumand triangleofKoch3D-activationmapwere
obtained from intracardiac contactmapping during low x-ray CARTO 3® procedure. In
60 patients (mean age 60.3 ± 14.7, 61% females) undergoing ablation for AVNRT, an
automatic activation map using a DECANAV® mapping catheter and CARTO®

ConfidenseTM, Coherent, and FAM DX software modules were obtained. The SP was
identified in all patients as the latest atrioventricular node activation area; RF catheter
ablation (RFCA) in that region elicited junctional beats. The mean procedural time
was 150.3 ± 48.3 min, the mean fluoroscopy time exposure was 2.9 ± 2 min, the
mean dose-area product (DAP) was 16.5 ± 2.7 cGy/cm2. The mean number of RF
applications was 3.9 ± 2, the mean ablation index was 428.6 ± 96.6, and the mean
contact force was 8± 2.8 g. There were no adverse event during the procedure, and
no AVNRT recurrences occurred during a mean follow-up of 14.3 ± 8.3 months.
Conclusion: Ablation of the SP by automatic mapping using ConfidenseTM, Coherent,
and FAMDX softwaremodules is an innovative, safe, and effective approach to AVNRT
ablation. TheCARTO3®V7 systemshowsona3Dmap the latest AVnodeactivationarea
during sinus rhythm allowing low fluoroscopy time and highly effective RFCA.

KEYWORDS

slow pathway, atrioventricular nodal reentry tachycardia, RF ablation, CARTO 3 version 7,

activation map, Confidense module

Introduction

Atrioventricular nodal reentry tachycardia (AVNRT) is the most common

supraventricular tachycardia in clinical practice (1), and catheter ablation is the treatment

of choice for symptomatic patients (2) improving quality of life. The success rate is high

(91%–99% of patients) and recurrences are seen in 5%–9%, considering both
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radiofrequency (RF) and cryogenic application, and AV block is a

rare complication (about 1% of the patients) (3, 4). The slow

pathway (SP), generally located in the lower one-third of the

Koch triangle in the postero-septal region anterior to the ostium

of the coronary sinus (CS), is targeted during ablation using

either RF energy or cryoablation, with the aim of rendering the

tachycardia not inducible at the end of procedure. During

effective ablation, RF energy elicits junctional beats whereas

cryoenergy results in non-inducibility with or without echo beats

during freezing. Recently, non-fluoroscopic 3D mapping has been

used to identify in the postero-septal region a low-voltage bridge

as a new target for SP ablation, especially in children (5). The

objective of our study was to assess, in a consecutive adult

population undergoing SP ablation, how to identify SP location

by activation mapping using the last CARTO 3 version, i.e.,

CARTO PRIME V7 (Biosense Webster, Diamond Bar, CA, USA)

(6). The study also aimed to evaluate whether this technique may

have an impact on the complexity of the procedure, on the

success rate, and on the risk of complications.
Methods

We performed a single-center prospective observational study

in 60 consecutive patients (females 61%, mean age 60.3 ± 14.7

years) who underwent catheter ablation for AVNRT between

May 2020 and November 2021. All patients had structural

normal heart confirmed by echocardiogram. The study was in

accordance with the guiding principles of the Declaration of

Helsinki; written informed consent was obtained prior to the

ablation procedure. Each patient provided informed consent for

data collection and analysis.
Electrophysiological study

In all patients, a low x-ray exposure protocol was applied during

the Electrophysiological study (EP). The procedure was performed

in conscious sedation without general anesthesia. Antiarrhythmic

drugs were discontinued for at least five half-lives before the

procedure. A quadripolar 2-5-2 mm and a decapolar 2-8-2 mm

(DECANAV®, Biosense Webster, CA, USA) catheters were inserted

into the left femoral vein and positioned at the His bundle area and

in the coronary sinus, respectively, after fast anatomical mapping

(FAM) reconstruction. A SMARTTOUCH 4 mm ablation catheter

(Biosense Webster©, Inc., Irvine, CA, USA) was inserted into right

femoral vein and positioned in the right ventricle (RV) without

x-ray exposure. Incremental atrial pacing and programmed atrial or

ventricular stimulation were delivered to induce supraventricular

tachycardia: the same stimulation protocol was repeated under

isoproterenol infusion (0.01–0.04 μg/kg/min) in case of non-

induction in baseline condition. An atrial-His jump was considered

diagnostic of dual AV node physiology if a sudden prolongation of

AH interval by 50 ms was documented following a shortening of

the coupling interval of the atrial extrastimulus by 10 ms. During

tachycardia, RV reset and entrainment maneuvers were delivered to
Frontiers in Cardiovascular Medicine 02163
exclude accessory pathway/atrial tachycardia and to confirm

AVNRT. During sinus rhythm para-Hisian pacing was performed

to exclude concealed antero-septal accessory pathway. Typical

(slow–fast) AVNRT was defined by an atrial-His/His-atrial ratio

(AH/HA) >1 and HA interval ≤70 ms; atypical AVNRT (slow–slow

and fast–slow) was defined by a delayed retrograde atrial activation

HA> 70 ms (2, 7). In the absence of inducible tachycardia, the

evidence of an AH jump with an echo beat together with previous

electrocardiographic records of a narrow complex tachycardia

consistent with AVNRT were considered reasonable features

suggestive of this tachycardia.
CARTO 3 mapping

Using the DECANAV catheter and the FAM DX© module

(Biosense Webster©, Inc., Irvine, CA, USA), FAM of the right

atrium, coronary sinus, and Koch triangle were performed and a

voltage gradient and late activation time (LAT) maps were

created during sinus rhythm generating a 3D color endocardial

gradient map. After FAM reconstruction, quadripolar and

decapolar catheters were positioned, respectively, on the His

bundle and in the coronary sinus without fluoroscopy exposure.

Using Confidense and Coherent© modules, a window of interest

(WOI) from −300 to −80 ms before the P wave onset was set.

Tissue proximity, LAT stability (5), and cycle length range

(925–1,100 ms) were activated too. His potential was accurately

marked on the map but excluded during LAT acquisition. The

latest atrial activation in correspondence with the Koch triangle

at the LAT map was considered a marker of the SP position and

was used as a target for ablation (Figure 1). A low-voltage bridge

was defined from the voltage gradient map as previously

described by Drago et al. (5, 8).
Ablation procedure

Once the diagnosis of AVNRT was established, the ablation

catheter was moved from RV to Koch Triangle. In

correspondence of Koch triangle’s latest activation area identified

with the techniques described above (Figure 1), a “hump and

spike” signal (9, 10) was recorded during sinus rhythm, and the

maximum local atrial-His delay (ms) and the local distance

(mm) from the His bundle were evaluated (Figure 2). RF energy

[power 30 W, not irrigated tip, temperature setting of 55°C,

minimum contact force (CF) 5 g, up to 60 s] was delivered in

correspondence to the latest activation area to obtain junctional

beats with 1:1 retrograde ventriculo-atrial (VA) conduction. In

case of absence of VA retrograde conduction during junctional

rhythm, RF delivery was immediately interrupted. Once

junctional rhythm with VA conduction was recorded, energy

delivery was continued up to 60 s or until junctional rhythm

cessation. Following ablation, arrhythmia induction at baseline

and under isoproterenol infusion was attempted. End points for

ablation success were non-inducibility of AVNRT and

elimination of atrial-His jump; in case of modulation of slow
frontiersin.org
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FIGURE 1

CARTO 3 PRIME V7 atrial and Koch’s triangle activation during sinus rhythm in LAO view. (A–D) Progressive activation of Koch’s triangle: slow pathway is
located at the area of latest activation (purple area in D).
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pathway, single atrial-His jump eventually followed by single

reentry was tolerated without tachycardia induction (6).
Follow-up

After successful ablation, patients were discharged within 24 h on

aspirin and no antiarrhythmic drugs. All patients were followed up

for at least 12 months; follow-up visit and 24 h ECG Holter were

programmed at 3 and 12 months. No patients were lost to follow-up.

Documentation of AVNRT at 12 lead ECG or 24 h ECG Holter or

emergency room admission for symptoms compatible with

supraventricular tachycardia were considered arrhythmia recurrences.
Statistical analysis

Descriptive statistics (mean ± SD, counts and percentages) were

used to summarize the data. A two-sample Student’s t-test were
Frontiers in Cardiovascular Medicine 03164
used to compare distance (mm) from ablation point to His

potential between subgroups of patient (<75 and ≥75 years).

Receiver operating characteristic (ROC) curve analysis was

performed to identify the optimal cut-off of the ablation index

(AI) and CF for predicting effective radiofrequency ablation.
Results

The results are reported in Table 1. All patient enrolled in our

study underwent electrophysiological study and ablation

procedure. No major complications occurred during and after

the procedure. Procedural success rate was 100%, and there were

no tachycardia recurrences during a mean follow of 14.3 ± 8.3

months. No acute or late AV block was documented. Slow–fast

AVNRT was induced in 58 (96%) patient, slow–slow AVNRT

was documented in 1 (2%) patient, and a fast–slow tachycardia

was found in 1 (2%). A residual SP function with an echo beat
frontiersin.org
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FIGURE 2

An example of AH measurement on His catheter and at the ablation site
during slow pathway ablation: the difference represents delay of the
local atriogram to His atriogram (40 ms in this case).

TABLE 1 Demographic and procedural characteristics of the overall
population.

Overall population
Age (years) 60.3 ± 14.7

Sex (M/F, %) 39/61

Symptomatic (%) 100

Access to ER (%) 46.6

Tachycardia CL (ms) 375 ± 65.1

AVNRT
Slow–fast (%) 96

Fast–slow (%) 2

Slow–slow (%) 2

Slow pathway
Ablation (%) 60

Modulation (%) 40

Cardiomyopathy (%) 1.5

Fluoroscopy time (min) 2.9 ± 2

Radiofrequency total time (s) 200 ± 121

Procedural time (min) 150.3 ± 48.3

DAP (cGy/cm2) 16.5 ± 2.7

RF applications 3.9 ± 2

Follow-up (months) 14.3 ± 8.3

Acute procedural success (%) 100

Arrhythmic recurrences at follow-up (%)
3 months 0

12 months 0

AV block (%)
Acute 0

Late 0

AH–His cath (ms) 96.3 ± 27

AH (abl site) (ms) 52.3 ± 20

AI (ablation site) 428.6 ± 96.6

CF (g) 8 ± 2.8

Distance Abl site–His bundle (mm) 18.6 ± 4.5

DAP, dose-area product; AI, ablation index; CF, contact force.

Chieffo et al. 10.3389/fcvm.2023.1144988
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was remained at 40% of clinical cases (24 patients) after RF

application: no AVNRT recurrences were reported at clinical

follow-up. The mean procedural time was 150.3 ± 48.3 min, the

mean fluoroscopy time exposure was 2.9 ± 2 min, and the mean

dose-area product (DAP) 16.5 ± 2.7 cGy/cm2. The mean number

of RF applications was 3.9 ± 2, the mean ablation index was

428.6 ± 96.6, and the mean contact force was 8 ± 2.8 g.

Distance from the ablation site to the His bundle was 18.6 ±

4.5 mm, and no significant differences were found between

young and old patients (p = 0.64), after dividing our population

into two groups and considering 75 years elderly threshold.

Delay of the local atriogram to His atriogram was 44 ± 7 ms

(Table 1). Ablation points were located at the postero-septal area

(88%), at medio-septal area (6%), and at coronary sinus ostium

(6%). No ablation site was located inside the coronary sinus, at

the antero-septal region or at the postero-septal aspect of the

mitral valve. We found that A/V ratio at the target point was 1/2

in all our procedure (Figure 2). Furthermore, ROC curves were

created to identify the cut-off value for AI (>380, AUC: 0.90,

p < 0,001, sensitivity 90.2, specificity 88.2) and for CF (>6 g,

AUC: 0.69, p = 0.04, sensitivity 73.5, specificity 57.1) (Figure 3).
Discussion

In 60 consecutive patients, undergoing EP study and

catheter ablation for AVNRT, was used a new mapping tool

by Biosense CARTO 3® PRIME® V7 system including

Confidense, Coherent, and FAM DX modules. The reduction of

radiological exposure in the electrophysiology lab has become a

decisive point for everyday activity due to the stochastic and

deterministic effects that x-rays could have on our patient’s

health (11). For this reason, our ablation technique was different

from the conventional one: we used the latest technological

innovations by Biosense CARTO 3 to reduce radiological

exposure and cancer risk without reducing the effectiveness of

ablation (absence of recurrences) or increasing procedure-related

complications. As described by Mascia and Giaccardi (12),

electrophysiologists should ensure that x-ray exposure is low as

reasonably achievable without sacrificing quality of care: zero and

near-zero fluoroscopic approaches represent a milestone for

cancer prevention in ablation procedure. For these reasons, we

used the Confidense, Coherent, and FAM DX modules that

allowed a high-definition mapping as well as an accurate

selection of electrical activation points under low radiological

exposure. In particular, using DECANAV® catheters and

CARTO® 3 FAM DX software, we performed a fast

electroanatomical reconstruction and activation map of the right

atrium/Koch’s triangle/tricuspid valve in sinus rhythm by

creating a high-density mapping points without using an ablator

catheter. The CARTO® 3 Confidence Module allowed us to

collect a large number of atriograms by selecting them and

discarding points not pertinent to the ongoing reconstruction.

CARTO® 3 Coherent Module integrated vector and velocity

information to every electroanatomical point in a vector map

allowing us to identify easily the ablation site.
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FIGURE 3

ROC curve analysis was performed to identify the optimal cut-off of the AI and CF for predicting effective radiofrequency ablation.
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These new CARTO® 3 system technologies may offer a fast

method to evaluate Koch’s triangle activation and to perform

AVNRT ablation. All atriograms were annotated excluding the

His bundle signal to create an annotation map of the right

atrium, in particular, of Koch’s triangle: in this way, it was

possible to identify the latest activation of Koch’s triangle which

may be an expression of the AV nodal slow pathway. This

hypothesis agrees with the first descriptions of Spach and

Josephson (13, 14) according to which AV nodal slow pathway

cannot be identified by a single endocavitary signal (such as His

bundle), and it is not a defined region with a set of specialized

cells but a wide variation of a local non-uniform anisotropic

conduction. No areas of conduction block were identified as

previously described by Pandozi et al. (15). A convergence of the

activation front has been identified in correspondence with the

slow conduction pathway: a wavefront coming from the apex of

Koch’s triangle (fast conduction pathway) and another coming

from the base (tricuspid valve), which is activated laterally along

the cavo-tricuspid isthmus (Figure 1).

Our mapping and ablation approach using new technologies

for identifying the area of slow conduction seems to militate in

this direction (Figure 1). We suggest that this new method has

several advantages: it is simple (it uses the same number of

catheters as a traditional ablation), fast (it takes a few minutes

more than traditional methods that are compensated by shorter

ablation time), reproducible (in all our cases it was possible to

identify it the latest activation of Koch’s triangle), and safe (no

temporary or permanent AV blocks or other complications

occurred). Furthermore, our study suggests new cut-off settings

for AVNRT ablation procedure: a successful procedure needs an

ablation index of more than 380 and a CF of more than 6 g

(Figure 3). No AI or CF values were previously described for

AVNRT ablation procedures. Our approach with low x-ray

exposure achieved an average DAP of 16.5 ± 2.7 cGy/cm2, it

corresponds to an effective dose (ED) of 0.032 ± 0.005 mSv for

an adult patient calculated with the formula DAP (Gy) × 0.2.

When compared with the ED data reported in the work of
Frontiers in Cardiovascular Medicine 05166
Picano and Piccaluga (11) for an AVNRT ablation (ED 4.4 mSv),

it represents a big step forward in terms of x-ray exposure

reduction for electrophysiologists and patients, equal to an

additional lifetime risk of fatal and non-fatal cancer between

1/105 and 1/106.

The follow-up period is not excessively long due to the recent

introduction of these CARTO 3 system tools, and we have not

documented acute or late AV conduction blocks (16, 17): it was

never necessary to perform the ablation in proximity of areas

where a far field of the Hisian potential was recorded or to redo

the ablation procedure for arrhythmic recurrences.
Conclusions

Activation mapping of Koch’s triangle with new CARTO

PRIME® V7 modules (Confidense, Coherent and FAM DX)

during a procedure of AVNRT ablation allows to correctly

identify the slow conduction pathway, to perform an effective

ablation and to minimize the risk of complications such as

atrioventricular block even in cases without a low-voltage

bridge identification. Furthermore we suggest new cut-off

settings for AVNRT ablation procedure such as the effective

ablation index, the delay in ms of target signal compared to the

Hisian atriogram and the mean catheter force at the ablation

site. As expected, this new method significantly reduces

radiological exposure which is a current theme in

electrophysiological labs.
Study limitation

The limitations of the current analysis are the same as those

of other single-center observational studies, such as potential

bias in patient selection and lack of a control group.

Nevertheless, possible bias is mitigated by the fact that patients

were consecutively and prospectively included. It may not be
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ruled out that the absence of recurrences could be either due to

the relatively limited number of patients or the duration of

follow-up. Moreover, the absence of recurrence could have

influenced and limited the relevance of some mapping and

activation parameters such as the presence of areas of slow

conduction inside the coronary sinus or at postero-septal aspect

of the mitral valve. Thus, larger multicenter studies could be

helpful to evaluate better the relevance of this new mapping

method for AVNRT ablation.
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