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INTRODUCTION

Given the recent advances in mapping and catheter technologies, catheter abla-
tion for atrial fibrillation (AF) has become the standard of care. Growing evidence 
indicates that early ablation for AF may be preferable to antiarrhythmic drug 
therapy with regard to morbidity and mortality (1, 2). Newer balloon technologies 
also are showing promising results with similar efficacy but shorter procedural 
times (3, 4). Intracardiac echocardiography (ICE) has reduced the need for fluo-
roscopy, contact-force (CF) ablation catheters have lessened collateral damage, 
and jet ventilation has improved catheter stability.

The cornerstone of AF ablation is durable pulmonary vein (PV) isolation (PVI), which requires 
creation of a transmural lesion. From a biophysical standpoint, conventional low-power 
long-duration (LPLD) ablation produces a small area of resistive heating but a large area of 
conductive heating that can cause collateral damage (although CF catheter use has made 
these complications infrequent in contemporary electrophysiology practice) (5).

Conversely, high-power short-duration (HPSD) ablation produces a much larger 
area of resistive heating to create the transmural lesion and a smaller area of con-
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ductive heating to alleviate complications associated with 
posterior wall isolation (PWI) (6). Initial results from HPSD 
ablation include shorter procedure and ablation times and 
equivalent safety and efficacy compared with conventional 
ablation, which has popularized the HPSD approach (7).

Although randomized studies comparing the two ablation 
strategies are lacking, comprehensive prospective and ret-
rospective nonrandomized data on HPSD ablation have been 
published (8). In this study, our aim was to determine the 
pooled incidence of atrial arrhythmia recurrence after HPSD 
ablation and to compare it with results of LPLD ablation. We 
also compared procedural parameters, acute efficacy, and 
safety outcomes between the two ablation strategies.

METHODS

Search strategy
A systematic review of the existing literature (before January 
2021) was performed. Two physician reviewers (AH and SD) 
queried PubMed, EMBASE, and the Cochrane Central Regis-
ter of Controlled Trials (CENTRAL) databases for published 
literature, using the search terms, “high power short dura-
tion,” “atrial fibrillation,” “ablation,” “radiofrequency abla-
tion,” “pulmonary vein isolation,” and combinations thereof. 
Additional literature was sought by searching the references 
of eligible articles. Any discrepancies were resolved by a third 
reviewer (DK). Ethics Committee approval and informed con-
sent were not required as this was a meta-analysis and review.

Study selection
We defined HPSD ablation as that exceeding 30 W–35 W in in-
tensity and lasting <30  seconds (5). For the systematic review 
and qualitative analysis, we selected prospective, retrospective, 
and randomized studies that described acute or long-term out-
comes of HPSD ablation for AF. For the proportional meta-anal-
ysis, comparative and single-arm HPSD studies were pooled. 
For the comparative meta-analysis, studies that compared 
the effects of HPSD versus LPLD ablation were selected. Case 
reports, case series, in vitro studies, review articles, and atrial 
flutter (AFL) ablation studies were excluded. Non-randomized 
studies were critically appraised using the ROBINS-I tool (9), ret-
rospective studies using the Newcastle-Ottawa scale (10), and 
randomized studies using the RoB2 scale (11) (Fig. 1).

Data extraction
Data on baseline characteristics, procedural details, and 
safety and efficacy outcomes of HPSD and LPLD ablation 
were extracted from each study. Baseline characteristics 
included number of patients, study design, follow-up dura-
tion, patient demographics, echocardiography parameters, 
thrombosis and bleeding risks, and type of AF. Procedural 
characteristics included mapping and ablation strategies, 
hardware, and parameters. Safety outcomes included acute 
complications, particularly esophageal thermal injury (ETI), 
and efficacy outcomes included atrial arrhythmia recur-
rence, first-pass PVIs, and acute PV reconnections (PVRs).

Statistical analysis
All the data analyses were performed using R software ran-
dom-effects modeling (12). To pool the incidence of atri-
al arrhythmia recurrence across all the selected studies, the 
“metaprop” function was used. Outcome odds ratios (ORs), risk 
ratios (RRs), or incidence risk ratio (IRR) as appropriate, were 
derived by comparing differences in binary events using the 
Mantel Haenszel method with the “metabin” and “metainc” 
packages; mean differences with standard deviations were 
derived by comparing differences in continuous outcomes us-
ing the inverse variance method with the “metacont” package. 
Studies that reported continuous variables in median (range) or 
mean ± standard deviation were analyzed using the “boxcox” 
function. To compare HPSD versus LPLD groups’ acute compli-
cations, a hypergeometric-normal model was used to approxi-
mate the exact likelihood as the number of events in each study 
was small relative to group size (many zero events) (13). To ne-
gate the small study effect, log OR and 95% CIs (expressed as 
% CI) were calculated by using the “escal” function, which was 
back-transformed to predicted exponential OR and 95% CIs 
(expressed as % CI). The DerSimonian and Laird method was 
used to calculate tau2. Heterogeneity was assessed by using I2 
statistics. P values were expressed as two digits after decimal 
and reported as “significant” if p values were <0.05. Sensitivity 
analyses were conducted for all the variables. Covariate analy-
ses were performed using the “metareg” function; bubble plots 
were constructed to visualize moderator effects. Funnel plots 
were used to assess publication bias.

RESULTS

A total of 26 studies were selected for the systematic review; 
six single-arm HPSD studies (14-19) and two randomized 
(20, 21), six retrospective (22-27), and 12 prospective (28-39) 
studies comparing HPSD and LPLD ablations. Overall, the 
study quality was good (Supplementary Tables S1-S3). Pool-
ing all the 26 studies yielded 14,014 patients with AF who un-
derwent HPSD ablation. The meta-analysis included 2,136 
patients with AF who underwent HPSD ablation and 1,753 
patients with AF who underwent LPLD ablation. Follow-up 
duration ranged from 2 days to 3 years. Among the sin-
gle-arm studies, Winkle et al. (19) reported the longest fol-
low-up for HPSD ablation (up to 4 years).

Patient profile and ablation settings
Baseline characteristics of the HPSD and LPLD cohorts are 
shown in Table 1. Matiello et al. (36) and Shin et al. (21) compared 
30 W, 40 W, and 50 W ablation strategies with data for 30 W and 
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40 W combined under LPLD ablation. Leo et al. (35) compared 
four ablation strategies, including lower and higher lesion size in-
dex (LSI) with 20 W (for LPLD) and 40 W (for HPSD). Okamatsu et 
al. (20) compared high-power, medium-power, and low-power 
ablation strategies, with medium-power and low-power com-
bined as LPLD ablation. Dhillon et al. (30) compared high-power 
ablation index guided HPSD ablation with 25 W and 30 W LPLD 
strategies. Studies were heterogeneous as to power and dura-
tion setup and the use of mapping and ablation systems, CF-sen-
sitive catheters, ICE, and esophageal temperature probes.

Recurrences of atrial arrhythmia

Pooled incidence
Nineteen studies representing 3,262 patients reported the in-
cidence of AF/atrial tachycardia (AT) recurrence after HPSD 
ablation. The pooled recurrence rate was 20% (% CI: 016–0.25; 
I2=88%) (Fig. 2a). Baher et al. (22) had the highest AF/AT recur-

rence rate (42%), whereas Chen et al. (14) had the lowest (4%). 
Notably, Baher et al. (22) followed patients for nearly 2.5 years 
after ablation, whereas Chen et al. (14) followed the patients 
for only 6 months. In the covariate analysis, recurrences were 
inversely proportional to the blanking period (the period after 
myocardial ablation in which arrhythmias are not considered 
to be recurrences) (Z=−0.25; p=0.31) (Fig. 2b) but were directly 
proportional to follow-up duration (Z=4.08; p<0.01) (Fig. 2c), 
without any relation to the study design (p=0.93).

HPSD vs. LPLD
When HPSD and LPLD ablations were compared, incidence 
of AF/AT recurrence was significantly lower in the HPSD 
group (IRR=0.66; % CI: 0.49–0.88; I2=72%; p=0.004) (Fig. 3a). 
The funnel plot showed no asymmetry suggesting publica-
tion bias (Supplementary Fig. S1a). The favorable effect of 
HPSD was maintained across the sensitivity analysis and is 
reflected in the 95% CI ranges (Supplementary Fig. S1b-S1c).

Figure 1. PRISMA flow diagram.
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Recurrences of AF and AT/AFL were significantly lower with 
HPSD than with LPLD ablation (Fig. 3b). The recurrence of ar-
rhythmia within the blanking period was similar (p=0.84) (Sup-
plementary Fig. S2a). Arrhythmia recurrence in the HPSD group 
showed a significantly lower trend in paroxysmal AF (RR=0.70; 
% CI: 0.43–1.13; I2=73%; p<0.01) and higher trend in persistent AF 
(RR=1.16; % CI: 0.96–1.41; I2=0%; p=0.64) on the basis of available 
data (Supplementary Fig. S2b and S2c). However, when the 
paroxysmal to persistent AF ratio in HPSD to LPLD groups was 
plotted against the IRR of recurrence across all studies, no sig-
nificant relationship was found (Supplementary Fig. S2d). 

The RR for atrial arrhythmia recurrence was significantly 
lower with HPSD than LPLD (RR=0.63; 95%  CI:  0.47–0.85; 
I2=83%; p=0.003) (Supplementary Fig. S3a). Regression anal-
ysis of relative risk showed no significant correlation with 
blanking period (p=0.88) or study design (p=0.12), but fol-
low-up duration was a significant moderator (Z=1.95; p=0.05) 
(Supplementary Fig. S3b).

Procedural outcomes
Procedural, fluoroscopy, and ablation times were significant-
ly shorter with HPSD than with LPLD ablation (Fig. 4a-4c). 
Overall, ablation energy delivery was lower (but not statisti-
cally) (Fig. 4d) in the HPSD ablation group (p=0.11). Impedance 
drop per lesion and maximum esophageal temperatures were 
similar between HPSD and LPLD groups (p=0.91 and p=0.86, 
respectively) (Fig. 4e, 4f). High levels of heterogeneity were 
noted in the procedural parameter comparisons.

Acute PVRs were significantly less frequent (OR=0.41; % CI: 
0.28–0.62; I2=62%; p<0.0001) and first-pass PVIs were sig-
nificantly more frequent (OR=2.94; % CI: 1.50–5.77; I2=89%; 
p=0.002) in the HPSD versus the LPLD group (Fig. 5a, 5b). In 
the presence of provocative tests (adenosine, isoprenaline, or 
programmed electrical stimulation), incidence of acute PVRs 

remained significantly lower in the HPSD group (OR=0.41; % 
CI: 0.28–0.62, I2=62%; p=0.04) (Supplementary Fig. S4). Acute 
left PVRs were statistically less frequent in HPSD than in LPLD 
ablation (OR=0.32; % CI: 0.20–0.49; I2=0%; p<0.001); right 
PVRs were also less frequent (but not statistically) in HPSD 
(OR=0.75; % CI: 0.49–1.15; I2=0%; p=0.12) (Fig. 5c and 5d). 

In terms of first-pass PVIs, Dhillon et al. (30) and Vassallo 
et al. (25) reported very high efficacy for HPSD, which may 
partially explain the 89% heterogeneity; however, sensitivity 
analysis did not alter HPSD’s more favorable effect on first-
pass PVIs (Supplementary Fig. S5a-5c).

Esophageal thermal injuries
Only few studies explored ETI (22, 29, 32). Analysis of these in-
dicated that ETI incidence and severity were lower in the HPSD 
group, although not statistically significant (Fig. 6a-6d). Al-
though the maximum esophageal temperatures were similar 
between the two groups, significantly fewer esophageal tem-
perature alerts occurred in the HPSD group (Fig. 4f and 6e).

Acute complications
Acute complications related to both ablation strategies, including 
steam-pops, were numerically rare and statistically similar in both 
groups (Fig. 7a-7e). When complications data were pooled across 
the comparative and single-arm studies, incidences of stroke/
transient ischemic attack (TIA), phrenic nerve palsy, atrial-esoph-
ageal fistula, steam-pop, and tamponade were 1%, 0.17%, 0.09%, 
1.4%, 0.3%, respectively (Supplementary Fig. S6a-6e).

DISCUSSION

To the best of our knowledge, this is the largest meta-analysis 
of HPSD ablation for AF to date. We have shown that the HPSD 
ablation strategy enables faster first-pass PVI and produces 
lower PVR rates with relatively less radiofrequency energy than 
does LPLD ablation. ETI rates are similar and collateral damage 

Figure 2. a) Forest plot showing pooled incidence of atrial arrhythmia recurrence after high-power short-duration atrial fibrilla-
tion ablation. b) Bubble plot showing relationship of recurrence with the blanking period. c) Bubble plot showing relationship of 
recurrence with follow-up duration. 
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Figure 3. Forest plots comparing the incidence rate of atrial arrhythmia recurrence between high-power short-duration and 
low-power long-duration ablation groups. a) All patients. b) Subgroup analysis of atrial fibrillation and atrial tachycardia/atrial 
flutter.
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is rare, resulting in a lower incidence of AF/AT recurrence. Al-
though HPSD ablation outcomes have been studied since 2006 
(37), we selected only recent studies for this meta-analysis. As 
HPSD ablation is rapidly gaining popularity and being adopted 
globally, the volume of evidence is evolving quickly.

Ablation settings
Ablation settings (power and duration) varied widely across 
studies and included ultra-high power and ultra-short duration 
ablation like 70 W for 7 seconds in a study by Kottmaier et al. 
(33), 90 W for 4 seconds in the study by Reddy et al. (17) (QDOT 
FAST study). Vassallo et al. (25, 26) used higher irrigation flow in 
LPLD ablation (30 mL/min) in comparison to the HPLD strategy 
(17 mL/min). Most of the studies, except the ones by Nilsson et 
al. (37) and Matiello et al. (36) (2009) used CF and ablation indi-
ces or LSI (depending on the electrophysiological system used). 
Retrospective data from Baher et al. (22), Castrejón-Castrejón 
et al. (29), and Winkle et al. (18) comprised results of both CF and 
non-CF ablations. In the first published study with comparative 
data, Nilsson et al. (37) used 30 W for 120 seconds as LPLD and 
45 W for 20 seconds as HPSD.

Ablation strategies also differed across the investigations. 
Kumagai et al. (34) performed box isolation in all the patients; 

Shin et al. (21) performed cavotricuspid isthmus ablation in all 
the patients, along with PVI; Pambrun et al. (38) used unipolar 
signal modification for PVI, and Yavin et al. (39) and Yazaki et 
al. (27) guided their ablations by monitoring drop in impedance. 
In all the studies, non-PV lines were made during ablation de-
pending on the type of ablation, evidence of arrhythmia, and 
voltage mapping per operator discretion. Both point-by-point 
ablation and a continuous drag with “perpetual motion” were 
employed across the studies (19). Given the diversity in abla-
tion settings, we analyzed the data in a random-effects mod-
el to avoid assigning undue weight to any particular study, 
and we conducted sensitivity analyses for all the parameters. 
Nonetheless, results and estimates did not differ significant-
ly. Even with heterogeneous ablation settings and strategies, 
HPSD remained substantially favorable than LPLD.

Recurrence of atrial arrhythmia
Atrial arrhythmia recurred less frequently in the HPSD group, 
probably because HPSD ablation produces more resistive 
heating, leading to durable lesions (6). In animal studies, le-
sion sets formed with 50 W–60 W ablations for 5 seconds at 
10 g CF were transmural (38). Bourier et al. (40) noted in an-
other ex vivo study that HPSD radiofrequency applications 
resulted in similar lesion volumes but substantially different 

Figure 4. Comparison of procedural parameters between high-power short-duration and low-power long-duration ablation 
groups. a) Procedural time. b) Fluoroscopy time. c) Ablation time. d) Impedance drop. e) Ablation energy. f) Maximum esophageal 
temperature.
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lesion geometries (wider but shallower), compared with 
standard radiofrequency settings.

Recurrence was defined as atrial tachycardia or atrial fibril-
lation lasting >30 seconds across all the studies. Modalities 
used for follow-up were mainly ECG and prolonged am-
bulatory ECG monitoring like Holter in most of the studies; 
however, Baher et al. (22), Bunch et al. (23), and Kumagai et 
al. (34) also used event recorders to detect recurrences. The 
blanking period after AF ablation is conventionally defined 
as 3 months; however, many studies had shorter durations: 
Yavin et al. (39) and Ücer et al. (24), 4 weeks; Kottmaier et 
al. (33), 6 weeks; and Berte et al. (28) and Yazaki et al. (27), 
2 months. Vassallo et al. (25) found that AT/AFL was signifi-
cantly more frequent in the HPSD group during the blanking 
period, whereas AF was considerably more frequent in the 
LPLD group. Although AF recurrence during the blanking pe-
riod may not portend the outcome, our meta-analysis found 
no significant difference in overall atrial arrhythmia events 
between the two ablation strategies during the blanking pe-
riod. It is important to remember that the recurrence of AF 
after ablation does not only depend on the ablation strate-
gies, operators’ experience, and the use of ablation indices, 
but also on the patient profile including obesity, obstructive 
sleep apnea, duration of AF, left atrial size, and the scarring 
of the left atrial wall.

Practice change for AF ablation will require longer-term ef-
ficacy outcomes. Because HPSD ablation is a new approach 

in the AF ablation armamentarium, most of the studies in our 
analysis had relatively short follow-up periods. Those with 
longer follow-up reported more frequent recurrence. Win-
kle et al. (19) found that 4-year freedom from paroxysmal, 
persistent, and longstanding AF after multiple ablations was 
87.0%, 71.9%, and 64.9%, respectively. Persistent AF tends to 
be more complicated than paroxysmal AF, but that did not 
influence HPSD’s favorable outcomes versus LPLD in our me-
ta-analysis. In a multivariate analysis, Winkle et al. (19) found 
six independent predictors for AF recurrence; older age, fe-
male sex, persistent and longstanding AF, larger LA, PWI, 
and use of CF-sensing catheters.

Procedural outcomes
In these studies, procedure time and time to PVI were shorter 
in the HPSD group than in the LPLD group. The heterogene-
ity was probably related to varying procedure-time defini-
tions and whether waiting periods or time for provocation 
tests were included. Fluoroscopy time also was shorter for 
HPSD ablation unrelated to ICE as ICE was sparsely used 
across the studies. Reddy et al. (17) reported substantially 
shorter total procedure, ablation, fluoroscopy, and radiof-
requency application times and less irrigation fluid load with 
ultra-high power (90 W) and ultra-short duration (4 seconds) 
ablation. Ablation time and energy used were lower in the 
HPSD group, which may cause less pain for the patient. This 
supports the use of conscious sedation and local anesthesia 
for AF ablation instead of general anesthesia and may im-
prove catheter stability during the procedure.

Figure 5. Forest plots comparing high-power short-duration (HPSD) and low-power long-duration (LPLD) ablation groups.  
a) Acute pulmonary vein reconnections (PVR) after pulmonary vein isolation (PVI). b) First-pass PVIs. Subgroup analysis of recon-
nections between the HPSD and LPLD ablation groups. c) Left PVR. d) Right PVR.
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Pulmonary vein reconnections
Most studies used adenosine to determine PVRs; some also 
used isoprenaline and/or extra programmed electrical stim-
ulation protocols to assess dormant conduction, primarily in 
the carina region or ridges (20, 31, 33, 39). Castrejón-Castre-
jón et al. (29) showed that radiofrequency application char-
acteristics of the lesions responsible for conduction gaps had 
lower average CF and LSI but slightly better impedance drop 

in the HPSD group. However, Ücer et al. (24) found no differ-
ences in the total number of radiofrequency applications, 
applied radiofrequency energy, ablation duration, or CF in 
PVs with or without reconnection. Ablation data between 
positive and negative adenosine provocation tests were sim-
ilar (24). In Yavin et al. (39), the incidence of chronic PVRs was 
significantly lower in the HPSD than the LPLD group (16.6% 
vs. 52.2%). However, ablation parameters in areas of chron-

Figure 6. Forest plot comparing esophageal complications between high-power short-duration and low-power long-duration groups. 
a) Total esophageal thermal injury (ETI). b) Mild ETI. c) Moderate ETIs. d) Severe ETIs. e) Number of esophageal temperature alerts.
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ic reconnection were comparable to those in areas without 
reconnection. Chronic PVR occurred in regions with catheter 
motion >1 mm for >50% application duration (39). In multivar-
iate analysis, minimum impedance was the only independent 
predictor of PVR absence after adjusting for maximum in-
ter-lesion distance and minimum ablation index (27).

Esophageal thermal injury
To diagnose ETIs, Baher et al. (22) used same-day MRI; upper 
gastrointestinal. Endoscopy was used by Castrejón-Castre-
jón et al. (29) within 48 hours, by Kaneshiro et al. (32) after 48 
hours, and by Chen et al. within 72 hours (15, 16). Baher et al. 
(22) repeated the MRI after 3 months; Kaneshiro et al. (32) re-
peated the endoscopy after 7 days. One or more of the follow-
ing have been used to reduce ETI occurrence: intraprocedural 
esophageal temperature probes for temperature monitoring; 
computed tomography integration with fluoroscopy mapping; 
multi-electrode esophageal catheter. The overall incidence 
of ETI was low, and most patients were asymptomatic (29, 32). 
Interestingly, in the Chen et al. (16) ISO-II study, ETI in cadence 
among patients undergoing HPSD ablation was low, with or 
without the use of esophageal temperature monitoring (often 
used to decrease ETI occurrences). Castrejón-Castrejón et al. 

(29) showed that patients with esophageal lesions had higher 
LSI and CF values during PWI. In Kaneshiro et al. (32), most ETIs 
in the HPSD group occurred as gastric hypomotility with esoph-
ageal ulcers limited to the shallow layer of the periesophageal 
wall. Larger left inferior PV angle and smaller LA-to-aorta dis-
tance independently predicted ETI in the HPSD group (32).

Complications
The acute complication rate was substantially lower in CF-
based ablation and with routine use of ICE. In Winkle et al. (18), 
the largest (10,284 patients) retrospective study on HPSD ab-
lation to date, tamponade, stroke/TIA, phrenic nerve palsy, 
and atrio-esophageal fistula were observed in 0.24%, 0.04%, 
0.01%, and 0.01% of patients, respectively. In our meta-analysis, 
complications were infrequent; tamponade (0.3%), stroke/TIA 
(1.0%), phrenic nerve palsy (0.2%), and atrio-esophageal fistula 
(0.1%), and were similar in both the ablation groups. In an in vitro 
study by Bhaskaran et al. (7), steam-pops occurred in 8% and 
11% of ablations at 40 W/30 s and 80 W/5 s, respectively. Con-
versely, Barkagan et al. (41) noted no steam-pops in an in vitro 
study comparing 30 W/30 s ablation with a conventional cathe-
ter and 90 W/4 s ablation with a QDOT catheter. In our analysis, 
the pooled incidence was low (1.4%), suggesting that although 

Figure 7. Forest plots comparing acute complications between high-power short-duration and low-power long-duration ablation 
groups. a) Stroke/transient ischemic attack. b) Phrenic nerve palsy. c) Atrio-esophageal fistula. d) Steam-pop. e) Tamponade.
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steam-pops may increase with higher power, the chances of 
steam-pop also rise, the incidence of such events is rare in the 
real-world literature related to AF ablation.

In an in-vitro study by Ali-Ahmed et al. (42), HPSD lesions result-
ed in inadequate temperature for myocardial lesion formation at 
3 mm depth but not at 5 mm, potentially reducing the risk for col-
lateral injury. Leshem et al. (43) demonstrated in an animal study 
that HPSD ablation using with QDOT catheter resulted in 100% 
contiguous lines with all transmural lesions. In contrast, standard 
ablation produced linear gaps in 25% of lines and partial-thick-
ness lesions in 29%. This indicates that HPSD lesions may be du-
rable, which could prevent AF recurrence. The heating is resistive 
in most parts of the lesion with a meager contribution from con-
ductive heating, which prevents collateral damage.

Study limitations
Our analysis had limitations. Most importantly, we compared the 
outcomes of AF ablation from several studies in various databas-
es, and our findings may not be reproduced in rigorously designed 
randomized controlled studies. We identified only two random-
ized clinical trials comparing HPSD and LPLD ablation. We also 
found significant heterogeneity among individual studies in terms 
of ablation settings, overall ablation strategies, blanking period 
definitions, and follow-up periods, which may have affected out-
comes (e.g., AF/AT/AFL recurrences). Few studies reported ETIs, 
and comparative data for the two ablation strategies were lim-
ited. We did not include the outcomes of cavo-tricuspid isthmus 
ablation with HPSD from a recent study (44). Recurrence rates in 
the selected studies may have been affected by operator experi-
ence, available technology, and ablation workflows.

CONCLUSION

Pulsed-field ablation for PVI is lurking on the horizon as a new 
and efficient strategy for AF ablation (45). Until that tech-
nology is more widely available and empirically supported, 
HPSD ablation may be the mode of choice for significantly 
improving productivity by reducing procedure time without 
compromising recurrence. Compared with LPLD ablation 
HPSD ablation enables faster first-pass PVI, lower PVR rates, 
similar ETI rates, and rare collateral damage. 

As our understanding of and experience with HPSD ablation 
evolves, randomized controlled studies comparing long-term out-
comes from HPSD versus LPLD ablation for AF will be valuable for 
confirming the benefits of HPSD ablation over the conventional 
LPLD strategy and for standardizing ablation settings (46).
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Supplementary Table S1. Nonrandomized studies appraised with the ROBINS-I tool

 

Before intervention
At 

intervention
After 

intervention

Missing  
data

Measurement 
of outcomes

Selection of 
reported resultsConfounding

Selection of 
participants

Classification 
of 

interventions

Deviation 
from 

intended 
intervention

Berte et al., 2019 3 to 4 1 to 2 1 2 to 3 1 1 to 2 1 to 2
Bunch et al., 2020 3 to 4 3 to 4 3 to 4 3 to 4 1 2 to 3 1 to 2
Castrejón Castrejónet 
al., 2020

3 to 4 4 4 3 to 4 1 to 2 2 to 3 3 to 4

Dhillon et al., 2019 0 3 to 4 3 to 4 3 to 4 1 to 2 1 to 2 3 to 4
Ejima et al., 2020 1 to 2 3 to 4 3 to 4 1 to 2 1 to 2 1 to 2 1 to 2
Kaneshiro et al., 2020 3 to 4 1 to 2 1 to 2 1 to 2 1 to 2 2 to 3 2 to 3
Kottmaier et al., 2020 2 to 3 1 to 2 1 to 2 3 to 4 4 3 to 4 3 to 4
Kumagai et al., 2020 3 to 4 3 to 4 3 to 4 3 to 4 1 to 2 3 to 4 2 to 3
Matiello et al., 2008 1 to 2 3 to 4 3 to 4 3 to 4 2 to 3 2 to 3 2 to 3
Nilsson et al., 2006 2 to 3 2 to 3 2 to 3 2 to 3 1 to 2 1 to 2 2 to 3
Pambrun et al., 2019 0 1 to 2 1 to 2 3 to 4 1 to 2 4 4
Yavin et al., 2020 3 to 4 3 to 4 3 to 4 3 to 4 1 to 2 3 to 4 3 to 4
Yazaki et al., 2020 2 to 3 1 to 2 1 to 2 3 to 4 1 to 2 2 to 3 2 to 3
ROBINS-I - Risk of Bias In Nonrandomized Studies of Interventions.

Supplementary Table S2. Retrospective studies appraised with the Newcastle-Ottawa scale
Selection Comparability Outcome AHRQ standards

Baher et al., 2018    Good
Ücer et al., 2020    Good
Vassallo et al., 2020    Good
Vassallo et al., 2019    Good
Chen et al., 2019   Good
Chen et al., 2020 (ESO-I)   Good
Chen et al., 2020 (ESO-
II)

  Good

Reddy et al., 2019   Good
Winkle et al., 2019   Good
Winkle et al., 2020   Good
AHRQ - Agency for Healthcare Research and Quality

Supplementary Table S3. Randomized controlled studies appraised with the RoB2 scale

Random sequence 
generation

Allocation 
concealment

Blinding of  
participants and 

personnel

Blinding of  
outcome 

assessment

Incomplete 
outcome 

data
Selective 
reporting

Other  
bias

Leo et al., 2020 Low risk Unclear risk High risk High risk Low risk Low risk None
Okamatsu  
et al., 2019

Unclear risk Unclear risk High risk High risk Low risk Low risk None

Shin et al., 2020 Low risk High risk High risk Low risk Low risk Low risk None
RoB2 - Risk of Bias Tool for Randomized Trials 
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Supplementary Figure S1. Comparisons of atrial arrhythmia recurrences between HPSD and LPLD ablation groups. A: Funnel 
plot. B: Forest plot showing sensitivity analysis. C: Drapery plot.
HPSD - high-power short-duration; LPLD - low-power long-duration.
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Supplementary Figure S2. Forest plots comparing atrial arrhythmia recurrences between HPSD and LPLD ablation groups. A:  the 
blanking period. B: In patients with paroxysmal atrial fibrillation. C. In patients with persistent atrial fibrillation.
HPSD - high-power short-duration; LPLD - low-power long-duration; RR - relative risk.
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Supplementary Figure S3. A: Forest plot comparing recurrence of atrial arrhythmia between HPSD and LPLD ablation groups af-
ter the blanking period. B: Bubble plot showing correlation with follow-up duration.
HPSD - high-power short-duration; LPLD - low-power long-duration; RR - relative risk.
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Supplementary Figure S4. Forest plots showing subgroup analysis of acute PVRs between HPSD and LPLD ablation groups in 
presence and absence of provocation tests. 
HPSD - high-power short-duration; LPLD - low-power long-duration; PVR - pulmonary vein reconnection.

Supplementary Figure S5. Comparison of first-pass PVIs between HPSD and LPLD ablation groups. A: Forest plot showing sensi-
tivity analysis. B: Funnel plot. C: L’Abbe plot.
HPSD - high-power short-duration; LPLD - low-power long-duration; PVI - pulmonary vein isolation.
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Supplementary Figure S6. Forest plots showing pooled incidences of acute complications in the HPSD ablation group. 
A: Stroke/transient ischemic attack. B: Phrenic nerve palsy. C: Atrio-esophageal fistula. D: Steam-pop. E: Tamponade.
HPSD - high-power short-duration.




