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Abstract
Background High-power short-duration (HPSD) ablation has emerged as an alternative to conventional standard-power long-
duration (SPLD) ablation. We aim to assess the efficacy and safety of HPSD versus SPLD for atrial fibrillation (AF) ablation.
Methods A systematic review and meta-analysis of randomized controlled trials (RCTs) retrieved from PubMed, WOS, 
SCOPUS, EMBASE, and CENTRAL were performed through August 2023. We used RevMan V. 5.4 to pool dichotomous 
data using risk ratio (RR) and continuous data using mean difference (MD) with a 95% confidence interval (CI). PROSPERO 
ID: CRD42023471797.
Results We included six RCTs with a total of 694 patients. HPSD was significantly associated with a decreased total proce-
dure time (MD: -22.88 with 95% CI [-36.13, -9.63], P = 0.0007), pulmonary vein isolation (PVI) time (MD: -19.73 with 95% 
CI [-23.93, -15.53], P < 0.00001), radiofrequency time (MD: -10.53 with 95% CI [-12.87, -8.19], P < 0.00001). However, 
there was no significant difference between HPSD and SPLD ablation with respect to the fluoroscopy time (MD: -0.69 with 
95% CI [-2.00, 0.62], P = 0.30), the incidence of esophageal lesions (RR: 1.15 with 95% CI [0.43, 3.07], P = 0.77), and the 
incidence of first pass isolation (RR: 0.98 with 95% CI [0.88, 1.08], P = 0.65).
Conclusion HPSD ablation was significantly associated with decreased total procedure time, PVI time, and radiofrequency 
time compared with SPLD ablation. On the contrary, SPLD ablation was significantly associated with low maximum 
temperature.
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1 Introduction

Current guidelines recommend catheter ablation for 
patients with symptomatic atrial fibrillation (AF) who are 
refractory or intolerant to anti-arrhythmic drugs (AAD). 
Additionally, catheter ablation may serve as an initial 
rhythm-control strategy for certain patients experiencing 
symptomatic paroxysmal AF, with the goal of alleviating 
symptoms and mitigating progression to persistent AF 
[1]. Catheter ablation was shown to be more effective in 
maintaining normal sinus rhythm than AAD [2–7].

The prime triggers behind AF initiation and perpetua-
tion are ectopic electrical discharges stemming from pul-
monary veins in the left atrium [8]. Therefore, ablation 
procedures aim to isolate the pulmonary vein by creating 
circumferential ablation lesions that encircle the pulmo-
nary veins ostia. Radiofrequency ablation (RFA) and 
cryo-ablation are the commonly used and approved abla-
tion techniques with comparable efficacy [9, 10].

RFA delivers thermal energy to cauterize cardiac tissue. 
The efficacy and safety of RFA depend on achieving full-
thickness and durable lesions without causing collateral 
damage, such as esophageal thermal injury (ETI) and peri-
cardial effusion due to cardiac perforation. The key factors 
influencing the design of the created lesion, including its size 
and depth, are power, duration, catheter stability, and con-
tact force [11]. Recently, high-power short-duration (HPSD) 
ablation (40–50 W) has emerged as an alternative to conven-
tional standard-power long-duration (SPLD) ablation (25–35 
W). Retrospective studies comparing HPSD to SPLD abla-
tion have suggested shorter procedure times with compara-
ble efficacy and safety profiles with HPSD lesions [12–14]. 
Theoretically, the HPSD technique delivers more significant 
resistive heating to the surrounding myocardium, whereas the 
SPLD technique delivers more significant conductive heating 
within the distal myocardium and surrounding structures [15]. 
Several randomized controlled trials (RCTs) have been con-
ducted to compare HPSD and SPLD RFA outcomes [16–21].

To thoroughly assess the existing data and aid in clini-
cal decision-making, we conducted this systematic review 
and meta-analysis to investigate outcomes, such as pro-
cedure duration, recurrence rates, first-pass isolation 
rates, and safety profile between HPSD and SPLD in AF 
patients undergoing RFA.

2  Methodology

2.1  Protocol registration

This study complied with the PROSPERO protocol, reg-
istered under ID: CRD42023471797. We adhered to the 

PRISMA statement guidelines for systematic reviews and 
meta-analysis [22] and the Cochrane Handbook for Sys-
tematic Reviews and Meta-Analysis [23] guidelines.

2.2  Data sources & search strategy

Data Sources & Search Strategy: PubMed (Medline), 
EMBASE, Web of Science, SCOPUS, and Cochrane 
Central Register of Controlled Trials (CENTRAL) were 
scoured by two researchers (A.M.A. and M.A.) from their 
inception to August 2023. A distinct search approach was 
applied to each database, as detailed in (Table S1).

2.3  Eligibility criteria

RCTs followed the following Population, Intervention, 
Comparison, and Outcomes (PICO) criteria were included: 
population (P): patients with paroxysmal and persistent AF; 
intervention (I): HPSD; control (C): SPLD; outcome (O): 
our primary outcomes were total procedure time, pulmo-
nary vein isolation (PVI) time, radiofrequency (RF) appli-
cation time, fluoroscopy time, and esophageal lesions while 
secondary outcomes included: AF recurrence, atrial flutter 
(AFL)/ atrial tachycardia (AT) recurrence, atrial arrhythmias 
recurrence, first pass left pulmonary vein (LPV) isolation, 
first pass right pulmonary vein (RPV) isolation, and first pass 
isolation. In addition, safety outcomes included any compli-
cations and maximum temperature. Studies were excluded 
if they were: (1) letters, theses, editorials, book chapters, 
cohort studies, case series, case reports, single-arm studies, 
animal studies, in vitro research, or preliminary studies; (2) 
research where data was solely sourced from abstracts.

2.4  Study selection

The initial step was to screen titles and abstracts indepen-
dently by three researchers (O.A., M.A.A., and A.A.) using 
the Covidence online platform. Post deduplication removal, 
dual independent screening was applied to each citation. 
The same reviewers undertook the full-text review, with dis-
crepancies settled by a third reviewer (A.M.A. and M.A.) in 
accordance with our previous eligibility criteria.

2.5  Data extraction

A standardized Excel extraction template, which had under-
gone preliminary testing, was employed by four reviewers 
(O.A., M.A., and A.A.) to retrieve pertinent information 
from the selected studies. This encompassed: (1) a summary 
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section detailing the study's design, nation of origin, the 
number of participating centers, total participants, aims for 
the intervention and control, techniques employed for both, 
power specifications, essential inclusion prerequisites, pri-
mary results, and the span of the follow-up; (2) baseline 
information (Number of patients in each group, sex (male), 
age (Years), BMI,  CHA2DS2-VASc score, left ventricular 
ejection fraction (LVEF), AF type (paroxysmal or persis-
tent). We also included comorbidities, which include hyper-
tension, diabetes mellitus, ischemic heart disease (IHD), or 
coronary artery disease, obstructive sleep apnea, and stroke; 
and (3) study outcomes (AF Recurrence, AFL/AT recur-
rence, atrial arrhythmias recurrence, first pass LPV isola-
tion, first pass RPV isolation, and first pass isolation, total 
procedure time, PVI time, RF application time, fluoroscopy 
time, maximum temperature. We also looked at safety data, 
which included any complications and esophageal lesions. 
Conflicts were discussed and resolved by consensus.

2.6  Risk of bias and certainty of evidence

Three reviewers (M.A., O.A., and A.A.) independently used 
the Cochrane ROB2 tool [24] for quality assessment. The 
domains that were evaluated included the risk of bias result-
ing from the randomization process, the risk of bias due to 
deviation from the intended intervention, the risk of bias 
due to missing outcome data, the risk of bias in measuring 
the outcome, and the risk of bias in selecting the reported 
results. The reviewers resolved any conflicts by consensus.

M.A. used the Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) guidelines [25, 26] 
to evaluate the certainty of evidence for each outcome. The 
decisions made were justified and recorded.

2.7  Statistical analysis

RevMan v5.3 was used to run the statistical analysis [27]. To 
pool the results of dichotomous outcomes, we used the risk 
ratio (RR), while for the continuous outcomes, we used the 
mean difference (MD), both with a 95% confidence interval 
(CI). We performed both the Chi-square and I-square tests 
to evaluate heterogeneity, where the Chi-square test detects 
the presence of heterogeneity, and the I-square test evalu-
ates its degree. I-square was interpreted In accordance with 
the Cochrane Handbook (chapter nine) [23] as follows: het-
erogeneity is not significant for 0–40 percent, moderate for 
30–60 percent, substantial for 50–90 percent, and consider-
able for 75–100 percent. We considered an alpha level below 
0.1 for the Chi-square test to detect significant heterogeneity. 
A leave-one-out sensitivity analysis was employed to resolve 
the heterogeneity by excluding each study one time from the 
pooled analyzed studies.

We made a subgroup analysis between studies that 
used ≥ 50 W versus < 50 W in the HPSD arm.

3  Results

3.1  Search results and study selection

Using our search strategy, we searched (PubMed, Cochrane, 
Embase, Web of Science, and Scopus), and reached 1534 
studies. A total of 834 duplicate studies were removed, and 
616 were excluded after screening their titles and abstracts. 
We reviewed the full text of the remaining 84 studies; 78 
were removed from the final assessment and subsequent data 
analysis (Fig. 1).

3.2  Characteristics of included studies

In brief, six RCTs [16–21] were included for the final review 
and data analysis. The total number of patients was 694, with 
411 patients in the HPSD group and 283 in the SPLD group. 
More details about the trials’ inclusion criteria, ablation 
guidance, and ablation target with baseline trials’ partici-
pants' comorbidities are outlined in (Table 1, 2, and S2-S3).

3.3  Risk of bias and certainty of evidence

We used Cochrane RoB 2 to assess the risk of bias. One 
study had an overall high risk of bias [17], while five studies 
had an overall some concerns [16, 18–21]. Results are shown 
in (Fig. 2). In addition, the authors’ descriptions of the con-
sequences of their decisions are outlined in (Table S4). 
Finally, the certainty of evidence is demonstrated in a 
GRADE evidence profile (Table 3).

3.4  Primary outcomes

HPSD ablation was significantly associated with decreased 
total procedure time (MD: -22.88 with 95% CI [-36.13, 
-9.63], P = 0.0007) (Fig. 3A), PVI time (MD: -19.73 with 
95% CI [-23.93, -15.53], P < 0.00001) (Fig. 3B), and radi-
ofrequency application time (MD: -10.53 with 95% CI 
[-12.87, -8.19], P < 0.00001) (Fig. 3C). However, there was 
no significant difference between HPSD and SPLD ablation 
in fluoroscopy time (MD: -0.69 with 95% CI [-2.00, 0.62], 
P = 0.30) (Fig. 3D) and the incidence of esophageal lesions 
(RR: 1.15 with 95% CI [0.43, 3.07], P = 0.77) (Fig. 3E).

The pooled studies were homogenous in PVI time 
 (I2 = 48%, P = 0.15) and esophageal lesions  (I2 = 0%, 
P = 0.99). However, pooled studies were heterogene-
ous in total procedure time  (I2 = 86%, P < 0.00001), 
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radiofrequency application time  (I2 = 76%, P = 0.006), 
and fluoroscopy time  (I2 = 84%, P = 0.002). Regarding 
total procedure time and radiofrequency application time, 
heterogeneity was not resolved by leave-one-out sensitiv-
ity analysis. Regarding fluoroscopy time, heterogeneity 
was best resolved by excluding Shin et al. 2021  (I2 = 3%, 
P = 0.31) (Table S5).

Test for subgroup analysis based on the power used in 
the HPSD group was not significant across all outcomes 
(P > 0.1) (Figures S1-S5).

3.5  Secondary outcomes

HPSD was significantly associated with decreased inci-
dence of AF recurrence (RR: 0.60 with 95% CI [0.37, 0.98], 

P = 0.04) (Fig. 4A). However, there was no significant dif-
ference between HPSD and SPLD ablation in the incidence 
of AFL/AT recurrence (RR: 0.61 with 95% CI [0.24, 1.54], 
P = 0.29) (Fig. 4B), the incidence of atrial arrhythmias 
recurrence (RR: 0.91 with 95% CI [0.64, 1.28], P = 0.58) 
(Fig. 4C), the incidence of first pass isolation (RR: 0.98 with 
95% CI [0.88, 1.08], P = 0.65) (Fig. 4D), the incidence of 
first pass LPV isolation (RR: 1.00 with 95% CI [0.93, 1.07], 
P = 0.92) (Fig. 5A), the incidence of first pass RPV isola-
tion (RR: 1.06 with 95% CI [0.88, 1.27], P = 0.54) (Fig. 5B), 
and the incidence of any complications (RR: 1.15 with 95% 
CI [0.50, 2.67], P = 0.74) (Fig. 5C). On the contrary, SPLD 
ablation was significantly associated with low maximum 
temperature (MD: 3.91 with 95% CI [0.98, 6.84], P = 0.009) 
(Fig. 5D).

Fig. 1  PRISMA flow chart of 
the screening process
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The pooled studies were homogenous in AF recurrence 
 (I2 = 44%, P = 0.15), AFL/AT recurrence  (I2 = 0%, P = 0.98), 
atrial arrhythmias recurrence  (I2 = 42%, P = 0.16), first 
pass isolation  (I2 = 0%, P = 0.32), first pass LPV isolation 
 (I2 = 11%, P = 0.34), and the incidence of any complica-
tions  (I2 = 0%, P = 1.00). However, pooled studies were het-
erogeneous in first-pass RPV isolation  (I2 = 70%, P = 0.02). 
Regarding first-pass RPV isolation, leave-one-out sensitivity 
analysis did not resolve heterogeneity (Table S5).

Test for subgroup analysis based on the power used in 
the HPSD group was not significant across all outcomes 
(P > 0.1) (Figures S6-S11).

4  Discussion

The important findings of our current investigation are 1) 
HPSD was significantly associated with reduced procedure 
time, PVI time, and RF application time; 2) No significant 
difference was observed between HPSD and SPLD ablation 
regarding fluoroscopy time; 3) No significant difference was 
found between HPSD and SPLD ablation with respect to 
esophageal lesions; 4) HPSD was significantly associated 
with a decreased incidence of AF recurrence compared to 
SPLD ablation; 5) No significant difference was observed 
between HPSD and SPLD ablation regarding the incidence 
of first-pass isolation or any complications.

Successful AF ablations aim to achieve electrical isola-
tion of pulmonary veins by creating a transmural scar with 
minimal collateral tissue damage. Lesion quality is crucial 
for a durable PVI. The RF power, duration, contact force, 
and catheter stability determine the lesion characteristics, 
including its diameter and depth. Ablation index (AI) is a 
weighted formula incorporating power, duration, and contact 
force, which has been introduced to predict and quantify 
lesion quality, with RF power having the largest contributor 
to it [28–30].

HPSD ablation improves lesion quality by maximizing 
resistive heating and minimizing conductive heating. Addi-
tionally, collateral tissue injury with respect to the esophagus 
can primarily be reduced by minimizing conductive heating 
as well [11, 31]. Resistive heating is a direct form of energy 
that occurs immediately upon catheter-myocardium inter-
action and ceases with RF application termination. On the 
other hand, conductive heating is an indirect form of energy 
transfer that affects distant tissues and continues even after 
RF application for a few seconds [15].

In our analysis, despite the significant association 
between HPSD and reduced AF recurrence, no signifi-
cant association was observed between HPSD and AFL/
AT recurrence. This discrepancy might be attributed to 

the role of pulmonary veins as an essential source of AF, 
unlike AFL/AT. Consequently, optimizing PVI lesion 
quality would be beneficial in AF rather than AFL/AT.

There was some noted variability in the definitions of 
SPLD ablation and HPSD ablation across the included 
studies. While HPSD was most frequently defined as 
40-50W power, O’Neill et al. utilized the QDOT MICRO 
catheter, specifically designed for HPSD ablation, deliver-
ing a notably high power (90w) over 4 s in a temperature-
controlled mode), which did not significantly correlate 
with reduced arrhythmias recurrence [19].

Atrioesophageal fistula (AEF) is a feared complication 
of AF ablation with a mortality of 60–70%. The incidence 
of AEF is 0.1 to 0.25% among AF ablation procedures, and 
it represents the second most common cause of death fol-
lowing AF ablation procedures along with stroke [32–34]. 
Even though our results demonstrated a significant associa-
tion between HPSD ablation and a higher maximum tem-
perature, there was no significant difference between HPSD 
and SPLD ablation in the incidence of esophageal lesions, 
suggesting that the higher temperature with HPSD did not 
result in clinically significant esophageal lesions.

Safety of HPSD ablation was demonstrated by Winkle 
et al., who reported very low complication rates in 10,284 
patients [13]. Additionally, Vassalo et al. reported similar 
safety, similar efficacy, and reduced procedural and RF time 
in their observational study comparing HPSD to SPLD abla-
tion [35]. Dhillon et al. analysis, including 100 patients, 
demonstrated shorter procedure times, reduced PV recon-
nection, and similar recurrence compared to SPLD [36].

Esophageal injury is a major concern, especially dur-
ing posterior wall ablation. A prospective study by Chen 
et al. reported esophageal lesions in 3.5% of 122 patients 
undergoing HPSD AF ablation [37]. Another prospective 
study by Muller et al. reported esophageal lesions in 6% of 
953 patients undergoing HPSD AF ablations [38]. A non-
randomized comparison by Kaneshiro showed no difference 
in the incidence of esophageal lesions among 271 patients 
(7% versus 8%). The mechanism behind the safety profile of 
HPSD AF ablation is thought to involve maximizing resis-
tive heating and minimizing conductive heating [11, 31]. 
Using Kansas City Classification, Francke et al. reported 
esophageal lesions graded as two deep ulcers (Type 2B) in 
the standard group and 13 cases in the HPSD group, which 
were three erythema (Type 1), nine superficial ulcers (Type 
2A) and one deep ulcer (Type 2B) [17], Wielandts et al. 
reported a superficial ulcer (Type 2A) in the control group 
and perforation without communication with the atria (Type 
3A), and Chieng et al. reported all ETI cases as superficial 
ulcers (Type 2A) [21]. However, O’Neill et al. reported one 
esophageal ulcer in the SPLD group and one small superfi-
cial esophageal erosion in the HPSD group [19].
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In addition, we found that four RCTs reported no inci-
dence of stroke in both groups [18–21]. Moreover, Francke 
et al. and Wielandts et al. reported no incidence of steam 
pops [17, 21]. However, O’Neill et al. reported the incidence 
of steam pops in one case in the HPSD arm [19].

In the POWER-AF trial, a narrower safety margin for 
HPSD on the posterior wall was observed, suggesting the 
need for increased preventive measures during posterior wall 
ablation and thorough post-procedural follow-up, including 
endoscopic evaluation.

Moreover, a recent meta-analysis of 15 retrospective 
observational studies with a total of 2,718 patients found 
that HPSD was associated with higher freedom from atrial 
arrhythmias (OR 1.44, P = 0.009), shorter total procedure 

duration (mean difference -37.35 min, P < 0.001), decreased 
fluoroscopy duration (mean difference -5.23 min, P < 0.001), 
and reduced RFA time (mean difference -16.26  min, 
p < 0.001), with a similar safety profile compared to SPLD 
[39].

These findings align with our study, indicating that HPSD 
ablation has a superior efficacy in preventing AF recurrence 
with shorter procedure and RFA time. The reduction in 
procedure time contributes to lower anaesthesia time and 
decreased anaesthesia-related complications. Furthermore, 
minimizing instrumentation time in the left atrium lowers 
the risk of periprocedural stroke, which is the second most 
common cause of death after AF ablation along with AEF 
[34].

Fig. 2  Quality assessment of risk of bias in the included trials. The 
upper panel presents a schematic representation of risks (low = green, 
unclear = yellow, and high = red) for specific types of biases of each 

study in the review. The lower panel presents risks (low = green, 
unclear = yellow, and high = red) for the subtypes of biases of the 
combination of studies included in this review
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Fig. 3  Forest plots of the primary outcomes (total procedure time, PVI time, radiofrequency (RF) application time, fluoroscopy time, and esoph-
ageal lesions), MD: mean difference, RR: risk ratio, CI: confidence interval
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5  Limitations

Our results must be interpreted cautiously, considering the 
Cochrane ROB2 tool. One of the six RCTs [17] was judged 
to have high concerns about bias arising from the rand-
omization process. Additionally, five of the six RCTs [16, 
18–21] were judged to have some concerns for bias arising 
from deviations in intended interventions. In addition, one 
of the six RCTs [18] was judged to have some concerns 
about bias arising from the randomization process. Lastly, 
two of the six RCTs [17, 21] were also judged to have some 
concerns about bias in selecting reported results.

Our study is limited by variations in SPLD ablation and 
HPSD ablation definitions across included RCTs. Specifi-
cally, the POWER PLUS trial compared very HPSD abla-
tion at 90 W to hybrid ablation at 35–50 W, whereas other 
RCTs in our analysis employed 40–50 W in the interven-
tional group, comparing it to standard ablation with 20–40 
W. The POWER PLUS trial was the only study using the 
QDot catheter, contributing to the heterogeneity of this trial 
compared to all other included trials.

Most studies utilized an electroanatomic three-dimen-
sional mapping system, with CARTO being the most com-
monly employed system. Generalizability of results to 

Fig. 4  Forest plots of the secondary outcomes (AF recurrence, AFL/AT recurrence, all atrial arrhythmias recurrence, and first pass isolation), 
RR: risk ratio, CI: confidence interval



1458 Journal of Interventional Cardiac Electrophysiology (2024) 67:1445–1461

ablation procedures using alternative systems or without 
mapping may be limited.

There was some heterogeneity in the use of continuous 
intraprocedural esophageal temperature monitoring. While 
most studies employed temperature monitoring, Shin et al. 
and Francke et al. did not utilize any. Moreover, none of 
the studies reported differences in esophageal temperature 
spikes or alert rates between SPLD and HPSD ablation.

Subgroup analysis based on AF-type, paroxysmal versus 
persistent AF, was not applicable due to a lack of separate 
data for each AF-type.

6  Implications for future research

Future research is required to investigate the optimal power 
settings for AF ablation, given the variation in power thresh-
olds across studies. Additionally, working towards standard-
izing protocols for HPSD and SPLD ablation procedures 
is essential to facilitate comparison across studies. Future 
research should investigate patient-reported outcomes to 
assess the quality of life and symptom improvement follow-
ing ablation procedures.

Fig. 5  Forest plots of the secondary outcomes (first pass LPV isolation, first pass RPV isolation, any complications, and maximum temperature), 
RR: risk ratio, CI: confidence interval
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7  Conclusion

Our systematic review and meta-analysis suggest that HPSD 
ablation is significantly associated with a decreased inci-
dence of AF recurrence compared to SPLD ablation, with a 
comparable safety profile. HPSD ablation also significantly 
reduces procedure, PVI, and RF application time, with no 
significant difference in fluoroscopy time or the incidence of 
first-pass isolation. HPSD ablation could represent a safe and 
effective alternative to conventional SPLD ablation. On the 
contrary, SPLD ablation was significantly associated with 
low maximum temperature.
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