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ABSTRACT
Background  SMARTTOUCH SURROUNDFLOW (STSF) 
catheter is the new generation of SMARTTOUCH 
(ST) catheter with an upgraded irrigation system for 
radiofrequency catheter ablation (RFCA) in patients with 
atrial fibrillation (AF).
Methods  This systematic literature review searched the 
major English and Chinese bibliographic databases from 
2016 to 2022 for any original clinical studies assessing the 
STSF catheter for RFCA in AF patients. Meta-analysis with 
a random effects model was used for evidence synthesis.
Results  Pooled outcomes from 19 included studies 
indicated that STSF catheter was associated with a 
significantly shorter procedure time (weighted mean 
difference (WMD): −17.4 min, p<0.001), shorter ablation 
time (WMD: −6.6 min, p<0.001) and lower catheter 
irrigation fluid volume (WMD: −492.7 mL, p<0.001) than 
ST catheter. Pooled outcomes from four included studies 
with paroxysmal AF patients reported that using the STSF 
catheter for RFCA was associated with a significantly 
shorter ablation time (WMD: −5.7 min, p<0.001) and a 
lower risk of 1-year postablation arrhythmia recurrence 
(rate ratio: 0.504, p<0.001) than the SURROUNDFLOW 
(SF) catheter. Significant reductions in procedure time 
and ablation time associated with the STSF catheter were 
also reported in the other four studies using non-ST/SF 
catheters as the control. Overall complications of STSF 
catheter and control catheters were comparable.
Conclusions  Using the STSF catheter was superior 
to using the ST catheter to conduct RFCA for AF by 
significantly reducing procedure time, ablation time, 
fluoroscopy time and irrigation fluid volume. The superiority 
of the STSF catheter over the SF catheter and other non-
ST/SF catheters for RFCA needs further confirmation.

INTRODUCTION
Radiofrequency catheter ablation (RFCA) 
plays a critical role in managing atrial 

fibrillation (AF), which affects 1.6% of the 
Chinese adult population and is rising in prev-
alence along with the ageing population in 
China.1 RFCA was originally conducted using 
a non-contact force (CF)-sensing catheter, 
whose use is now discouraged due to the inad-
equate lesion formation caused by insufficient 
CF or complications (such as cardiac perfora-
tion and atrioesophageal fistula) caused by 
excessive CF.2 Thus, a CF-sensing catheter was 
developed to improve ablation outcomes and 
safety. The THERMOCOOL SMARTTOUCH 
(ST) catheter is one of the CF-sensing cathe-
ters widely used for RFCA. The ST catheter is 
equipped with a technology that can measure 
the CF generated by the catheter tip on the 
myocardium and an irrigation system that 
cools the tip of the electrode catheter during 
ablation and allows high radiofrequency 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ Improve the generalisability of the pooled evidence 
by updating the published evidence and including 
studies published in Chinese journals.

	⇒ Conduct heterogeneity analyses, sensitivity analysis 
and publication bias analysis to confirm the robust-
ness of the pooled evidence.

	⇒ Most of the included studies in this review were ob-
servational studies that could introduce heterogene-
ity in the pooled evidence.

	⇒ The pooled evidence is robust for the comparisons 
between SMARTTOUCH SURROUNDFLOW catheter 
and SMARTTOUCH catheter but not for the com-
parisons between the other catheter types due to 
paucity of existing evidence.
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energy ablation without overheating at the electrode-
tissue interface.3 To enhance the cooling effects on the 
tip of the catheter electrode, surround flow technology 
was developed by equipping the catheter porous tip with 
56 tiny holes, which make conduits for optimal fluid pres-
sure distribution in the catheter tip. As the new gener-
ation of a catheter with advanced irrigation technology, 
the STSF catheter combines both CF and SF technologies 
to optimise ablation outcomes, protect cardiac function 
and reduce the risk of developing eschar during abla-
tion.4 According to a meta-analysis of four clinical trials 
published before 2020, the STSF catheter was superior to 
the ST catheter in procedure outcomes by reducing the 
procedure time, fluoroscopy time and catheter irrigation 
infusion volume.5 However, this meta-analysis was unable 
to assess the robustness of the pooled evidence due to 
the small number of included studies. Additionally, this 
review did not perform any analysis to address the hetero-
geneity and publication bias in the pooled evidence. With 
accumulated evidence from recently published studies 
assessing STSF catheter ablation in patients with AF, we 
conducted this systematic literature review (SLR) aiming 
to add more evidence from multiple sources (journals 
published in Chinese and recent conference proceed-
ings) and including studies comparing STSF versus cath-
eters other than ST to better comprehend the values of 
STSF catheter for RFCA in AF patients. Thus, this SLR 
could be a timely evidence source to support the manage-
ment of AF with catheter ablation in the countries where 
STSF was considered a new technology to improve abla-
tion outcomes in AF patients.

MATERIALS AND METHODS
This study was designed as an SLR using major English-
language and Chinese-language bibliographic databases 
to identify published, peer-reviewed clinical studies 
comparing the STSF catheter against other ablation cath-
eters for procedural characteristics and clinical outcomes 
associated with RFCA in AF patients. This SLR was 
reported by following the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses 2020 Statement.6

Study eligibility criteria
This SLR set both inclusion and exclusion criteria to 
identify randomised clinical trials or observational studies 
(retrospective or prospective cohort studies) comparing 
the STSF catheter with other ablation catheters for AF. 
The study inclusion criteria are as follows: (1) including 
AF patients who underwent RFCA; (2) assessing STSF 
against any other type of ablation catheter for RFCA in 
adult patients with AF; (3) reporting procedural charac-
teristics and clinical outcomes associated with ablation 
catheter during and/after RFCA in AF patients and (4) 
designed as a clinical trial or observational study. The 
exclusion criteria of this SLR are as follows: (1) preclinical 
(in vivo or in vitro) studies, case studies, case reports, non-
original research articles (eg, correspondence, editorials, 

commentaries, overviews, summaries, communications, 
consensus guidelines) and reviews; (2) any cohort that 
includes patients with ablation for arrhythmias other than 
AF; (3) single-arm studies assessing STSF without control 
and (4) inadequate information.

Information sources and search strategies
Given that RFCA has been implemented for AF treat-
ment for over 20 years in China, many clinical studies 
assessing various ablation catheters for AF have been 
published in Chinese clinical journals. Therefore, this 
SLR explored major English bibliographic databases 
(MEDLINE, Embase, Web of Science and the Cochrane 
Library) and three major Chinese bibliographic data-
bases (WANFANG, VIP and China National Knowledge 
Infrastructure) as the data sources. To align with the time 
of STSF approval in 2016, the literature search period was 
set from 1 January 2016, to the date when the literature 
search was first conducted (31 July 2022). Grey literature 
search was conducted by searching the proceedings of the 
Heart Rhythm Society annual conference, the Society for 
Cardiovascular Angiography and Interventions annual 
conference, the European Heart Rhythm Association 
annual conference and the Asia Pacific Heart Rhythm 
Society annual conference in 2021 and 2022 for any rele-
vant but not fully published studies. The trial registry 
databases, including ​ClinicalTrials.​gov, European Union 
Clinical Trials Register and International Clinical Trials 
Registry Platform, were searched as well for any missing 
studies. To ensure that all relevant evidence is captured, 
this study only combined the keywords for AF and STSF 
to develop the search strategy for each bibliographic data-
base and grey literature search. Search strategies is shown 
in online supplemental table 1.

Literature selection process
Two reviewers conducted the literature selection inde-
pendently after which the search hits were pooled. Then, 
they deleted duplicate results and identified additional 
studies from the left references for further eligibility 
assessment, which included the exclusion of irrelevant 
references and retrieving full publications of the rele-
vant references. The source references reporting relevant 
outcome information from clinical guidelines, literature 
review and health economic research were cross checked 
with the identified references to avoid missing studies. 
The developed inclusion and exclusion criteria were used 
to determine the study eligibility after a full publication 
review. The exclusion reasons during the literature selec-
tion process were documented for records. Any disagree-
ment on study eligibility between the two reviewers was 
resolved by consulting with the study lead.

Data collection process
Excel-based data extraction forms were developed specif-
ically to guide the data collection from the full publica-
tions of included studies. The designed data extraction 
form was tested using one included study to align with 
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definitions of the planned data items for extraction. 
Two reviewers were fully trained on how to use the data 
extraction forms and the definitions of data items. The two 
reviewers conducted data extraction independently. The 
extracted information from the two reviewers was further 
cross-checked by the third reviewer, which corrected any 
inconsistent information by verifying the information 
source. The study lead reviewed all extracted information 
for any abnormal information before evidence synthesis.

Data items
The full publication of the included studies was reviewed 
to collect the following information: (1) study character-
istics such as country setting, study design, and patient 
inclusion and exclusion criteria; (2) study arm informa-
tion including the arm definition, sample size and patient 
baseline characteristics (demographics, AF-related clin-
ical characteristics and comorbidities); (3) ablation 
catheter type; (4) outcome measures that included proce-
dural characteristics (procedure time, ablation time, fluo-
roscopy time, irrigation fluid volume), clinical outcomes 
(acute procedural success of pulmonary vein isolation 
(PVI), 1-year postablation cardiac arrhythmia recur-
rence, ablation-related complications) and other relevant 
outcomes (eschar, use of diuretics and use of urinary 
catheter). Most of the included studies did not provide 
adequate information for the definitions of outcome 
measures except catheter irrigation fluid volume, fluoros-
copy time and acute procedural success of PVI.

Study risk of bias assessment
This SLR used Newcastle-Ottawa Scale (NOS)7 to assess 
the study quality of the included studies. Based on the 
recommendation from previous research,8 this SLR clas-
sified included studies as good quality (NOS 8–9), fair 
quality (NOS 5–7) and poor quality (NOS 0–4). This 
SLR included one randomised clinical trial, which was 
published as a conference abstract and did not provide 
adequate information for the quality assessment using 
the Jadad score.9 Two reviewers used NOS to assess the 
fully published studies independently. Any disagreement 
on assessment was discussed with the study lead to reach 
a consensus.

Effect measures
This SLR extracted any reported effect measures from 
the included studies. The extracted effect measures were 
standardised according to their original definitions in 
the included studies and the selected effect measures for 
evidence synthesis included procedural characteristics 
and clinical outcomes. This SLR used weighted mean 
difference (WMD) to present the pooled procedural char-
acteristics for the comparisons of procedure time, abla-
tion time, fluoroscopy time and catheter irrigation fluid 
volume. The pooled clinical outcomes for the compar-
isons of acute procedural success of PVI, 1-year postab-
lation arrhythmia recurrence and RFCA-related overall 
complications were presented with a rate ratio (RR).

Synthesis methods
The extracted data were standardised and categorised by 
AF types (paroxysmal AF, persistent AF and unspecified 
AF); control catheter types (ST, SF, CELSIUS catheter, 
DiamondTemp and NAVISTAR); patient characteristics 
(age, gender distribution, AF type distribution, disease 
duration after the diagnosis of AF, left ventricular ejec-
tion fraction (LVEF), left atrium diameter, CHA2DS2 
VASc and comorbidities); and effect measures for RFCA 
procedural characteristics and clinical outcomes. The 
reported outcomes from the included studies comparing 
STSF versus the same control catheter were first pooled 
for evidence synthesis using a pairwise meta-analysis 
method, which used a random-effect model to consider 
the variance between the included studies and within 
each included study. Heterogeneity in the conducted 
meta-analysis was assessed using the I2 method. The 
included studies were stratified by AF type for subgroup 
analysis if the heterogeneity in the pooled outcomes 
was significant. Further exploration of potential hetero-
geneity sources was conducted by excluding the studies 
reporting different patient characteristics if significant 
heterogeneity was still detected in the pooled outcomes 
from the subgroup analysis. The leave-one-out sensitivity 
analysis was conducted to determine the robustness of the 
overall pooled outcomes for the meta-analysis including 
three or more eligible results. The Egger’s test was also 
performed to assess publication bias for overall pooled 
outcomes from 10 or more eligible results. This SLR used 
the statistical software R to conduct the described anal-
yses. Original results from included studies were reported 
when the meta-analysis was not feasible.

RESULTS
Study selection
This study initially identified 373 unique references 
from the search of the included English and Chinese 
bibliographic databases. One-hundred and eighty-two 
were excluded due to irrelevance following the review 
of the titles and abstracts of the initial batch of papers. 
Following the study eligibility assessment of the full publi-
cations of the remaining 191 papers, 25 met the inclu-
sion criteria. The search of conference proceedings and 
review articles identified two additional eligible studies. 
Thus, a total of 27 studies are included in our SLR. The 
flow chart of the study identification process is illustrated 
in figure 1.

Characteristics and qualities of included studies
The included 27 studies assessed the procedural char-
acteristics and clinical outcomes associated with STSF 
relative to ST (in 19 studies), SF (in 4 studies) and other 
four non-STSF/SF catheters (1 study for each non-STSF/
SF catheter), respectively. This SLR only included one 
randomised clinical trial and the rest of the included 
studies were observational studies, including 13 retrospec-
tive studies and 13 prospective studies. This SLR included 
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four studies published in Chinese. The studies published 
in English included 3 studies from the USA, 13 studies 
from Europe and 7 studies from other regions. Among 
the included studies, 17 studies were fully published and 
10 studies were published in conference proceedings. 
Even though all these studies included patients who 
underwent RFCA for AF, 7 studies solely included patients 
with paroxysmal AF, 1 study only included patients with 
persistent AF and 19 studies included patients with either 
paroxysmal or persistent AF. According to the reported 
patient baseline characteristics in these included studies, 
the study patients were characterised with relatively old 
age (mean age range: 58.0–67.5 years), high CHA2DS2 
VASc score (mean range: 1.3–2.7) and prevalent cardio-
vascular comorbidities, which included hypertension 
(30.4%–98.0%), coronary heart disease (8.3%–29.2%) 
and heart failure (17.8%–41.7%). Of the 17 studies 
assessed for study quality, 7 studies had good quality 
and 10 studies had fair quality. The study characteristics 
and main extracted information from these included 27 
studies are summarised in online supplemental table 2.

Synthesised evidence from the included studies comparing 
the STSF catheter with the ST catheter
Of the included 19 studies comparing STSF with ST, 
13 studies10–22 included patients with unspecified AF 
(persistent or paroxysmal AF) and 6 studies23–28 included 
patients with paroxysmal AF. The synthesised outcomes 
included procedural characteristics (procedure time, 
ablation time, fluoroscopy time and irrigation fluid 
volume), primary clinical outcomes (acute procedural 
success of PVI, 1-year postablation arrhythmia recur-
rence and overall complications), and other ablation-
related clinical outcomes that included foley catheter use, 
diuretics use and eschar development.

Procedural characteristics: procedure time
Overall, 9 included studies with 10 eligible results10–15 23–25 
report RFCA procedure time (876 operated with STSF 
and 762 operated with ST). The overall pooled outcomes 
from nine included studies showed that STSF was asso-
ciated with significantly shorter procedure time than 
ST (WMD −17.4 min, 95% CI −25.3 to −9.4 min, p<0.01); 
however, this pooled outcome has considerable hetero-
geneity (I2=76%, p<0.01). The pooled outcomes from 
the stratified studies by AF types identified significantly 
shorter procedure time associated with the STSF cath-
eter from the studies with unspecified AF patients (WMD 
−18.7 min, 95% CI −27.6 to −9.7 min, p<0.001) but not 
from the studies with paroxysmal AF patients (WMD 
−14.7 min, 95% CI −32.3 to 2.9 min, p=0.101). Because the 
heterogeneity of the pooled evidence from the six studies 
with unspecified AF patients was still significant, we 
reviewed these six studies to further explore the potential 
heterogeneity sources.

We found that two studies10 11 and a subgroup within 
one study12 included patients who were likely to be 
different from those in other studies in AF duration, left 
atrial diameter/volume, the proportion of patients with 
paroxysmal AF and proportion of patients with cardio-
myopathy. After excluding the results from these four 
studies in the meta-analysis, the shorter procedure time 
of the STSF catheter remained statistically significant 
(WMD −25.9 min, 95% CI −33.0 to −18.8 min, p<0.001) 
with non-significant heterogeneity (I2=21%, p=0.29), 
suggesting that these characteristics are potential hetero-
geneity sources.

The leave-one-out sensitivity analysis indicated that the 
point estimation of the overall pooled difference in proce-
dure time between the STSF catheter and the ST catheter 

Figure 1  Literature search flow chart for identifying eligible studies. AF, Atrial fibrillation; SF, SURROUNDFLOW; ST, 
THERMOCOOL SMARTTOUCH; STSF, SMARTTOUCH SURROUNDFLOW.
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had a relatively narrow range (from −15.2 min to −19.9 
min). In addition, Egger’s test did not detect significant 
publication bias for the reported difference in procedure 
time between the STSF catheter and the ST catheter from 
the included nine studies (p=0.768). The pooled differ-
ence in the procedure time between the STSF catheter 
and the ST catheter is illustrated in figure 2. The other 
reported outcomes are listed in online supplemental 
figure 1 and online supplemental figure 2.

Procedural characteristics: ablation time
Twelve included studies10–17 23–26 with 13 eligible results 
reported the ablation time associated with using STSF and 
ST to conduct RFCA in 1870 patients with AF (992 oper-
ated with STSF and 878 with ST). The pooled differences 
in the ablation time of the two catheters favoured the 
STSF catheter (WMD: −6.6 min, 95% CI −12.5 to −0.6 min, 
p=0.031) with significant heterogeneity (I2=98%, p<0.01). 
To control the potential heterogeneity associated with AF 
type, this SLR performed a subgroup meta-analysis for 
this outcome by including the stratified studies by the 
AF types of study patients (paroxysmal AF vs unspecified 
AF). The pooled difference in ablation time between the 
two catheters remained significant in the meta-analysis of 
the studies with unspecified AF patients (WMD −8.6 min, 
95% CI −16.9 to −0.4 min, p=0.039) but was not for the 
studies with paroxysmal AF patients (WMD −1.1 min, 
95% CI −4.8 to 2.6 min, p=0.555). However, heterogeneity 
in the subgroup meta-analysis of the studies with unspec-
ified AF patients was still significant (I2=98%, p<0.01) 
and brought our attention to further explore the poten-
tial heterogeneity sources in these studies. By reviewing 
the reported patient baseline characteristics from these 
included studies, we found four studies10–12 16 with obvi-
ously different patient characteristics (AF duration, left 
atrial diameter/volume, the proportion of paroxysmal 
AF, proportion of patients with myopathy, Ablation Index 
value, baseline CHA2DS2 VASc score, saline flow rate) 

from the other studies. After excluding these four studies 
from the subgroup meta-analysis, the pooled difference 
in ablation time still favoured the STSF catheter with 
statistical significance (WMD −22.5 min, 95% CI −24.3 
to −20.6 min, p<0.001) and low-level of heterogeneity 
(I2=0%, p=0.69), suggesting that these characteristics are 
potential heterogeneity sources.

The overall pooled difference in ablation time between 
the two catheters from the leave-one-out sensitivity anal-
ysis ranged from −7.5 min to −5.1 min. No significant 
publication bias was detected from the included 12 studies 
comparing the two catheters for ablation time during 
RFCA (Egger’s test: p=0.450). The pooled difference in 
the ablation time between the STSF catheter and the 
ST catheter is illustrated in figure 3. The other reported 
outcomes are listed in online supplemental figures 3 and 
4 .

Procedural characteristics: irrigation fluid volume
Six included studies10–12 23–25 with 1229 AF patients (629 
operated with STSF and 600 with ST) reported catheter 
irrigation fluid volume during RFCA. The meta-analysis 
of the reported irrigation fluid volume associated with 
the two catheters from the six studies indicated a signifi-
cantly lower irrigation volume for using STSF to conduct 
RFCA (WMD: −492.7 mL, 95% CI −646.1 to −339.3 mL, 
p<0.001). However, this pooled outcome was associated 
with significant heterogeneity (I2=94%, p<0.01). These six 
included studies were stratified by patient AF type (parox-
ysmal AF vs unspecified AF) to conduct a meta-analysis 
for the control of potential heterogeneity associated with 
AF types. The pairwise meta-analysis of the three studies 
with paroxysmal AF patients23–25 confirmed the signifi-
cant reduction of catheter irrigation fluid volume (WMD: 
−538.6 mL, 95% CI −621.2 to −456.1 mL, p<0.001) with 
moderate but non-significant heterogeneity (I2=38%, 
p=0.20) for RFCA conducted by STSF catheter. However, 
significant heterogeneity (I2=94%, p<0.01) was found for 

Figure 2  Forest plot for the paired meta-analysis of the included studies for the difference in RFCA procedure time (minutes) 
between STSF catheter and ST catheter. AF, Atrial fibrillation; RFCA, radiofrequency catheter ablation; STSF, SMARTTOUCH 
SURROUNDFLOW; ST, THERMOCOOL SMARTTOUCH; WMD, weighted mean difference.
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the pooled difference in catheter irrigation fluid volume 
(WMD: −461.4 mL, 95% CI −739.2 to −183.6 mL, p=0.001) 
between the two catheters from the left three studies 
with unspecified AF patients.10–12 No further exploration 
of heterogeneity resources for this pooled outcome due 
to a limited number of studies reporting this outcome 
measure. The overall pooled difference in catheter irri-
gation fluid volume between the two catheters from the 
leave-one-out sensitivity analysis ranged from −532.1 mL 
to −427.3 mL.

The pooled difference in the catheter irrigation fluid 
volume between the STSF catheter and the ST catheter is 
illustrated in figure 4. The other reported outcomes are 
listed in online supplemental figure 5.

Procedural characteristics: fluoroscopy time
Eight included studies10–13 23 25–27 compared fluoros-
copy time between STSF catheter and ST catheter used 
to conduct RFCA (four studies10–13 with unspecified AF 
patients and four studies23 25–27 with paroxysmal AF). The 

Figure 3  Forest plot for the paired meta-analysis of the included studies for the difference in ablation time (minutes) 
between STSF catheter and ST catheter. AF, atrial fibrillation; STSF, SMARTTOUCH SURROUNDFLOW; ST, THERMOCOOL 
SMARTTOUCH; WMD, weighted mean difference.

Figure 4  Forest plot for the paired meta-analysis of the included studies for the difference in catheter irrigation fluid volume 
(mL) between STSF catheter and ST catheter for RFCA. AF, atrial fibrillation; STSF, SMARTTOUCH SURROUNDFLOW; ST, 
THERMOCOOL SMARTTOUCH; WMD, weighted mean difference.
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overall pooled difference in fluoroscopy time during 
RFCA between the two catheters showed that the STSF 
catheter was associated with significantly shorter fluoros-
copy time than the ST catheter (WMD: −1.6 min, 95% CI 
−2.8 to −0.3 min, p=0.014); however, this pooled outcome 
was associated with significant heterogeneity (I2=77%, 
p<0.014). The included studies were further stratified by 
the patient AF types (paroxysmal AF vs unspecified AF) 
to conduct subgroup meta-analysis to explore potential 
heterogeneity associated with AF types. The subgroup 
meta-analysis including studies with paroxysmal AF 
patients confirmed the significantly shorter fluoroscopy 
time during RFCA conducted by STSF catheter (WMD 
−1.4 min, 95% CI −2.2 to −0.6 min, p<0.001) with a low 
level of heterogeneity (I2=8%, p=0.35).23 25–27 However, 
the pooled difference in fluoroscopy time between the 
two catheters from the subgroup meta-analysis of five 
eligible results from the four studies with unspecified AF 
patients10–13 did not reach statistical significance and also 
had substantial heterogeneity. No further exploration of 
heterogeneity sources for this subgroup meta-analysis due 
to a limited number of included studies reporting this 
outcome. The overall pooled difference in fluoroscopy 
time between the two catheters from all included studies 
in the leave-one-out sensitivity analysis ranged from −1.9 
min to −1.4 min.

The results of the meta-analysis of the included eight 
studies reporting fluoroscopy time associated with STSF 

catheter and ST catheter are illustrated in figure 5. The 
other reported outcomes are listed in online supple-
mental figure 6.

Primary clinical outcomes
Thirteen studies10–17 22–24 26 28 reported primary clinical 
outcomes, including the acute procedural success of PVI, 
1-year postablation cardiac arrhythmia recurrence and 
overall complications related to RFCA. The overall pooled 
RR for acute procedure success,10 12 14–17 26 28 1-year postab-
lation cardiac arrhythmia recurrence,10 13 17 22 28 and overall 
complications11 14 16 17 23 24 26 28 from these studies were 
0.995 (95% CI 0.976 to 1.014, p=0.592), 0.727 (95% CI 
0.355 to 1.490, p=0.384) and 0.766 (95% CI 0.299 to 1.959, 
p=0.578), respectively, without reaching statistical signif-
icance. Among these three pooled outcomes, only the 
pooled RR for 1-year postablation arrhythmia recurrence 
between the two catheters was associated with significant 
heterogeneity (I2=68%, p<0.01). Subgroup meta-analysis 
including stratified studies by patient AF types (parox-
ysmal AF vs unspecified AF) was unable to homogenise 
the pooled RR for 1-year postablation cardiac arrhythmia 
recurrence between the two catheters. The leave-one-out 
sensitivity analyses for the three pooled outcomes observed 
a narrow range for pooled RR for the acute procedural 
success of PVI (95% CI 0.993 to 0.999) but wide ranges for 
1-year postablation cardiac arrhythmia recurrence (95% 
CI 0.555 to 0.929) and overall complications (95% CI 

Figure 5  Forest plot for the paired meta-analysis of the included studies for the difference in fluoroscopy time between 
STSF catheter and ST catheter for RFCA. AF, atrial fibrillation; STSF, SMARTTOUCH SURROUNDFLOW; ST, THERMOCOOL 
SMARTTOUCH; WMD, weighted mean difference.
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0.600 to 0.927). All reported outcomes are illustrated in 
online supplemental figures 7–10.

Other ablation-related clinical outcomes
Three included studies reported other ablation-related 
clinical outcomes. Two studies23 24 (502 paroxysmal AF 
patients) reported significantly lower utilisations of the 
foley catheter (RR 0.506, 95% CI 0.393 to 0.651, p<0.001) 
without heterogeneity (I2=0%, p=0.68). One study25 with 
47 paroxysmal AF patients reported STSF catheter was 
associated with a significantly lower risk of diuretics use 
(RR 0.050, 95% CI 0.003 to 0.819, p=0.036). In addition, 
one study27 with 68 paroxysmal AF patients reported that 
STSF catheter was associated with a reduced risk of eschar 
formation during ablation without reaching statistical 
significance (RR 0.143, 95% CI 0.008 to 2.663, p=0.192). 
The pooled outcomes are illustrated in online supple-
mental figure 11.

Synthesised evidence from the studies comparing the STSF 
catheter with the SF catheter
This SLR identified four studies29–32 comparing STSF with 
SF for procedural characteristics and clinical outcomes 
in AF patients. One study29 with a small sample size (26 
using STSF catheter and 26 using SF catheter) reported 
significantly longer RFCA procedure time (mean differ-
ence: 20.0 min, 95% CI 2.9 to 37.1 min, p=0.022) and fluo-
roscopy time (mean difference: 4.0 min, 95% CI 1.1 to 
6.9 min, p=0.007) in the STSF group. The meta-analysis 
including 2 studies29 30 with 252 patients did not identify 
significant differences in both acute procedure success of 
PVI and ablation-related complications between the two 
catheters. One study31 with 395 patients with paroxysmal 
AF (298 using STSF and 97 using SF) reported signifi-
cantly shorter ablation time (mean difference: −5.7 min, 
95% CI −8.4 to −3.1 min, p<0.001). The pooled RR for 
1-year postablation arrhythmia recurrence between 
the two catheters from the two studies31 32 favoured the 
STSF catheter with statistical significance (RR 0.503, 
95% CI 0.379 to 0.667, p<0.001, heterogeneity test: 
I2=0%, p=0.98) when compared with SF catheter. The 

Table 1  Summary of the pooled differences in RFCA-related outcomes between STSF catheter and SF catheter in AF 
patients

AF type Outcome type Outcome
No of 
studies

Sample 
size

Outcome 
measure

Pooled outcomes

Point 
estimation

95% CI 
lower

95% CI 
upper P value

Unspecified AF Procedural 
characteristics

Procedure time 
(minutes)29

1 STSF: 26; 
SF: 26

WMD 20.0 2.9 37.1 0.022

Fluoroscopy time 
(minutes)29

1 STSF: 26; 
SF: 26

WMD 4.0 1.1 6.9 0.007

Clinical 
outcomes

Acute procedural 
success of PVI (%)29

1 STSF: 26; 
SF: 26

RR 1.000 0.928 1.078 1.000

Any complications29 30 2 STSF: 
126; SF: 
126

RR 0.745 0.052 10.574 0.828

Paroxysmal AF Procedural 
characteristics

Ablation time 
(minutes)31

1 STSF: 
298; SF: 
97

WMD 5.7 8.4 3.1 <0.001

Radiofrequency 
energy use (J)31

1 STSF: 
298; SF: 
97

WMD 5432.5 9629.5 1235.5 0.011

Clinical 
outcomes

Acute procedural 
success of PVI (%)31

1 STSF: 
298; SF: 
97

RR 1.000 0.985 1.015 1.000

1-year postablation 
arrhythmia recurrence 
rate (%)31

1 STSF: 
298; SF: 
97

RR 0.504 0.368 0.689 <0.001

Persistent AF Clinical 
outcomes

1-year postablation 
arrhythmia recurrence 
rate (%)32

1 STSF: 74; 
SF: 74

RR 0.500 0.262 0.956 0.036

Any complications32 1 STSF: 74; 
SF: 74

RR 2.000 0.378 10.587 0.415

The bold/italic values indicate statistical significance.
AF, atrial fibrillation; PVI, pulmonary vein isolation; RFCA, radiofrequency catheter ablation; RR, rate ratio; SF, SURROUNDFLOW; STSF, 
SMARTTOUCH SURROUNDFLOW; WMD, weighted mean difference.
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reported RFCA-related outcomes from the four studies 
are summarised in table 1. The pooled outcomes are illus-
trated in online supplemental figures 12–15.

Reported outcomes between STSF catheter and non-ST/SF 
catheter
This SLR identified four studies comparing STSF with 
four non-ST/SF catheters which were the CELSIUS 
catheter,33 DiamondTemp catheter,34 DirectSense cath-
eter guided by Rhythmia System35 and NAVISTAR cath-
eter.36 The four studies reported that the STSF catheter 
was associated with significantly shorter RFCA procedure 
time than the DiamondTemp catheter(mean differ-
ence −20.6 min, 95% CI −32.5 to −8.7 min, p<0.001) and 
NAVISTAR catheter (mean difference −30.0, 95% CI 
−39.9 to −20.1 min, p<0.001); significantly shorter abla-
tion time than NAVISTAR catheter (mean difference 
−15.0 min, 95% CI −20.5 to −9.5 min, p<0.001); and signifi-
cantly shorter fluoroscopy time than DirectSense catheter 
guided by Rhythmia System (mean difference −7.0 min, 
95% CI −10.9 to −3.1 min, p<0.001) and NAVISTAR 
catheter (mean difference −2.0 min, 95% CI −2.8 to 
−1.2 min, p<0.001). However, 1 study with 116 patients 
with persistent or paroxysmal AF34 reported that the STSF 
catheter was associated with a significantly longer ablation 
time than the DiamondTemp catheter (mean difference: 
4.1 min, 95% CI 2.0 to 6.2 min, p<0.001). None of these 
four studies reported any significant differences in the 
rates of ablation-related overall complications between 
the STSF catheter and the four non-ST/SF catheters.

DISCUSSION
Compared with a similar SLR published in 2020,5 our 
SLR was designed with an expansive search period and 
search scope which has resulted in the inclusion of a 
larger pool of studies and much more robust evidence 
to demonstrate the values of STSF catheter for RFCA 
in AF patients. For example, our SLR captured and 
studied significantly more studies than the aforemen-
tioned SLR (27 studies vs 4 studies). Additionally, not 
only did our SLR include studies comparing STSF with 
ST but also with SF and other ablation catheters in AF 
patients; in contrast, the other SLR only included studies 
comparing STSF with ST. Furthermore, our SLR synthe-
sised evidence for more outcomes than the previous SLR 
and conducted additional heterogeneity analysis and 
publication bias assessment to make the pooled findings 
more robust. Therefore, our SLR should be more infor-
mative regarding the clinical values of STSF for RFCA in 
AF patients.

According to the studies reviewed in this SLR, the STSF 
catheter was mainly studied in comparison with the ST 
catheter in AF patients. As the STSF catheter evolved 
from the ST catheter by upgrading the irrigation system 
to improve procedural characteristics, the STSF catheter 
contains all the features of the ST catheter such as the CF 
technology and advanced irrigation system that provides 

uniform cooling at half the flow rate of ST catheter and 
facilitates the process of fluid management.4 The pooled 
evidence for the outcomes that were compared between 
the two catheters in our SLR aligned with the expected 
impact of the advanced irrigation system of STSF. For 
example, the pooled evidence showed that the STSF cath-
eter significantly save RFCA procedure time (17.4 min, 
p<0.001), ablation time (6.6 min, p=0.031) and fluoros-
copy time (1.6 min, p=0.016) with significantly reduced 
catheter irrigation fluid volume (492.7 mL, p<0.001) 
relative to ST catheter. These benefits could potentially 
improve the performance efficiency of RFCA and enhance 
the capacity of conducting RFCA in hospital settings. 
The substantial reduction in the irrigation volume of 
STSF could substantially limit the cardiac burden due 
to catheter irrigation infusion and make ablation treat-
ment safer to treat AF with heart failure. Even though the 
pooled outcome for reduced fluoroscopy time was statis-
tically significant, the estimated reduction of fluoroscopy 
time by STSF in this review was unlikely to be substantial 
and this finding should be interpreted with caution. As 
a new technology, STSF could be often used with more 
fluoroscopy to confirm the position of catheter during 
the learning process. With more use of STSF in real-world 
settings, the benefits of STSF in reducing occupational 
health hazards during RFCA could be better demon-
strated in future studies.

The pooled evidence also indicates that primary clin-
ical outcomes, including acute procedure success of PVI, 
1-year postablation arrhythmia recurrence and overall 
complications, are comparable for the STSF catheter and 
ST catheter. A possible explanation is that both catheters 
use the same CF technology, which is the primary driver 
of the ablation effects.37 However, the advanced irrigation 
system of the STSF could bring more clinical benefits to 
AF patients with heart failure. According to the reported 
patient characteristics from the included studies, AF 
patients are characterised by old age (mean age range: 
58.0–67.5 years old) and a high prevalence of heart failure 
(17.8%–41.7%). The fluid infusion through the cath-
eter during RFCA could stress the heart and deteriorate 
the cardiac function in patients with heart failure. Even 
though RFCA has been proven to improve cardiac func-
tion (indicated by LVEF38), previous studies observed a 
high rate of developing acute heart failure (4.9%–26.1%) 
after open-irrigated catheter ablation39–41; the develop-
ment of acute heart failure after ablation in these studies 
was likely due to excessive infusion fluid during ablation 
procedure as patients with developed acute heart failure 
after ablation was associated with significantly higher net 
fluid infusion volume during ablation than those without 
developing acute heart failure. Thus, the substantial 
reduction of the catheter irrigation infusion volume of 
the STSF catheter could lower the burden of RFCA on 
the cardiac load and potentially reduce the risk of acute 
heart failure after RFCA.42 In addition, the shortened 
ablation time through STSF could make RFCA more 
tolerable for AF patients with heart failure who are prone 
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to developing respiratory distress with the flat position 
required by the ablation procedure.43 Since AF patients 
are often complicated with heart failure due to old age 
and other cardiovascular conditions, future research 
should be encouraged to confirm the cardiac function-
related benefits of STSF and generate robust evidence 
to inform clinical practices and guidelines regarding the 
appropriate applications of STSF catheter ablation for AF. 
Another potential clinical benefit of the improved irriga-
tion system of STSF is the reduction of the risk of eschar 
due to the amplified cooling effects. Eschar occurs more 
often with unipolar radiofrequency ablation that gener-
ates excessive local temperature leading to the forma-
tion of eschar on the tissue surface; carbonisation; and 
thromboembolic complications; and even damage to the 
oesophagus and atrium, which induces serious complica-
tions such as atrial oesophageal fistula, atrial rupture and 
pulmonary vein stenosis.44 Because the STSF catheter has 
a more advanced irrigation system than the ST catheter, 
it is expected that the STSF catheter could be associated 
with a lower risk of eschar formation than the ST cath-
eter. However, this SLT did not identify robust evidence 
to support this clinical benefit of STSF as only one study 
with a small sample size reported a non-significant trend 
for the reduced risk of eschar for STSF catheter.27

This SLR also identified four eligible studies comparing 
the STSF catheter with SF catheter and other four studies 
comparing the STSF catheter with non-ST/SF catheters. 
The pooled evidence from two eligible studies identi-
fied significantly reduced 1-year postablation arrhythmia 
recurrence for STSF catheter relative to SF catheter. 
Because these SF catheters were equipped with a similar 
irrigation technology as the STSF catheter but without CF 
technology, which mainly drives the ablation outcomes.37 
The reported outcomes from the four studies comparing 
the STSF catheter with contemporary non-ST/SF cathe-
ters suggested that the STSF catheter could be better than 
the non-ST/SF catheter regarding the procedure charac-
teristics, which included procedural time, ablation time 
and fluoroscopy time. However, these findings are not 
robust due to a limited number of studies (only one study 
comparing STSF with each non-ST/SF catheter) and the 
small sample size in each included study.

The generated evidence from this SLR should be 
interpreted with caution as most of the included studies 
were observational studies (26 observational studies and 
1 randomised clinical trial) and the reported outcomes 
from the included studies were not pooled separately by 
study design. Thus, the pooled evidence in our review is 
likely to have the common limitations of observational 
studies that include bias, measurement bias and unknown 
confounders. These limitations could introduce hetero-
geneity in the pooled evidence in our review. Additionally, 
the included studies with small sample size could further 
introduce heterogeneity. That might explain why most 
of the overall pooled outcomes in this SLR had signifi-
cant heterogeneity. This SLR did recognise that AF type 
could an important heterogeneity source as the persistent 

AF usually requires additional substrate ablation beyond 
PVI than paroxysmal AF. Thus, this SLR stratified the 
included studies by patient AF types to control hetero-
geneity in the pooled outcomes. This strategy seems 
to work well in reducing heterogeneity in the pooled 
outcomes from the studies only including paroxysmal 
AF patients. Due to insufficient studies, this SLR only 
tried to explore heterogeneity resources for procedure 
time and ablation time by further excluding studies with 
obviously different patient characteristics rather than 
conducting meta-regression analyses. The lack of defini-
tions for some outcome measures in the included studies 
could introduce measurement bias and further increase 
the heterogeneity in the pooled evidence. In addition, 
this SLR does not have enough studies to explore the 
heterogeneity sources in other pooled outcomes. For 
the same reason, this SLR only assessed the publication 
bias for RFCA procedure time and ablation time. Given 
the fact that most of the included studies compared the 
STSF catheter with the ST catheter, the pooled evidence 
regarding the comparisons between STSF with non-ST 
catheters was not robust enough. Thus, this SLR did not 
grade the pooled evidence because of the limitations 
discussed above. Future research with adequate quality is 
still needed to confirm the generated evidence from this 
SLR and further explore the potential clinical benefits of 
using the STSF catheter to conduct RFCA for AF (such as 
preventing eschar and acute heart failure).

In summary, this SLR demonstrated that STSF is supe-
rior to ST catheter by reducing procedure time, abla-
tion time, fluoroscopy time and irrigation fluid volume. 
Because both catheters use CF technology which is a 
key factor in determining ablation outcomes, it is not 
a surprise to see highly comparable acute procedure 
success of PVI and 1-year postablation arrhythmia recur-
rence between STSF catheter and ST catheter from the 
pooled evidence. Due to the lack of sufficient and robust 
evidence to support other clinical benefits of the STSF 
catheter relative to other catheters, such as preventing 
eschar and acute heart failure, more future studies with 
appropriate study designs and sufficient sample size are 
needed in this field.
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