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Aims High-frequency low-tidal volume (HFLTV) ventilation may improve catheter stability and enhance procedural success in 
radiofrequency (RF) catheter ablation of atrial fibrillation (AF). Long-term findings remained unclear.

Methods 
and results

We conducted a meta-analysis that included all studies that directly compared AF patients who underwent RF ablation un
der HFLTV compared with standard ventilation. Primary outcomes included acute first-pass pulmonary vein isolation (PVI) 
and long-term recurrence of AF/atrial arrhythmias after 12 months. Secondary outcomes included total procedure duration, 
ablation time, and RF time, with pooled standardized mean difference derived using the inverse variance method. Five cohort 
studies (publication period: 2019–2024) were identified and included in the meta-analysis (final sample: HFLTV n = 460 vs. 
standard ventilation n = 705). High-frequency low-tidal volume ventilation was significantly associated with lower risk of AF 
recurrence after 12 months {pooled odds ratio (OR) = 0.62 [95% confidence interval (CI): 0.42–0.92]}, as well as total atrial 
arrhythmia [OR = 0.59 (95% CI: 0.42–0.81)], with no between-study heterogeneity (I2 = 0%). Acutely, HFLTV was asso
ciated with higher probability of first-pass PVI with borderline statistical significance [OR = 1.24 (95% CI: 0.94–1.63)]. 
Furthermore, HFLTV was associated with significant reductions in total procedure time [−0.71 (95% CI: −1.00 to 
−0.42), unit in standard deviation], ablation time [−0.83 (95% CI: −1.07 to −0.59)], and total RF time [−0.72 (95% 
CI: −0.85 to −0.59)] (heterogeneity I2 = 76%). Notably, there was no effect modification by paroxysmal or persistent 
AF (P > 0.05). All studies reported no major complications in either group.

Conclusion High-frequency low-tidal volume ventilation is associated with improved long-term success of arrhythmia control in AF pa
tients who undergo RF catheter ablation, regardless of paroxysmal or persistent status.
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Graphical Abstract
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What’s new?

• High-frequency low-tidal volume ventilation is associated with im
proved long-term success of arrhythmia control in atrial fibrillation 
(AF) patients who undergo radiofrequency (RF) catheter ablation.

• Such effects are similar for paroxysmal or persistent AF.
• High-frequency low-tidal volume ventilation is also associated with 

improved procedural efficiency, without any significant impact on 
complication rates.

Introduction
Catheter ablation is an established and effective treatment for patients 
with atrial fibrillation (AF).1 Despite emerging strategies and interests in 
the ablation of various novel substrates, pulmonary vein isolation (PVI) 
has remained the overarching therapeutic backbone that underpins the 
clinical effectiveness of AF ablation. Nevertheless, improved success 
rates of AF ablation have generally plateaued in recent years, averaging 
in the range of 64–66% by a single procedure for paroxysmal AF using 
various technologies.2,3 Corresponding estimates for persistent AF are 
lower.3,4

Despite newer forms of ablation technologies beyond conventional 
thermal ablation, such as pulsed field ablation,5 any tangible improve
ment in the clinical effectiveness of AF ablation remains unclear. 
On the other hand, effective and cost-saving strategies that enhance 
the impact of existing ablation energy forms to achieve durable PVI 
are gaining attention. One example is the use of general anaesthesia, 
which has been shown to reduce pulmonary vein reconnections after 
PVI6 and improve both clinical and economical effectiveness in AF 
ablation.7

Various ventilation strategies have been studied in recent years to 
enhance success rates of AF ablation. These include jet ventilation8,9

and prolonged apnoeic ventilation.10 However, each of these ventila
tory approaches has its own drawback. The high-frequency low-tidal 
volume (HFLTV) ventilation strategy was designed to reduce thoracic 
excursions during AF ablation, using standard equipment at no extra 
costs or manpower implications. Furthermore, it does not cause any 
significant interruption to procedural flow. It was shown in several stud
ies that HFLTV ventilation enhanced catheter contact force11 and sta
bility12 and resulted in favourable ablation lesional characteristics.13

These may in turn promote greater durability of PVI. It may also short
en ablation and procedural time whilst not affecting risk of complica
tions.14,15 Nevertheless, previous studies typically comprised small 
study samples. Importantly, the overall longer-term clinical efficacy in 
terms of AF recurrence at 12 months was uncertain.
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Here, we hypothesize that HFLTV, compared with standard ventila
tion, may enhance overall clinical success rates of AF ablation both 
acutely and at 12 months and improve procedural efficiency. The pre
sent manuscript provides a meta-analysis of all currently available litera
ture to date.

Methods
Search strategy and study selection
A systematic review and meta-analysis was performed according to the 
PRISMA guidelines to compare the outcomes of AF ablation procedures 
performed under HFLTV compared with standard ventilation (SV). 
‘HFLTV’, ‘low-tidal volume ventilation’, ‘high respiratory rate’, ‘atrial fibrilla
tion ablation’, and ‘AF ablation’ were used as the keywords in the search 
process. There were no restrictions on publication year due to the limited 
number of studies. The inclusion criteria of the studies included any rando
mized controlled trials, cohort studies, and case–control studies that com
pared outcomes of AF ablation under HFLTV with SV and reported at least 
one relevant outcome. Exclusion criteria included duplication of patient 
samples, non-AF patients, and performing AF ablation under other ventila
tion strategies. The literature search was performed on PubMed, Scopus, 
Web of Science, and Embase, with the last search conducted on 2 
January 2025.

One investigator collected procedural and long-term outcomes data, in
cluding first-pass PVI, procedure time, ablation time, total radiofrequency 
(RF) time, and recurrence of atrial arrhythmias and AF after 12 months 
(H.-Y.L.). These were independently verified by a senior investigator 
(Y.-H.W.C.). Procedure time was defined as the duration from the initial 
femoral puncture to the removal of the catheter; ablation time was mea
sured from the first to the last PVI lesion that achieved bidirectional block; 
RF time refers to the time that RF energy was applied.11 Baseline character
istics in both treatment and control groups were also collected and 
compared.

The primary outcomes were defined as long-term and acute success of 
AF ablation, namely, recurrence of AF/all atrial arrhythmias at 12 months 
and acute first-pass PVI. Secondary outcomes were procedural efficiency 
indicated by procedure time, total ablation time, and RF time.

As this is a meta-analysis on prior published literature, no direct patient 
clinical contact was needed or possible. Therefore, there was no require
ment for ethics committee approval.

Definition of ventilation methods
High-frequency low-tidal volume ventilation from the reported studies had 
adopted either a weight-adjusted setting (3–4 mL/kg) at 25–30 ventilations/ 
min or a standardized rate of 200–250 mL at 40–50 ventilations/min. In 
comparison, the standard ventilation was in the range of 6–10 mL/kg at 
10–15 ventilations/min.

Statistical analysis
All analyses used the ‘meta’ and ‘metafor’ packages in RStudio version 
2024.04.2+764. Baseline characteristics between the HFLTV and SV groups 
were compared, including age, gender, body mass index (BMI), 
CHA₂DS₂-VASc score, left ventricle ejection fraction, sleep apnoea, hyper
tension, and diabetes. Between-group standardized mean difference (SMD) 
and odds ratio (OR) were used to evaluate the baseline difference of con
tinuous variables and categorical variables among the treatment and control 
groups, respectively.

Primary and secondary outcomes in the HFLTV vs. control groups were 
compared. The Mantel–Haenszel method was used to calculate the pooled 
OR for the primary outcomes (recurrence of AF and all atrial arrhythmias 
after 12 months and first-pass PVI). Pooled SMDs were derived using 
the inverse variance method for continuous outcomes (procedure time, ab
lation time, and RF time). The median and interquartile ranges (IQRs) were 
transformed into mean and standard deviation (SD) according to 
Wan et al.16 for comparison. Heterogeneity between studies was evaluated 
using the I2 statistic and Cochran’s Q test, with I2 > 50% suggesting a 
significant heterogeneity and I2 < 50% indicating a low heterogeneity. 
Random-effects models were used when the outcomes showed significant 

heterogeneity, and the DerSimonian–Laird method was used to calculate 
the between-study variance (τ2). Fixed-effect models were used when het
erogeneity was low.

Forest plots were drawn to visualize the effects of each outcome. 
Publication bias evaluation and meta-regressions have not been done as 
the number of studies included was <10. Sensitivity analysis was conducted 
using the leave-one-out method when the outcome’s heterogeneity was 
high. A priori defined subgroup analyses were performed for differences 
in treatment effects between paroxysmal AF (PAF) and persistent AF 
(PeAF) patients. A χ2 test was used to study any differences between 
two groups.

Results
A total of 92 records resulted after medical database searching. After 
removing 29 duplicated papers, studies were included in the title and 
abstract screening. Full-text screening was later conducted on seven 
studies, and two studies were excluded due to overlapping cohorts; 
five cohort studies published between 2019 and 2024 were included 
in the final meta-analysis (Figure 1).11–15,17 A summary of the included 
studies is presented in Table 1. The ablation procedure and ventilation 
method of each study are presented in Table 2.

A total of 460 patients in the treatment group and 705 patients in the 
control group were included in the analysis. Most of the studies were 
from the USA, and one was from Brazil. Two studies were from the 
same author group; one included exclusively patients with PAF,15 whilst 
the other included patients with PeAF.14 All the included studies are co
hort studies, as no randomized controlled trials were undertaken on 
the topic.

Baseline characteristics of the final sample
Most of the studies presented the baseline characteristics of the pa
tients, except for Gabriels et al.12 where there was limited informa
tion. However, it was stated that there were no differences in the 
demographics of treatment and control groups. The other four stud
ies were included in the baseline characteristics analysis (Table 3). The 
BMI of the HFLTV group was slightly lower with SMD −0.14 [95% 
confidence interval (CI): −0.26 to −0.02]. The CHA₂DS₂-VASc score 
and hypertension comorbidity were slightly higher in the HFLTV 
group with SMD 0.17 (95% CI: 0.05–0.29) and OR 1.43 (95% CI: 
1.09–1.86), respectively. Other baseline data had no significant 
differences.

High-frequency low-tidal volume 
ventilation improves long-term rhythm 
control in atrial fibrillation ablation at 12 
months
Four and three studies had reported the recurrence of all atrial arrhyth
mias and AF, respectively, after 12 months. The recurrence rates for AF 
were 12% (41/355) for HFLTV vs. 17% (102/604) for SV. Recurrence 
rates for atrial arrhythmias were 16% (65/416) for HFLTV vs. 23% 
(153/661) for SV.

High-frequency low-tidal volume ventilation was associated with a 
statistically significantly lower risk of all atrial arrhythmia recurrence 
at 12 months (pooled OR = 0.59, 95% CI: 0.42–0.81). No heterogen
eity was noted among studies (I2 = 0%). Similarly, there was a statistic
ally significantly lower risk of AF recurrence (pooled OR = 0.62, 95% 
CI: 0.42–0.92), suggesting 38% reduced odds of AF at 12 months 
with HFLTV compared with SV. There was no heterogeneity among 
studies (I2 = 0%) (Figure 2). The results indicated that using HFLTV sig
nificantly reduced the recurrence of all atrial arrhythmia and AF 12 
months post-ablation.

Ventilation strategy in atrial fibrillation ablation                                                                                                                                                     3
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjopen/article/5/4/oeaf088/8182649 by U
niversity of H

ong Kong user on 09 Septem
ber 2025



High-frequency low-tidal volume 
ventilation and first-pass pulmonary vein 
isolation
The proportion of first-pass PVI was reported by four studies (Figure 2), 
with a pooled OR of 1.24 (95% CI: 0.94–1.63) and no heterogeneity 
among studies (I2 = 0%). Although the risk estimate was not statistically 
significant at 95% CI, there was a trend towards higher success rate of 
first-pass PVI. Of note, Osorio et al.15 had reported a higher proportion 
of first-pass PVI with HFLTV in their study, when differences were ana
lysed differently using the χ2 test.

High-frequency low-tidal volume 
ventilation improves procedural efficiency 
in atrial fibrillation ablation
Procedure time and total RF time were reported by four studies, and 
ablation time was reported by three studies (Figure 3). All included stud
ies showed statistically significant reductions in the procedure, ablation, 
and total RF time by using HFLTV vs. SV. The pooled effects of HFLTV 
(in SMD) were −0.71 (95% CI: −1.00 to −0.42), −0.83 (95% CI: −1.07 
to −0.59), and −0.72 (95% CI: −0.85 to −0.59) for procedure time, 
ablation time, and total RF time, respectively. The heterogeneity of 
procedure time difference between studies was large (I2 = 76%). 
Translated into quantity time, HFLTV was associated with significant re
ductions in the mean total procedure time of −23.0 min (95% CI: −31.0 
to −15.1 min), ablation time of −13.1 min (95% CI: −23.3 to −2.9), and 
total RF time of −5.8 min (95% CI: −6.7 to −4.8).

All studies reported that there were no major complications in either 
group.1,3,4,5,6,11–15,17 Osorio et al. (2023)5 and Osorio et al. (2024)4 also 
reported that there was no CO2 retention observed.

Sensitivity analysis
Leave-one-out analyses were performed to assess the robustness of 
the findings on procedure time due to the high heterogeneity. After 
taking out each study at a time, the pooled SMD remained statistically 
significant, suggesting no dominated influence from any single study. 
Subgroup analyses were also performed according to the type of AF 
(PAF vs. PeAF). As shown in Figure 4, there were no statistically signifi
cant differences between PAF vs. PeAF in terms of the impact of 
HFLTV on the primary and secondary outcomes (all P-values for 
between-group comparisons > 0.05). Furthermore, follow-up periods 
also showed variations for each included study: Vassallo et al.,13 mean 
follow-up of 15.2 ± 4.4 months; Gabriels et al.,12 median follow-up of 
10 months (IQR: 8–13 months); Osorio et al.,15 12 months of follow- 
up; Osorio et al.,14 at least 12 months of follow-up; and Qian et al.,11

12 months follow-up. Nevertheless, there was no heterogeneity in 
terms of clinical endpoints of arrhythmia recurrence at 12 months. 
Risk of Bias Assessment using the Newcastle–Ottawa Scale showed 
that the risk of bias for each study was low or moderate (Figure 5).

Discussion
To our knowledge, this is the first meta-analysis to date that investi
gated the role of HFLTV ventilation compared with SV in AF patients 
who undergo RF catheter ablation. Our results indicated that HFLTV, 
compared with SV, was associated with significantly better long-term 
outcomes in AF ablation, indicated by reduced recurrence of AF and 
all atrial arrhythmias at 12 months post-ablation (Graphical Abstract). 
Furthermore, HFLTV was also associated with improved procedural ef
ficiency, reflected by reductions in total procedural, ablation, and RF 
time (saving 23, 13, and 5.8 min, respectively, compared with SV). 
Such magnitudes of reductions in procedural time were tangible and 

Figure 1 Study flowchart.

4                                                                                                                                                                                           Y.-H.W. Chan et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjopen/article/5/4/oeaf088/8182649 by U
niversity of H

ong Kong user on 09 Septem
ber 2025



..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..

T
ab

le
 1

 
Su

m
m

ar
y 

of
 in

cl
ud

ed
 s

tu
di

es

A
ut

ho
r

P
ub

lis
h 

ye
ar

C
ou

nt
ry

St
ud

y 
pe

ri
od

H
FL

T
V

 
gr

ou
p 

(n
)

SV
 g

ro
up

 
(n

)
C

en
tr

e 
(n

)
T

yp
e 

of
 

A
F

T
yp

e 
of

 a
bl

at
io

n
St

ud
y 

ty
pe

Ex
cl

us
io

n 
cr

it
er

ia

O
so

rio
 

et
 a

l.14

20
24

U
SA

Fe
br

ua
ry

 2
02

1 
to

 
A

pr
il 

20
23

95
11

5
16

Pe
A

F
PV

I w
ith

 W
A

C
A

; l
ef

t 
at

ria
l 

PW
I i

n 
al

l p
at

ie
nt

s
Pr

os
pe

ct
iv

e 
co

ho
rt

 
st

ud
y

•
A

dv
an

ce
d 

C
O

PD
•

A
st

hm
a

•
Pu

lm
on

ar
y 

fib
ro

sis

•
Lo

ng
-t

er
m

 P
eA

F 
pa

tie
nt

s 
un

de
rw

en
t c

om
pl

ex
 R

FC
A

Q
ia

n et
 a

l.11

20
24

U
SA

A
ug

us
t 2

02
2 

to
 

M
ar

ch
 2

02
3

35
35

1
PA

F
PV

I w
ith

 W
A

C
A

Re
tr

os
pe

ct
iv

e 
co

ho
rt

 s
tu

dy
•

A
bn

or
m

al
 L

VE
F

•
BM

I >
 3

5 
kg

/m
2

•
LA

VI
 >

 3
4 

m
L/

m
2

•
Si

gn
ifi

ca
nt

 r
es

pi
ra

to
ry

 c
on

di
tio

ns
•

A
na

es
th

es
ia

-r
el

at
ed

 c
om

pl
ic

at
io

ns

•
Ph

re
ni

c 
ne

rv
e 

in
ju

ry
Va

ss
al

lo
 

et
 a

l.13

20
24

Br
az

il
A

ug
us

t 2
02

0 
to

 

Ja
nu

ar
y 

20
23

70
66

2
PA

F 
+ 

 

Pe
A

F

PV
I w

ith
 W

A
C

A
Pr

os
pe

ct
iv

e 
co

ho
rt

 

st
ud

y

•
D

ev
el

op
ed

 A
F 

du
rin

g 
th

e 

pr
oc

ed
ur

e

•
D

id
 n

ot
 r

et
ur

n 
to

 S
R 

af
te

r 
sy

nc
hr

on
iz

ed
 c

ar
di

ov
er

sio
n

O
so

rio
 

et
 a

l.15

20
23

U
SA

Ja
nu

ar
y 

20
19

 to
 

A
ug

us
t 2

02
1

21
6

44
5

18
PA

F
PV

I w
ith

 W
A

C
A

; C
TI

 li
ne

 if
 

C
TI

-d
ep

en
de

nt
 fl

ut
te

r

Pr
os

pe
ct

iv
e 

co
ho

rt
 

st
ud

y

•
A

dv
an

ce
d 

C
O

PD

•
A

st
hm

a
•

Pu
lm

on
ar

y 
fib

ro
sis

•
O

n 
A

A
D

s a
fte

r t
he

 b
la

nk
in

g 
pe

rio
d

G
ab

rie
ls 

et
 a

l.12

20
19

U
SA

Fe
br

ua
ry

 2
01

7 
to

 

Ju
ne

 2
01

8

44
44

1
PA

F 
+ 

 

Pe
A

F

PV
I w

ith
 W

A
C

A
Re

tr
os

pe
ct

iv
e 

co
ho

rt
 s

tu
dy

•
A

dv
an

ce
d 

C
O

PD

•
A

st
hm

a

•
Pu

lm
on

ar
y 

fib
ro

sis

A
A

D
, a

nt
ia

rr
hy

th
m

ic
 d

ru
gs

; A
F,

 a
tr

ia
l fi

br
illa

tio
n;

 B
M

I, 
bo

dy
 m

as
s 

in
de

x;
 C

O
PD

, c
hr

on
ic

 o
bs

tr
uc

tiv
e 

pu
lm

on
ar

y 
di

se
as

e;
 C

TI
, c

av
ot

ric
us

pi
d 

ist
hm

us
; H

FL
TV

, h
ig

h-
fr

eq
ue

nc
y 

lo
w

-t
id

al
 v

ol
um

e 
ve

nt
ila

tio
n;

 L
A

VI
, l

ef
t 

at
ria

l v
ol

um
e 

in
de

x;
 L

VE
F,

 le
ft 

ve
nt

ric
ul

ar
 e

je
ct

io
n 

fr
ac

tio
n;

 R
FC

A
, 

ra
di

of
re

qu
en

cy
 c

at
he

te
r 

ab
la

tio
n;

 S
R,

 s
in

us
 r

hy
th

m
; 

SV
, s

ta
nd

ar
d 

ve
nt

ila
tio

n;
 P

A
F,

 p
ar

ox
ys

m
al

 a
tr

ia
l 

fib
ril

la
tio

n;
 P

eA
F,

 p
er

sis
te

nt
 a

tr
ia

l 
fib

ril
la

tio
n;

 P
VI

, p
ul

m
on

ar
y 

ve
in

 i
so

la
tio

n;
 P

W
I, 

pu
lm

on
ar

y 
w

al
l 

iso
la

tio
n;

 W
A

C
A

, w
id

e 
ar

ea
 c

irc
um

fe
re

nt
ia

l a
bl

at
io

n.

Ventilation strategy in atrial fibrillation ablation                                                                                                                                                     5
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjopen/article/5/4/oeaf088/8182649 by U
niversity of H

ong Kong user on 09 Septem
ber 2025



clinically meaningful. Importantly, there were no statistically significant 
differences in complication rates in HFLTV compared with SV. 
Although there was a trend towards higher rates of acute first-pass 
PVI in HFLTV, the result was not statistically significant. This could be 
potentially due to the as-yet insufficient power of the currently pooled 
sample size. Encouragingly, the beneficial effects of HFLTV on both AF 
recurrence and procedural time appeared to be consistent across the 
PAF vs. PeAF patient groups. Slight variations in follow-up duration also 
had no tangible impact on the findings of reduced arrhythmia recur
rence at 12 months.

Ablation power, contact force, and the time of catheter and target 
lesion in good contact are all important parameters in delivering trans
mural lesions and to achieve enhanced durability of PVI.18–20

High-frequency low-tidal volume ventilation reduces diaphragmatic 
and thoracic excursions, thereby improving catheter stability during ab
lation and reducing variability of contact force. These changes are re
flected by increased impedance drop and improved lesional size 
index associated with HFLTV. When these are factored into the equa
tion, HFLTV should enhance the ultimate durability of PVI, and this is 
the likely mechanism through which HFLTV could result in lower recur
rence of AF and all atrial arrhythmia observed in the longer term.

To achieve similar aims, previous studies had explored the role of jet 
ventilation,8,9 as well as prolonged apnoeic ventilation in AF ablation.10

Although potentially harbouring similar benefits, these approaches each 
had their own limitations. For example, jet ventilation requires specific 
ventilation equipment and a specialized anaesthetic team for support, 
and frequent arterial blood taking is required. Cost implications are 
therefore higher. On the other hand, prolonged apnoeic ventilation 
may cause interruptions to the procedural flow. There is also a limited 
timeframe for mapping and ablation each time, as each apnoeic episode 
must be prolonged within a certain limit. Therefore, HFLTV may re
present an attractive option combining several benefits of these alter
native ventilation approaches, but without a significant requirement 
for additional manpower or resources. Nevertheless, end-tidal CO2 re
tention needs to be routinely monitored, and certain patient groups, es
pecially those with chronic lung diseases such as those with chronic 
obstructive pulmonary diseases, may not be suitable. How it may com
pare directly with these alternative ventilation approaches is also un
clear and will require further studies.

With the rapidly developing therapeutic landscapes in AF ablation, 
newer forms of ablation technologies have been developed beyond 
conventional thermal ablations. These include pulsed field ablation5

or its combination with RF. Novel mapping and ablation catheters 
may also assist in enhancing the ultimate success of AF ablation. 
Nevertheless, how these various kinds of ablation modalities could 
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Table 3 Baseline characteristics

HFLTV (n = 416) SV (n = 661) P-value

Age (year) 65.65 ± 11.08 64.79 ± 11.14 0.2237

Male 56.25% 58.85% 0.1586

BMI 29.52 ± 6.39 30.47 ± 6.89 0.0271*
CHA₂DS₂-VASc score 2.71 ± 1.59 2.43 ± 1.52 0.0075*

LVEF (%) 56.86 ± 8.67 57.57 ± 9.67 0.0688

Sleep apnoea 43.75% 44.63% 0.9577
Hypertension 67.55% 57.94% 0.009*

Diabetes 14.90% 17.55% 0.1970

* Statistically significant at level P < 0.05. Values are given as mean ± SD or %.
BMI, body mass index; HFLTV, high-frequency, low-tidal volume ventilation; LVEF, left 
ventricular ejection fraction; SV, standard ventilation.
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translate into furthering the clinical effectiveness of AF ablation remains 
an active area of research. In this setting, maximizing capabilities of AF 
ablation with existing technologies through optimizing the benefits of 
supportive approaches remains crucial. For example, general anaesthe
sia significantly reduces pulmonary vein reconnection in PVI.6 There 
was also evidence that it improves clinical and economical effectiveness 
in AF ablation in the UK setting.7 Here in this meta-analysis, HFLTV pre
sents another dimension in which we could improve the success rate of 
AF ablation without significant increases in cost, provided that back
ground support of general anaesthesia is available. Nevertheless, it 
should also be acknowledged that in various electrophysiology centres 
in Europe and worldwide, AF ablation is often performed under sed
ation without intubation or an anaesthesiologist on-site. Such variations 
in health system and clinical resources may ultimately impact on the 
generalizability of our findings of HFLTV at the implementation and 
health economical level. Furthermore, the role of general anaesthesia 
in AF ablation, compared with sedation, is itself a research area in which 
divergent results have been found. Compared with Martin et al.,7 a 
retrospective cohort study showed that sedation was non-inferior to 
general anaesthesia in terms of AF recurrence post-ablation and 

potentially associated with reduced total procedure time and cost.21

In addition, a meta-analysis that studied oesophageal complications 
showed that general anaesthesia was associated with more oesopha
geal lesions in patients who underwent AF ablation. Therefore, the suit
ability of anaesthesia and ventilation approach will likely need to be 
individualized according to the settings of each electrophysiology cen
tre, as well as taking into consideration patient characteristics and op
erator preferences.

Despite the encouraging findings, there are several limitations of this 
study. Although this is a meta-analysis, there are only five studies, and all 
of them are observational in design. Causal inference cannot be defin
itely confirmed; biases and confounding remained possible. There were 
also no mechanistic studies that confirmed enhanced durability of PVI as 
the mechanism of the observed clinical benefits. Nevertheless, this is 
the largest study to date to incorporate all clinically available and rele
vant evidence. Although two out of the five studies were included from 
the REAL-AF registry,14,15 we carefully studied the relevant manu
scripts of these published studies and found that there is no effective 
overlap of patient samples. Nevertheless, there still existed a small the
oretical possibility that some patients with paroxysmal AF could have 

Figure 2 High-frequency low-tidal volume ventilation improves atrial fibrillation ablation success. High-frequency low-tidal volume ventilation was 
associated with significantly reduced risk of all atrial arrhythmia recurrence (pooled odds ratio = 0.59, 95% confidence interval: 0.42–0.81, I2 = 0%) and 
atrial fibrillation recurrence (odds ratio = 0.62, 95% confidence interval: 0.42–0.92, I2 = 0%) at 12 months after catheter ablation. high-frequency low- 
tidal volume ventilation appeared to be associated with higher chance of first-pass pulmonary vein isolation but with borderline statistical significance 
(odds ratio = 1.24, 95% confidence interval: 0.94–1.63, I2 = 0%). AF, atrial fibrillation; CI, confidence interval; HFLTV, high-frequency low-tidal volume 
ventilation; OR, odds ratio; PVI, pulmonary vein isolation.
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progressed to persistent AF and included again in the latter study. 
However, even if this happened, the number should be small, and there 
was no effective overlapping of study period in these studies. This is 
therefore unlikely to have caused a material impact on the results of 
our meta-analysis, although a minimal possibility of result inflation can
not be totally excluded. Also, recurrence rates for AF at 12 months in 
this pooled data appeared to be lower than the generally reported es
timates from the literature.2,3 This could be potentially related to differ
ent methodologies, including how recurrence was detected in various 
studies. A small study bias cannot be excluded. Further randomized 
controlled, and preferably multi-centre, trials with standardized 

methods in assessing AF recurrence are needed to confirm the defini
tive benefits of HFLTV on AF ablation long-term outcomes.

Conclusions
High-frequency low-tidal volume ventilation is associated with im
proved long-term success of arrhythmia control in AF patients who 
undergo RF catheter ablation, regardless of paroxysmal or persistent 
status. It also improves procedural efficiency, without any significant im
pact on complication rates.

Figure 3 High-frequency low-tidal volume ventilation reduces atrial fibrillation procedure and radiofrequency time. High-frequency low-tidal volume 
ventilation was associated with significant reductions in the procedure time (pooled standardized mean difference = −0.71, 95% confidence intereval: 
−1.00 to −0.42), ablation time (pooled standardized mean difference = −0.83, 95% confidence interval: −1.07 to −0.59), and total radiofrequency time 
(pooled standardized mean difference = −0.72, 95% confidence interval: −0.85 to −0.59). Heterogeneity of procedure time difference between studies 
was large (I2 = 76%). AF, atrial fibrillation; CI, confidence interval; HFLTV, high-frequency low-tidal volume ventilation; RF, radiofrequency; SMD, stan
dardized mean difference.
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