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Abstract
Background Ablation of the slow pathway is an established
cure for atrioventricular nodal reentrant tachycardia
(AVNRT). Periprocedural damage to the conduction system
is a major concern during AVNRT ablation, and cryoablation
(CRYO) has been suggested to improve the procedural safety
compared to standard radiofrequency (RF) ablation, without
reducing the procedural success.
Objective We performed a systematic review andmeta-analysis
of studies comparing CRYO with RF ablation of AVNRT.
Methods We searched PubMed, CENTRAL, the BioMed
Central, EMBASE, CardioSource, clinicaltrials.gov, and ISI
Web of Science (January 1980 to July 2013). No language
restriction was applied. Two independent reviewers screened
titles and abstracts to identify studies that compared the pro-
cedural outcomes of AVNRT ablation with either CRYO or
RF energy. Two independent reviewers assessed the risk of
bias according to the Cochrane Collaboration, and extracted
patient, study characteristics, and procedural outcome data.
Results are expressed as odds ratio (OR) or as weighted mean
difference (WMD) with their 95 % confidence interval (CI).
Results Fourteen studies (5 prospective randomized and 9
observational) with 2,340 patients (mean age range 13 to
53 years, 1,522 (65 %) females) were included in the analysis.

RF ablation was performed in 1,262 (54 %) patients, while
CRYO in 1,078 (46 %) patients. Acute success (abolition of
dual atrioventricular node physiology or single echo beats) was
achieved in 88 % of patients treated with RF versus 83 % of
those treated with CRYO (OR=0.72, 95%CI 0.46 to 1.13;P=
0.157). RF ablation was associated with shorter total procedure
time (WMD=−13.7 min, 95 % CI −23 to −4.3 min; P=0.004),
but slightly longer fluoroscopy time (WMD=+4.6 min 95 %
CI +1.7 to +7.6 min; P=0.002). Permanent atrioventricular
block occurred in 0.87 % RF cases and in no CRYO case
(OR=3.60, 95 % CI 1.09 to 11.81; P=0.035). Over a median
follow-up of 10.5 months (range 6 to 12 months), freedom
from recurrent AVNRT was 96.5 % in the RF group versus
90.9 % in the CRYO group (OR=0.40, 95 % CI 0.28 to 0.58;
P <0.001). At meta-regression analysis, no clinical or procedur-
al variable had a significant interaction with the results above.
Conclusions In patients undergoing AVNRTablation, RF sig-
nificantly reduces the risk of long-term arrhythmia recurrence
compared to CRYO, but is associated with a higher risk of
permanent atrioventricular block.
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1 Introduction

Atrioventricular nodal reentrant tachycardia (AVNRT) is one
of the most common sustained supraventricular arrhythmias
encountered in clinical practice [1]. The overall prevalence of
AVNRT is 2–3 cases per 1,000 persons, accounting for nearly
90,000 new cases every year in US alone [2, 3].

Catheter ablation of the slow pathway provides a lasting
cure in a high percentage of patients with AVNRT [4], and
represents the first-line therapy for patients with recurrent drug-
refractory AVNRT [1]. The major drawback of AVNRT abla-
tion is the risk of periprocedural atrioventricular block (AVB)
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due to ablation in proximity of the compact AV node. This
complication has been reported in up to 1 % of patients treated
with radiofrequency (RF) ablation [5, 6]. Cryoablation (CRYO)
has been suggested to improve the safety of AVNRT ablation
due to the fully reversible tissue injury when applying low-
energy lesions (i.e., cryomapping) [7], together with the im-
proved catheter stability due to the adherence of the catheter to
the underlying myocardium [8]. Multiple studies have com-
pared the performance of CRYO ablation with standard RF
ablation in patients with AVNRT, reporting mixed results
[9–22]. To better evaluate the role of CRYO ablation compared
to standard RF ablation in AVNRT, we performed a meta-
analysis of studies comparing the two ablation energy sources
in this setting.

2 Methods

2.1 Data sources and selection

Two trained investigators (R.P, P.S.) independently searched
PubMed, CENTRAL, BioMed Central, CardioSource,

clinicaltrials.gov, and ISI Web of Science (January 1980 to
July 2013). Search keywords included “supraventricular
tachycardia AND,” “catheter ablation,” “ablation,” “atrioven-
tricular nodal reentrant tachycardia,” “AVNRT,” “robotic nav-
igation,” “stereotaxis,” “radiofrequency,” “cryoablation,” and
“cryo*” (where * denotes a wildcard). No language restriction
was used.

2.2 Study selection

Two independent reviewers (R.P., P.S.) performed study selec-
tion. Citations initially selected by systematic search were first
retrieved as a title and/or abstract and preliminarily screened.
Potentially relevant reports were then retrieved as complete
manuscripts and assessed for compliance to inclusion criteria.
Studies were included if (1) they were focused on catheter
ablation of AVNRT, (2) they were specifically designed to
compare the outcomes of CRYO versus RF ablation in patients
with AVNRT, and (3) they reported the procedural outcomes
data separately for the CRYO and RF ablation groups. No
restriction regarding the type of AVNRT (i.e., typical vs. atyp-
ical) within the eligible studies was applied.

Table 1 Baseline characteristic of the included studies

Author Year Country Study design Study
population

Mean age
(month)

Male/
female

Median follow-
up (month)

Cryocatheter
mm

Waiting time RF/
CRYO (min)

Kimman 2004 Netherlands/
Hungary

Prospective
randomized

63 48 24/39 12 4 30/30

Zrenner 2004 Germany Prospective
randomized

200 51±17 74/126 18 4 30/30

Collins 2006 US Retrospective
case–control

117 14±4 56/61 12 4 30/30

Gupta 2006 England Prospective
cohort

142 52±16 32/110 2±1 4 30/30

Avari 2008 US Retrospective
case–control

80 14±1 26/54 12 4 34/52a

Chan 2009 Hong Kong Retrospective
case–control

160 49±14 52/108 9 6 30/30

Opel 2010 United Kingdom Prospective
cohort

272 55±14 88/184 6 6 15/15

Deisenhofer 2010 Multicenter
Europe/China

Prospective
randomized

509 50 175/334 6 15/NS

Papagiannis 2010 Greece Retrospective
case–control

40 13±3 17/23 42±13 6 30/30

Chan 2011 Hong Kong Prospective
Randomized

20 46±12 8/12 6 6 30/30

Schwagten 2011 Netherlands Retrospective
case control

274 51±17 88/186 48±24 4 30/30

Chan 2012 Hong Kong Retrospective
case control

20 46±13 13/28 9 8 30/30

Ding 2012 China Prospective
randomized

304 47±14 95/209 6 NS 30/30

Rodriguez-
Entem

2012 Spain Prospective
randomized

119 48±14 71/119 6 6 30/30

NS not stated
aMedian time
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2.3 Data extraction and quality assessment

Two independent reviewers (R.P., P.S.) evaluated the stud-
ies for inclusion in the meta-analysis and extracted the data
regarding inclusion and exclusion criteria, the total number
of patients included, the number of patients undergoing
ablation with CRYO or RF energy, the baseline clinical
characteristics of the patients, the length of the follow-up,
the acute procedural success (i.e., abolition of dual AV
nodal physiology or single echo beats), the occurrence of
transient AVB, the occurrence of permanent AVB, the total
procedure time, the total fluoroscopy time, and the long-
term success (i.e., freedom from recurrent AVNRT). Dis-
agreements between reviewers were resolved by a third
blinded reviewer (L.D.B.).

Study quality was evaluated according to the established
methods of the Cochrane Collaboration [23]. Specifically,
we separately estimated the risk of selection, performance,
and detection bias [23]. Since the tested intervention (i.e.,
catheter ablation of AVNRT) was an invasive procedure,

allocation concealment and masking were not possible in
the original studies [24, 25]. Therefore, in the present anal-
ysis, such items were not considered part of the quality
assessment [24, 25].

2.4 Data synthesis and analysis

Data are expressed as odds ratio (OR) with 95 % confidence
interval (CI) for binary outcomes, and as weighted mean
difference (WMD) and 95 % CI for continuous outcome
variables.

Binary outcomes (i.e., acute success, long-term success,
transient AVB, permanent AVB) from individual studies were
analyzed according to theMantel–Haenszel model to compute
individual ORs with pertinent 95 % CI, and pooled summary
effect estimate was calculated by means of a fixed-effect
model [23, 24]. Weighted mean differences with pertinent
95 % CI were computed for continuous outcome variables
(i.e., total procedural time and fluoroscopy time) by entering
the mean and standard deviation of differences between

Fig. 1 Selection process of
studies included in the meta-
analysis
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baseline and follow-up, andwere combinedwith aDerSimonian
and Laird random-effect method to obtain the summary estimate
of the endpoint [23, 24].

The meta-analysis was initially conducted on all the re-
trieved studies [9–22], and then separately on studies with a
randomized [9, 10, 15, 18, 22] and observational [11–14, 16,
17, 19–21] design.

The authors compared the robustness of findings from the
meta-analysis through a series of additional sensitivity analy-
ses, including random-effects model analyses, and by with-
drawing one study at a time [24, 25]. The presence of hetero-
geneity among studies was evaluated only qualitatively due to
the small number of included studies.

The risk of small study bias (including publication bias)
was assessed by visual inspection of the funnel plots [26].

To appraise the impact on procedural success and compli-
cations (permanent AVB) of covariates potentially affecting
the ablation results with CRYO or RF, such as age, gender
(percentage of females), type of CRYO catheter used (i.e., 4-
mm tip vs. 6-mm tip cryocatheter), and duration of study
follow-up, a meta-regression analysis using inverse-
variance-weighting (which weighs each study on the basis of
its precision) was performed.

The study followed the preferred reporting items for
systematic reviews and meta-analyses statement [27]. Sta-
tistical level of significance was defined at a P <0.05 (two-
tailed). Analyses were performed using the STATA 11.2
software package (Stata Corporation, College Station, Tex-
as, USA).

3 Results

3.1 Search results and study selection

The search permitted the retrieval of 378 citations. We iden-
tified 42 studies, which were assessed according to compli-
ance to the inclusion criteria. Five studies had a prospective
randomized design and compared the outcomes of CRYO
versus RF ablation in AVNRT [9, 10, 15, 18, 22]. Nine studies
had an observational design (Table 1) [11–14, 16, 17, 19–21].
Other 28 studies were excluded; the reasons for study exclu-
sion are highlighted in Fig. 1. Ultimately, 14 published studies
were selected and included in the meta-analysis [9–22]. One
study (Ding et al. [19]) was in Chinese language and was
appropriately translated in English to allow inclusion in the
pooled analysis. A flow diagram showing the selection pro-
cess is shown in Fig. 1.

3.2 Qualitative findings

Table 1 reports the baseline characteristics of the 14 studies
included in the meta-analysis [9–22]. All studies were
designed to compare the outcomes of AVNRT ablation with
either CRYO or RF energy, and all used standard manual
ablation [9–22]. There was substantial qualitative heterogene-
ity in the design of studies. As mentioned, five studies had a
prospective randomized design [9, 10, 15, 18, 22], and were of
comparable quality (Fig. 2). All studies included adult patients
with AVNRT and reported detailed data on the procedural
outcomes of interest. A 4-mm non-irrigated tip catheter was
adopted in the RF arm of all the randomized studies [9, 10, 15,
18, 22]. The type of cryocatheter used was heterogeneous,
with a 4-mm tip catheter in two of the randomized studies [9,
10], and a 6-mm tip catheter in the remaining three studies [15,
18, 22]. Cryomapping was performed in all the studies [9, 10,

Fig. 2 Quality of studies included in the meta-analysis. Red (minus sign)
high risk of bias, green (plus sign) low risk of bias, blank unknown risk
of bias
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15, 18, 22]. After ablation, patients were followed-up with
scheduled office visits [9, 10, 15, 18, 22], and with ECG and
24-h Holter monitoring [10, 15, 18]. A loop recorder
(3 months post-procedure) was used only in the study by
Kimman et al. [9]. Overall, the 5 randomized studies included
a total of 911 patients (mean age range 46 to 51 years, 559
(61 %) females) with an average follow-up of 7.6±2.6 months
(range 6 to 12 months).

Nine studies had an observational design [11–14, 16, 17,
19–21]. Of these, 8 were retrospective [11–14, 17, 19–21],
1 prospective, and included a total of 1,429 patients (67 %
females) [16]. Three studies included pediatric population
with AVNRT (mean age range 13 to 14.2 years) [11, 13,

17], and the remaining six studies were focused on adults
with AVNRT (mean age range 46 to 53 years) [12, 14, 16,
19–21]. The quality of the observational studies were
scored at high risk of bias and appeared comparable
(Fig. 2). Detailed procedural success and complications
data for quantitative analysis were retrievable from all the
studies [11–14, 16, 17, 19–21]. Three studies did not report
the total procedure and fluoroscopy time [13, 16, 19]. A 4-
mm non-irrigated tip catheter was adopted in the RF arm of
all the studies. A 4-mm tip cryocatheter was used in four
studies [11–13, 20], a 6-mm tip cryocatheter in three [14,
16, 17], and a 8-mm tip cryocatheter in one study [21]. The
study by Ding et al. [19] did not report the type of

Fig. 3 Forest plot showing the
individual and pooled odds ratio
(OR) of acute procedural success
(abolition of dual atrioventricular
node physiology or single echo
beats) comparing radiofrequency
(RF) with cryoenergy (CRYO)
across observational and
randomized studies. Square
boxes denote OR; horizontal
lines represent 95 % confidence
interval (CI)

Fig. 4 Forest plot showing the
individual and pooled weighted
mean differences (WMD) of total
procedural time comparing
radiofrequency (RF) versus
cryoenergy (CRYO). Square
boxes denote WMD. The
dimension of each square box
denotes the weight from random
effect analysis. Horizontal lines
represent 95 % confidence
interval (CI)
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cryocatheter used. Patients were followed-up with sched-
uled office visits [11–14, 16, 17, 19–21], and with ECG and
24-h Holter monitoring [13, 14, 16, 17, 20, 21]. None of the
included studies adopted three-dimensional non-fluoroscopic
mapping systems.

The final pooled analysis included a total of 2,340 patients
(mean age range 13 to 53 years, 1,522 (65 %) females), of
whom 1,262 (54 %) were treated with RF ablation, and 1,078
(46 %) with CRYO ablation.

3.3 Quantitative data synthesis

3.3.1 Acute success

Acute procedural success, defined as elimination of dual AV
nodal physiology or single echo beats, was achieved in 1,111/
1,262 (88 %) of patients treated with RF and in 896/1,078
(83 %) of those treated with CRYO (OR=0.72, 95 % CI 0.46

to 1.13, P=0.157; I2=0 %) (Fig. 3). The same results were
obtained when analyzing only studies with a randomized
design (OR=0.71, 95 % CI 0.32 to 1.58; P=0.404), or with
an observational design (OR=0.73, 95 % CI 0.42 to 1.26; P=
0.252) (Fig. 3). All the other prespecified sensitivity analyses
did not affect the results. Meta-regression analysis failed to
show a significant interaction between the tested variables and
the acute procedural success. There was no evidence of pub-
lication bias (bias coefficient=−0.75, P=0.896).

3.3.2 Procedural time and fluoroscopy time

RF ablation was associated with a significantly shorter total
procedure time as compared to CRYO (WMD=−13.7 min,
95 % CI −23 to −4.3 min, P=0.004; I2=78 %) (Fig. 4). This
result was driven by the inclusion of data from randomized trials
(WMD=−13.3min, 95%CI −23.3 to −3.3min;P=0.009), as it
was not confirmed when restricting the analysis only to obser-
vational studies (WMD=−15.1 min, 95 % CI −34.9 to +
4.8 min; P=0.137) (Fig. 4).

On the other side, fluoroscopy time was slightly longer
with RF (WMD=+4.6 min, 95 % CI +1.7 to +7.6 min, P=
0.002; I2=88 %) (Fig. 5). This result appeared consistent in
both randomized (WMD=+5 min, 95 % CI +0.3 to +9.7 min;
P=0.036) and observational studies (WMD=+4.4 min, 95 %
CI +0.3 to +8.4 min; P=0.033) (Fig. 5).

3.3.3 Periprocedural atrioventricular block

Data on periprocedural transient AVB were retrievable from
11 studies [9–13, 16–18, 20–22]. Transient AVB occurred in
29/687 (4.2 %) patients in the RF group compared to 59/680
(8.7 %) in the CRYO group (OR=0.49, 95 % CI 0.31 to 0.76;

Fig. 5 Forest plot showing the
individual and pooled weighted
mean differences (WMD) of
fluoroscopy time comparing
radiofrequency (RF) versus
cryoenergy (CRYO). Square
boxes denote WMD. The
dimension of each square box
denotes the weight from random
effect analysis. Horizontal lines
represent 95 % confidence
interval (CI)

Fig. 6 Pooled rate of transient and permanent atrioventricular block
(AVB) comparing radiofrequency (RF) with cryoenergy (CRYO)
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P=0.001) (Fig. 6). In the CRYO group, none of these events
translated into permanent AVB. On the other side, permanent
AVB occurred in 0.87 % of patients treated with RF (OR=
3.60, 95 % CI 1.09 to 11.81; P=0.035).

3.3.4 Long-term success

After a median follow-up of 10.5 months (range 6 to
12 months), freedom from recurrent AVNRT was achieved
in 96.5 % in the RF group, and in 90.9 % in the CRYO
group (OR=0.40, 95 % CI 0.28 to 0.58, P <0.001; I 2=
0.5 %) (Fig. 7). The same results were obtained when
analyzing only studies with a randomized design (OR=
0.38, 95 % CI 0.22 to 0.68; P =0.001) or with an observa-
tional design (OR=0.41, 95 % CI 0.25 to 0.67; P <0.001)
(Fig. 7). All the other prespecified sensitivity analyses did
not affect the results. Indeed, point estimates and 95 % CIs
for ORs all remained >1.0 when sequentially excluding
each study in turn. Meta-regression analysis failed to show
a significant interaction between the tested variables and
the long-term procedural success. There was no evidence of
publication bias (bias coefficient=−0.17, P =0.816).

3.3.5 Combined endpoint: procedural failure and AVNRT
recurrence

When analyzing the combined endpoint of procedural failure
(including permanent AVB) and arrhythmia recurrence, RF
was associated with a significant lower risk of the composite
endpoint compared to CRYO (OR=0.47, 95 % CI 0.33 to
0.67, P <0.001; I2=0 %). These results were highly consis-
tent, as they were not affected by any of the prespecified

sensitivity analyses. Meta-regression analysis also failed to
show an interaction between the tested covariates and the
composite endpoint of procedural failure and AVNRT
recurrence.

4 Discussion

This systematic review was designed to compare the out-
comes of CRYO versus standard RF ablation for the treatment
of AVNRT, and is based on the statistical pooling of 14 studies
enrolling more than 2,300 patients [9–22]. The present anal-
ysis includes a large AVNRT cohort in which the two energy
sources have been formally compared, and mainly shows that
RF is associated with a significantly higher long-term success
as compared to CRYO, but also with a slightly increased risk
of periprocedural permanent AVB.

The results of our study may have important clinical im-
plications. After the first description by Jackman et al. of the
feasibility and safety of slow pathway ablation in a consecu-
tive series of patients [4], catheter ablation has been consis-
tently implemented as a curative approach in patients with
AVNRT, and is nowadays included among the first-line treat-
ments for this arrhythmia [1]. The risk of permanent damage
to the compact AV node, with resulting permanent AVB, still
represents a major concern during RF ablation in the slow
pathway region. In a prospective registry including 1,197
patients undergoing RF ablation of AVNRT, advanced AVB
(second or third degree) was reported in 1 % of patients [6]. A
recent systematic review reported an overall incidence of AVB
of 1.7 % [28], with a long-term arrhythmia-free survival of
94.3 %. In an effort to improve the safety of AVNRTablation,

Fig. 7 Forest plot showing the
individual and pooled odds ratio
(OR) of long-term procedural
success comparing
radiofrequency (RF) with
cryoenergy (CRYO) across
observational and randomized
studies. Square boxes denote OR;
horizontal lines represent 95 %
confidence interval (CI)
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CRYO has been introduced as an alternative treatment option
to standard RF for slow pathway ablation. The possible ben-
efits of CRYO compared to RF include increased catheter
stability and lower risk of catheter dislodgment during abla-
tion due to cryoadherence to the underlying myocardium [29],
the creation of more homogeneous and sharply demarcated
lesions [30], and the fact that cryoablation is virtually painless,
possibly reducing the need for anesthesia and minimizing
patients' movements and respiratory excursions. In addition,
CRYO offers the unique possibility of cryomapping, that is,
delivering a lesion above the target temperature for irrevers-
ible tissue necrosis (typically at −30 °C) to evaluate the effect
of ablation and to prove that no collateral damage is occurring.
Although some authors have questioned the complete irre-
versibility of lesions during cryomapping, no permanent le-
sion has ever been convincingly demonstrated with such an
approach. To the best of our knowledge, no case of permanent
AVB requiring pacemaker implant has ever been reported
with CRYO ablation of AVNRT.

The results of our analysis largely confirm the higher safety
profile of CRYO over RF in the setting of AVNRT. Indeed, no
permanent AVB was reported in the CRYO group, compared
to an overall rate of 0.87 % in the RF group. These results are
in line with a recently published pooled analysis by Hanninen
et al. [31]. At variance with Hanninen et al. [31], we
performed a formal meta-regression analysis to appraise the
impact of different covariates, including age, gender, type of
cryocatheter used, and duration of study follow-up on the risk
of periprocedural AVB with RF. Of note, meta-regression
analysis failed to disclose a significant interaction between
baseline clinical or procedural variables and the risk of per-
manent injury to the AV node with RF. On the other hand, the
absolute rate of this complication was small, and even our
meta-analysis might be underpowered to fully evaluate for
predictors of AVB. In addition, it is possible that longer
follow-up periods might result in increased number of late
AVB, which represent a limitation of the studies included in
the pooled analysis.

It is worth emphasizing the finding of an increased risk of
transient and reversible AVB in the CRYO group (8.7 vs.
4.2 %, P=0.001), which might be related to the more anterior
approach used during AVNRT ablation with CRYO [32].
Nonetheless, as mentioned, none of these patients eventually
developed complete AVB, which further highlights the safety
of CRYO for AVNRT ablation.

Fluoroscopy times were also lower in the CRYO group.
This finding can be explained by the increased stability of the
cryocatheter during ablation, which reduces the necessity of a
constant monitoring of the catheter position with fluoroscopy.

Finally, with regard to long-term arrhythmia-free survival,
RF was associated with a significantly lower rate of AVNRT
recurrence over long-term follow-up (3.5 vs. 9.1 %, P <
0.001). The finding was consistent across all the included

studies, and was further confirmed when analyzing the com-
posite endpoint of procedural failure (including permanent
AVB) and AVNRT recurrence. In addition, no interaction
was found between different clinical and procedural variables
and the better long-term procedural success with RF at meta-
regression analysis. In this regard, it is important to emphasize
that lack of statistical significance at meta-regression analysis
should not be conclusively viewed as lack of clinical effect,
given the well-known limitations in statistical power of meta-
regression [33].

Furthermore, some important variables, such as the number
of cryoablation cycles, were not consistently retrievable from
all the included studies. Therefore, we were not able to fully
evaluate the impact of such confounders on the results of our
pooled analysis.

5 Conclusions

This review presents a meta-analysis of data from 14 studies
comparing CRYOwith RF for the catheter ablation of AVNRT,
and shows a significantly increased long-term arrhythmia-free
survival with RF, although with a higher risk of permanent
AVB. Given the substantial higher impact of permanent AVB
compared to recurrent AVNRT, physicians or patients might
opt for CRYO energy instead of RF when procedural safety is
preferred to long-term arrhythmia-free survival.
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