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Aims Pulmonary vein isolation using cryoablation is effective and safe in patients with atrial fibrillation (AF). Although both obesity 
and underweight are associated with a higher risk for incident AF, there is limited data on the efficacy and safety following 
cryoablation according to body mass index (BMI) especially in Asians.

Methods 
and results

Using the Korean Heart Rhythm Society Cryoablation registry, a multicentre registry of 12 tertiary hospitals, we analysed AF 
recurrence and procedure-related complications after cryoablation by BMI (kg/m2) groups (BMI < 18.5, underweight, UW; 
18.5–23, normal, NW; 23–25, overweight, OW; 25–30, obese Ⅰ, OⅠ; ≥30, obese Ⅱ, OⅡ). A total of 2648 patients were 
included (median age 62.0 years; 76.7% men; 55.6% non-paroxysmal AF). Patients were categorized by BMI groups: 0.9% 
UW, 18.7% NW, 24.8% OW, 46.1% OI, and 9.4% OII. Underweight patients were the oldest and had least percentage 
of non-paroxysmal AF (33.3%). During a median follow-up of 1.7 years, atrial arrhythmia recurred in 874 (33.0%) patients 
(incidence rate, 18.9 per 100 person-years). After multivariable adjustment, the risk of AF recurrence was higher in UW 
group compared with NW group (adjusted hazard ratio, 95% confidence interval; 2.55, 1.18–5.50, P = 0.02). Procedure- 
related complications occurred in 123 (4.7%) patients, and the risk was higher for UW patients (odds ratio, 95% confidence 
interval; 2.90, 0.94–8.99, P = 0.07), mainly due to transient phrenic nerve palsy.
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Conclusion Underweight patients showed a higher risk of AF recurrence after cryoablation compared with NW patients. Also, careful 
attention is needed on the occurrence of phrenic nerve palsy in UW patients.
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Graphical Abstract

Korean heart rhythm society cryoablation registry (n = 2648)
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What’s new?

• Underweight patients who undergo cryoablation for atrial fibrilla
tion have a higher atrial arrhythmia recurrence rate compared 
with normal weight patients after adjusting for multivariables.

• Although procedure-related complications after cryoablation do 
not vary significantly among body mass index groups, caution is 
needed for phrenic nerve palsy in underweight groups.

Introduction
Pulmonary vein isolation (PVI) is a cornerstone catheter ablation strat
egy in treating patients with atrial fibrillation (AF).1 Compared with 
more complex ablation strategies such as addition of linear ablation 
or complex fractionated atrial electrogram ablation techniques, PVI 
only ablation strategy has shown to be non-inferior.2 In terms of PVI 
ablation technique, cryoballoon ablation has emerged as an alternative 
technique to radiofrequency (RF) ablation with study results demon
strating cryoballoon ablation to be equally advantageous and safe com
pared with RF ablation, for both paroxysmal and persistent AF.3–5

Obesity is a well-known risk factor for incident AF,6 while some stud
ies have also shown association between low body mass index (BMI) 

and new-onset AF.7,8 Furthermore, as both underweight (UW) and ex
tremely obese AF patients are reported to have worse clinical out
comes compared with normal weight (NW) patients, consideration 
of extreme BMI when diagnosing and planning treatment for AF pa
tients is necessary.9 Not only has BMI been reported to be associated 
with AF occurrence or clinical outcome, but prior studies have also de
monstrated the relationship between BMI and outcomes after AF cath
eter ablation. A study from China showed a U-shape relationship 
between BMI and AF ablation outcome, suggesting UW and obese as 
both associated factors with AF recurrence post-ablation,10 while 
BMI was not an independent risk factor for AF recurrence after cath
eter ablation in a different population.11 These conflicting results could 
be due to various definitions of obesity or different selections of abla
tion strategy (cryoablation, RF ablation) among studies.

Given that BMI and outcome after AF ablation could be closely 
linked, we sought to investigate the impact of BMI on the patient char
acteristics, ablation efficacy, and safety in an exclusive cohort of patients 
receiving cryoablation for AF.

Methods
Study population
This was a retrospective analysis using the Korean Heart Rhythm Society 
Cryoablation registry, a multicentre registry of 12 tertiary hospitals capable 
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of cryoballoon ablation for AF. Patients who underwent cryoballoon abla
tion for drug-refractory AF were enrolled. Patients who did not have height 
or weight data to calculate BMI or who were lost to follow-up within a 
blanking period of 90 days after the ablation procedure were excluded.

This study was performed according to the Declaration of Helsinki and 
was exempt from review by the Seoul National University Hospital 
Institutional Review Board (E-2203-169-1310). The requirement for in
formed consent was waived because of the retrospective nature of the 
study. Patients’ records and information were anonymized and de-identified 
before analysis.

Cryoballoon ablation procedure
A transseptal puncture was done for left atrial access, and a 15-F deflectable 
sheath (FlexCath, Medtronic) was advanced through the left atrium. A cir
cular mapping catheter (Achieve, Medtronic) was used to record pulmon
ary vein potentials. Cryoenergy was delivered using exclusively the 28 mm 
balloon (second-generation Arctic Front Advance, Medtronic) which is the 
only available balloon in Korea. The cryoballoon ablation procedure gener
ally conformed to the guidelines for cryoballoon ablation in AF, but specific 
approaches and dosing regimens such as energy delivery time, fluoroscopic 
or intracardiac echocardiographic guidance for balloon positioning and oc
clusion, decision of applying general anaesthesia, and post-ablation testing 
were decided upon the operator’s discretion.

During freezing at the right pulmonary veins, continuous phrenic nerve 
pacing was performed using a diagnostic catheter positioned at the super
ior cava vein. Phrenic nerve function was monitored with palpation of dia
phragmatic contraction by the physician’s hand positioned at the patient’s 
abdomen. Phrenic nerve injury was defined as transient decrease in dia
phragmatic movement as confirmed by fluoroscopy or manual tactile 
feedback.

Definition of variable and outcome 
measurement
Atrial fibrillation–related clinical variables, including demographic factors, 
medical history, and procedure-related variables, were obtained at baseline. 
Age, sex, and comorbidities (hypertension, diabetes mellitus, heart failure, 
chronic kidney disease, hypertrophic cardiomyopathy, previous stroke/ 
transient ischaemic attack, previous myocardial infarction) were documen
ted, and stroke risk was calculated using the CHA2DS2-VASc score. Atrial 
fibrillation type was categorized as paroxysmal or non-paroxysmal. 
Transthoracic echocardiography parameters including left ventricular (LV) 
ejection fraction (EF), left atrial (LA) anteroposterior diameter (AP) 
(mm), and LA volume index (mL/m2) were measured and recorded. 
Patients were classified by BMI (kg/m2) groups as UW (BMI < 18.5 kg/m2), 
normal (NW, 18.5–23 kg/m2), overweight (OW, 23–25 kg/m2), obese Ⅰ 
(OⅠ, 25–30 kg/m2), or obese Ⅱ (OⅡ,  ≥ 30 kg/m2) at the time of index 
procedure.12

Patients visited the hospital 2–4 weeks after discharge and underwent 
regular clinic follow-up at 3, 6, 9, and 12 months after ablation with 
12-lead electrocardiogram (ECG). Ambulatory 24 h Holter monitoring 
was performed at 3 and 12 months after ablation. After the first year, 
follow-up was performed every 3 or 6 months by physician’s discretion.

The primary endpoint was the recurrence of atrial arrhythmia which was 
defined as any symptomatic or asymptomatic episode of AF, atrial flutter, 
and/or atrial tachycardia lasting >30 s following the 90-day blanking period 
after cryoablation. The secondary endpoints were defined as the safety out
comes including (i) procedure-related complications which included phren
ic nerve injury, access site complications (haematoma, arteriovenous fistula, 
or pseudoaneurysm), pericardial effusion, gastroparesis, pulmonary vein 
stenosis, complete atrioventricular block, haemoptysis, and atrial–oesopha
geal fistula and (ii) major procedure-related adverse cardiovascular events 
such as in-hospital myocardial infarction, stroke, and all-cause death that oc
curred during procedure or before discharge.

Statistical analysis
Categorical data were expressed as numbers and frequencies (percentages) 
and continuous data as medians with interquartile ranges (IQR) according 
to normality distributions. Categorical variables were compared between 
groups using the χ2 test or Fisher’s exact test as appropriate and continuous 

variables using the Kruskal–Wallis test. Kaplan–Meier curve was used to 
demonstrate the cumulative incidence of clinical events according to BMI 
groups, and the significance level was assessed with a log-rank test. For com
parison of outcomes according to BMI, multivariable Cox proportional haz
ard regression analysis was performed adjusting for variables that were 
statistically significant in univariable analysis or clinically relevant and these 
data were presented using hazard ratios (HRs) with the corresponding 
95% confidence intervals (CIs). The following models were used: model 1 
was unadjusted; model 2 was adjusted for age, sex, diabetes mellitus, hyper
tension, heart failure, and chronic kidney disease; model 3 was adjusted for 
LV EF (%), LA AP diameter (mm), and AF type (paroxysmal or non- 
paroxysmal) in addition to model 2. Additionally, a four-knot (5th, 35th, 
65th, and 95th percentiles) restricted cubic spline (RCS) was used to pre
sent potential non-linear relationship between BMI and clinical outcomes.

All P-values were two-tailed, and a P-value of <0.05 was considered stat
istically significant. All statistical analyses and model development were per
formed using R Statistical software (version 4.2.3; R foundation for 
Statistical Computing, Vienna, Austria).

Sensitivity analyses
We conducted a series of sensitivity analyses to evaluate whether the 
observed outcomes were robust. First, since there were small number of 
patients and event rates in the UW group, we performed a sensitivity ana
lysis by classifying the study population into BMI deciles (rounded to the 
nearest 0.5 BMI unit) to evaluate whether the findings of the primary ana
lysis could be consistently observed with a larger sample size in the lowest 
BMI group. Decile group 1 represented BMI < 22.0 kg/m2; decile group 2, 
22.0–23.0 kg/m2; decile group 3, 23.0–24.0 kg/m2; decile group 4, 24.0– 
24.5 kg/m2; decile group 5, 24.5–25.5 kg/m2; decile group 6, 25.5–26.0  
kg/m2; decile group 7, 26.0–27.0 kg/m2; decile group 8, 27.0–28.0 kg/m2; de
cile group 9, 28.0–30.0 kg/m2; and decile group 10, ≥30.0 kg/m2. Second, 
since obesity is defined using a lower BMI cut-off for Asian population, 
we performed a sensitivity analysis with BMI cut-offs according to the stan
dardized World Health Organization (WHO) categorization13 (UW, BMI  
< 18.5 kg/m2; normal, 18.5–25.0 kg/m2; OW, 25.0–30.0 kg/m2; obesity, 
≥30 kg/m2). Last, additional sensitivity analysis was performed to determine 
the association between BMI analysed as a continuous variable and clinical 
outcomes. We used the Cox proportional hazards regression model ad
justing for the aforementioned variables to assess the impact of BMI on at
rial arrhythmia recurrence.

Subgroup analysis
Although there is no sex-specific or age-specific standardized BMI criteria, 
the normal range of BMI could be distinct between sex and age groups ow
ing to different muscle mass and fat distribution. Therefore, we performed a 
subgroup analysis for sex (women, men) and age (<65, ≥65), by modelling 
BMI as continuous variable and plotting the RCS curve in each group.

Results
A total of 2689 patients who underwent cryoballoon ablation between 
May 2018 and March 2023 were enrolled in this registry. One patient 
was excluded from this analysis because height value was missing, and 
40 patients were excluded due to follow-up loss during the blanking 
period which led to a total of 2648 patients for analysis in this study 
(Figure 1). Patient distribution according to BMI as a continuous variable 
and as a categorical variable by the predefined BMI ranges is presented 
in Figure 2.

Baseline characteristics
Baseline characteristics according to BMI groups are presented in 
Table 1. Median age was 62.0 (IQR 56.0–68.0) years, and 2030 
(76.7%) were male. Median BMI of the total study population was 
25.4 (IQR 23.4–27.5) kg/m2. Overall analysis comparing all BMI groups 
showed that patients in lower BMI groups were older (P < 0.001), with 
the UW group presenting with the oldest age [71.0 (IQR 57.5–77.0) 
year]. The proportion of non-paroxysmal AF was 55.6% in the total 
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population; the UW group showed the least proportion of non- 
paroxysmal AF (33.3%), while it was more prevalent with increased 
BMI (P < 0.001). Hypertension and diabetes were least prevalent in 
NW patients, while there was a tendency to increase in prevalence to
wards OⅡ and UW bidirectionally. There were no differences be
tween groups for history of stroke or transient ischaemic attack. 
Median CHA2DS2-VASc score was highest in the UW group [3.0 
(IQR 1.0–4.0)] with no statistical significance among groups. The me
dian LA AP diameter was 43.3 (IQR 39.0–48.0) mm, and the median 
LA volume index was 46.0 (IQR 37.0–58.0) mL/m2 in the total popula
tion. The NW group had the smallest LA AP diameter 40.0 (IQR 36.0– 
45.0), mm and OW, OⅠ, and OⅡ patients presented with larger LA 
AP diameter than the NW group, with a tendency towards 

progressively increased diameter size along with increased BMI. 
However, the UW group also showed larger diameter compared 
with the NW group which could be explained by older age and higher 
prevalence of concomitant cardiovascular diseases in this group. The 
baseline characteristics of patients according to BMI groups in paroxys
mal and non-paroxysmal AF are described in Supplementary material 
online, Tables S1 and S2.

Primary endpoint: recurrence of atrial 
arrhythmia during follow-up
During a median follow-up duration of 610 (IQR 379.0–865.5) days, the 
recurrence of atrial arrhythmia occurred in 874 (33.0%) patients. In the 
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Analysis for association between BMI and cryoablation outcomes
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Figure 1 Study flow. BMI, body mass index.
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UW group, 11 patients (45.8%) experienced recurrence, while in 
the NW group, 141 patients (28.4%) experienced recurrence of atrial 
arrhythmia. In the OW, OⅠ, and OⅡ groups, the recurrence rate was 
34.0%, 33.9%, and 33.7% respectively. Kaplan–Meier curve showed 
that the cumulative incidence of atrial arrhythmia recurrence was high
est among UW patients and lowest in NW patients (Figure 3A). 
Supplementary material online, Figure S1, shows the cumulative inci
dence of atrial arrhythmia recurrence by Kaplan–Meier method at 
12-, 24-, and 36-month period. The results of Cox regression models 
are presented in Table 2, in a stepwise manner. On univariable analysis, 
UW, OW, and OⅠ patients showed higher risk of atrial arrhythmia re
currence compared with the NW patients [HR 1.93, 95% CI (1.04– 
3.56), P = 0.036; HR 1.24, 95% CI (1.01–1.53), P = 0.045; HR 1.25, 
95% CI (1.03–1.51), P = 0.022, respectively]. After multivariable adjust
ment for comorbidities, echocardiographic parameters, and AF types, 
the risk of atrial arrhythmia recurrence was significantly higher only in 
the UW group compared with the NW group [HR 2.55, 95% CI 
(1.18–5.50), P = 0.017] (Figure 3B). The RCS for model 3 demonstrated 
nearly linearity association between BMI as continuous variable and at
rial arrhythmia recurrence (P for non-linearity > 0.05) (Figure 3C).

In patients with paroxysmal AF (n = 1175), adverse outcomes ob
served in UW groups were more notable after adjustment [HR 3.22, 
95% CI (1.14–9.08), P = 0.027] compared with the UW groups in the to
tal study population, while patients with non-paroxysmal AF showed no 
significant difference in outcome among BMI groups (see Supplementary 
material online, Tables S3 and S4 and Figure S2). Supplementary material 
online, Figure S3, shows the Kaplan–Meier curve for atrial arrhythmia 
recurrence in paroxysmal AF and non-paroxysmal AF patients according 
to BMI groups.

The patient characteristics by BMI deciles are presented in 
Supplementary material online, Table S5. Among the 10 BMI groups, de
cile group 2 had the lowest event rate (25.9%). With decile group 2 as 
the reference group, decile group 1 who represented BMI < 22.0 kg/m2 

showed a significantly higher risk of atrial arrhythmia recurrence after 
multivariable adjustment [HR 1.46, 95% CI (1.03–2.09), P = 0.04] (see 
Supplementary material online, Table S6 and Figure S4). The baseline 

characteristics of patients when categorized by BMI according to the 
standard WHO classification is presented in Supplementary material 
online, Table S7. Supplementary material online, Figure S5, shows the 
Kaplan–Meier curves for freedom from atrial arrhythmia recurrence 
by WHO classification BMI ranges. Cox hazard regression analysis 
showed that UW patients were significantly associated with higher at
rial arrhythmia recurrence compared with NW patients [HR 2.43, 95% 
CI (1.14–5.19), P = 0.02; Supplementary material online, Figure S6] 
which was in line with our primary analysis. When BMI was modelled 
as a continuous variable, BMI was negatively and independently asso
ciated with the recurrence of atrial arrhythmia after multivariable ad
justment for confounders [per 5 kg/m2 increase in BMI, HR 0.86, 95% 
CI (0.77–0.97), P = 0.01] (see Supplementary material online, 
Table S8). Overall, trends in association with the risk of atrial arrhythmia 
recurrence and BMI were similar in all subgroups showing higher risk of 
recurrence for very low BMI in both sex and age groups (see 
Supplementary material online, Figure S7).

Secondary endpoint: safety outcome 
including procedure-related complications
Any complications after cryoablation occurred in 123 (4.7%) patients: 4 
UW patients (16.7%), 32 NW patients (6.5%), 37 OW patients (5.6%), 
41 OⅠ patients (3.4%), and 9 OⅡ patients (3.6%) (P < 0.001) 
(Table 3). Compared with the NW group, the odds ratio (OR) of any 
complications was highest for UW patients, though not statistically sig
nificant [OR 2.90, 95% CI (0.94–8.99), P = 0.065] and lowest for OⅠ 
patients [OR 0.50, 95% CI (0.31–0.81), P = 0.005] (Figure 4). Analysis 
employing RCS for BMI and complications indicated a nearly linear re
lationship (P for non-linearity > 0.05), suggesting an increased risk of 
complications for lower BMI (see Supplementary material online, 
Figure S8). Transient phrenic nerve injury was the most frequently ob
served acute complication (52 patients, 2.0%), and UW patients 
showed the highest percentage of phrenic nerve injury (8.3%), but 
none progressed to permanent phrenic nerve injury. Access site 
complication (26 patients, 1.0%) and pericardial effusion (22 patients, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline patient characteristics

Total 
(N = 2648)

Underweight 
(N = 24)

Normal 
(N = 496)

Overweight 
(N = 658)

Obese Ⅰ 
(N =1221)

Obese Ⅱ 
(N = 249)

P-value

Age 62.0 (56.0–68.0) 71.0 (57.5–77.0) 64.0 (58.0–70.0) 63.0 (57.0–69.0) 62.0 (55.0–67.0) 58.0 (50.0–65.0) <0.001

Sex (male) 2030 (76.7%) 15 (62.5%) 347 (70.0%) 517 (78.6%) 971 (79.5%) 180 (72.3%) <0.001

Non-paroxysmal AF 1473 (55.6%) 8 (33.3%) 235 (47.4%) 342 (52.0%) 716 (58.6%) 172 (69.1%) <0.001

HTN 1521 (57.4%) 11 (45.8%) 226 (45.6%) 358 (54.4%) 735 (60.2%) 191 (76.7%) <0.001

DM 570 (21.5%) 6 (25.0%) 85 (17.1%) 133 (20.2%) 267 (21.9%) 79 (31.7%) <0.001

HF 625 (23.6%) 10 (41.7%) 115 (23.2%) 134 (20.4%) 294 (24.1%) 72 (28.9%) 0.015

CKD 208 (7.9%) 5 (20.8%) 57 (11.5%) 57 (8.7%) 71 (5.8%) 18 (7.2%) <0.001

HCMP 59 (2.2%) 2 (8.3%) 12 (2.4%) 10 (1.5%) 28 (2.3%) 7 (2.8%) 0.191

Stroke/TIA 310 (11.7%) 4 (16.7%) 62 (12.5%) 85 (12.9%) 139 (11.4%) 20 (8.0%) 0.269

Previous MI 35 (1.3%) 1 (4.2%) 8 (1.6%) 11 (1.7%) 14 (1.1%) 1 (0.4%) 0.363

CHA2DS2-VASc 2.0 (1.0–3.0) 3.0 (1.0–4.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 0.141

LV EF (%) 60.0 (56.0–64.0) 60.5 (52.5–63.0) 60.0 (56.0–65.0) 60.0 (57.0–65.0) 60.0 (55.0–64.0) 59.0 (55.0–64.0) 0.012

LA AP (mm) 43.3 (39.0–48.0) 43.0 (31.6–46.0) 40.0 (36.0–45.0) 42.0 (38.0–46.5) 44.3 (40.0–49.0) 47.0 (43.0–51.0) <0.001

LA VI (mL/m2) 46.0 (37.0–58.0) 48.4 (40.2–72.0) 46.1 (36.3–60.4) 45.0 (36.8–56.7) 46.8 (37.4–57.8) 45.0 (37.7–60.0) 0.296

AF, atrial fibrillation; AP, anteroposterior; CKD, chronic kidney disease; DM, diabetes mellitus; EF, ejection fraction; HCMP, hypertrophic cardiomyopathy; HF, heart failure; HTN, 
hypertension; LA, left atrium; LV, left ventricle; MI, myocardial infarction; TIA, transient ischaemic attack; VI, volume index. 
Data are presented as median (IQR) or n (%).
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0.8%) were the next common procedure-related acute complications. 
There was one case of pulmonary vein stenosis and no case of 
LA–oesophageal fistula. Major procedure-related adverse cardiovascu
lar events were very rare in this study; in-hospital myocardial infarction 
occurred in one patient who was in the NW group, stroke occurred in 
two OW patients (0.3%) and one OⅠ patient (0.1%), and death oc
curred in one patient who belonged to OⅠ (0.1%).

Discussion
To the best of our knowledge, this is the first study to evaluate the asso
ciation between BMI and outcome after cryoablation that included a broad 

range of BMI groups and is dedicated to cryoballoon technique. Our study 
has the following principal findings: (i) among Asian patients receiving 
cryoablation, 1% were UW, 19% were NW, 25% were OW, 46% were 
OⅠ, and 9% were classified as OⅡ; (ii) the UW group was associated 
with a higher risk of atrial arrhythmia recurrence compared with normal 
BMI group after adjusting for multivariable; (iii) the results were consistent 
when various BMI categorical cut-offs were used and also when BMI was 
modelled as a continuous variable in multiple sensitivity analyses; (iv) the 
UW group was associated with an increased risk of acute 
procedure-related complications but not major procedure-related ad
verse cardiovascular events compared with normal BMI group.

Since cryoablation is performed in patients who are relatively phys
ically healthy and young compared with RF ablation, studies on the 
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association between BMI and AF recurrence are mostly focused on 
proving the efficacy and safety of cryoablation in patients with obes
ity.11,14 Furthermore, since these studies are mostly conducted in 
Caucasian patients, there is limited data on the association between 
UW patients and AF recurrence which is a major concern in Asians 
who have relatively smaller body size than Caucasians. A retrospective 
study from China that included four BMI categories (<18.5, 18.5–24, 
25–29, and ≥30 kg/m2) indeed showed a U-shape relationship between 
BMI and AF ablation outcome, with both UW (<18.5 kg/m2) and obes
ity (≥30 kg/m2) being associated with a higher risk of AF recurrence.10

However, in the previous study, only a small number of patients 
(n = 74, 5.3%) received cryoablation, leading to limitation in extrapolat
ing the result to patients undergoing cryoablation. In our study consist
ing of more than 2000 patients who underwent cryoablation technique, 
UW showed a higher risk of AF recurrence compared with NW 
patients after multivariable adjustment.

The reason for a higher AF recurrence in UW patients among those 
who received PVI with cryoablation might suggest the existence of 
non-PV foci contributing to AF recurrence. In a study by Inamura 
et al.,15 the authors reported lower BMI to be an independent predictor 
of non-PV foci for paroxysmal and persistent AF. Also, in a previous 

study by Kato et al.16 the authors performed high-dose isoproterenol 
infusion to assess the existence of non-PV foci after initial PVI using 
cryoablation. They revealed that lower BMI was significantly associated 
with non-PV foci [OR 0.95, 95% CI (0.89–1.00), P = 0.049] and that the 
existence of non-PV foci was an independent predictor of AF recur
rence. Another important factor to consider in UW patients is frailty. 
Underweight patients in our study were older, lean, and frail patients 
compared with other groups. Frail state could negatively impact deci
sions such as antiarrhythmic drug and anticoagulation prescription in 
clinical practice.17 It is also associated with sarcopenia and malnutrition 
which could act as a substrate for AF.18 Although assessment of frailty 
scores was not performed in our study, the poor outcomes observed in 
UW patients could be in part attributed to frailty.19 Last, procedural 
complications such as phrenic nerve injury that immediately halts fur
ther energy delivery might increase the risk of pulmonary vein recon
nection and subsequently cause higher arrhythmia recurrence.20 In 
other words, the elevated risk of arrhythmia recurrence and phrenic 
nerve injury in UW patients could be relevant. However, a recent 
YETI subgroup analysis presented conflicting results, warranting future 
research to identify the optimal dosing method in cryoballoon 
ablation.21

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 Cox proportional hazard regression analysis of the association between BMI and recurrence of atrial arrhythmia

Model 1 Model 2 Model 3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Underweight 1.93 (1.04–3.56) 0.036 1.91 (1.03–3.53) 0.039 2.55 (1.18–5.50) 0.017

Normal 1 (reference) 1 (reference) 1 (reference)

Overweight 1.24 (1.01–1.53) 0.045 1.26 (1.02–1.56) 0.030 1.09 (0.87–1.36) 0.471

Obese Ⅰ 1.25 (1.03–1.51) 0.022 1.29 (1.06–1.56) 0.012 0.93 (0.75–1.14) 0.474

Obese Ⅱ 1.27 (0.97–1.66) 0.860 1.34 (1.01–1.77) 0.044 0.83 (0.61–1.12) 0.221

Model 1: unadjusted. Model 2: adjusted for age, sex, hypertension, diabetes mellitus, heart failure, and chronic kidney disease. Model 3: adjusted for age, sex, hypertension, diabetes mellitus, 
heart failure, chronic kidney disease, left ventricle ejection fraction, left atrium anteroposterior diameter, and AF type. 
CI, confidence interval; HR, hazard ratio.
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Table 3 Complication and safety issues according to BMI groups

Underweight 
(N = 24)

Normal 
(N = 496)

Overweight 
(N = 658)

Obese Ⅰ 
(N = 1221)

Obese Ⅱ 
(N = 249)

P-value

Any complication 4 (16.7%) 32 (6.5%) 37 (5.6%) 41 (3.4%) 9 (3.6%) <0.001

Phrenic nerve injury 2 (8.3%) 15 (3.0%) 14 (2.1%) 14 (1.1%) 7 (2.8%) 0.010

Access site complication 1 (4.2%) 8 (1.6%) 10 (1.5%) 7 (0.6%) 0 0.026

Pericardial effusion 1 (4.2%) 6 (1.2%) 4 (0.6%) 11 (0.9%) 0 0.155

Gastroparesis 0 0 0 5 (0.4%) 2 (0.8%) 0.145

Pulmonary vein stenosis 0 0 1 (0.2%) 0 0 0.554

Complete AV block 0 0 1 (0.2%) 0 0 0.554

Haemoptysis 0 2 (0.4%) 6 (0.9%) 3 (0.2%) 0 0.206

In-hospital MI 0 1 (0.2%) 0 0 0 0.362

In-hospital stroke 0 0 2 (0.3%) 1 (0.1%) 0 0.543

In-hospital death 0 0 0 1 (0.1%) 0 0.883

AV, atrioventricular; BMI, body mass index; MI, myocardial infarction. 
Data are presented in n (%).
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Complications after catheter ablation occur in ∼5% of patients, with 
most cases being vascular problems.22 In a meta-analysis that included 
10 studies of patients undergoing RF ablation for AF reported that 
there was no significant difference in procedural complications be
tween OW/obese and NW patients.23 Also, a single-centre study in 
the United States that analysed more than 2000 patients undergoing 
RF ablation reported that only morbid obesity (BMI ≥ 40 kg/m2) was 
associated with minor complications.14 On the other hand, it is well 
known that cryoablation procedure requires careful consideration re
garding phrenic and vagal nerve paralysis compared with RF ablation24; 
hence, addressing this issue is crucial. In a retrospective single-centre 
study by Urbanek et al.25 600 patients with BMI ≥ 25 kg/m2 who under
went cryoablation were divided into 3 groups (G1, BMI 25–29 kg/m2; 
G2, 30–34 kg/m2; G3, ≥35 kg/m2) and BMI had a significant impact 
on overall complication outcome. G3 showed the worst outcome, 
mainly driven by vascular access complications. There was no statistical 
difference in three groups regarding phrenic nerve palsy. On the con
trary, in a study conducted by Malaspina et al.26 they reported that 
cryoablation was safe in all groups and there was no impact of BMI 
on complication rate including phrenic nerve palsy or vascular compli
cations. The patients in this study were divided into three cohorts as 
normal (BMI < 25 kg/m2), OW (BMI 25–30 kg/m2), and obese (BMI  
> 30 kg/m2). As such, previous studies regarding the association be
tween BMI and safety outcomes of cryoablation have focused on obes
ity; UW patients were underrepresented, either by exclusion from 
study initially or combined into a single category with NW patients 
(BMI < 25 kg/m2).

In our study, UW patients showed a numerically higher risk of 
procedure-related complications compared with other BMI groups 
mainly owing to transient phrenic nerve injury. Transient phrenic nerve 
injury occurred at a higher rate in the UW group (8.3%) compared with 
other studies on cryoablation which report incidence of phrenic nerve 
injury from 1.1% to 6.2%.27 Without data on temperature drop or 
freeze duration during cryoablation, phrenic nerve palsy cannot be 
thoroughly assessed, but a plausible explanation for adverse outcome 
in UW patients is that the thicker epicardial fat at the LA posterior 
wall might play as a protective role by making distance from the phrenic 
nerve to cryoballoon in non-UW patients.26 In patients with extremely 

low BMI, cryoballoon could have a higher chance of contacting the 
phrenic nerve, with no epicardial fat serving as a buffer.

While the primary focus of our study was to investigate the association 
of BMI on the clinical outcomes after cryoablation, our findings also offer 
valuable insights into the efficacy and safety of cryoablation technique. 
The 1-year cumulative incidence rate of atrial arrhythmia recurrence 
was 29% in our study, suggesting comparable effectiveness with contact 
force RF ablation.28 In terms of safety, the overall complication rate 
(4.7%) and serious major cardiovascular events (0.2%) were very low, 
supporting cryoablation as a favourable modality for AF ablation. 
Recently, a novel cryoballoon system, the PolarX (Boston Scientific), 
has emerged and has shown similar efficacy with Arctic Front 
(Medtronic) regarding arrhythmia recurrence at 1 year after cryoablation 
but higher rate of transient phrenic nerve palsy.29 Further investigation on 
the impact of BMI on safety outcomes after cryoablation using PolarX will 
yield valuable insights in clinical practice.

Study limitations
This study has some limitations. First, baseline information that could 
contribute to AF recurrence such as obstructive sleep apnoea, alcohol 
intake, and physical exercise were not documented. Second, data on 
antiarrhythmic drug use before and after the procedure were lacking 
and discontinuation of antiarrhythmic drugs post-ablation was decided 
upon the physician’s discretion. Third, BMI was only collected at base
line, so BMI changes over time and the association with outcome could 
not be assessed. Fourth, although physicians were certified, experi
enced electrophysiologists as reflected by the low complication rate 
and recurrence rate, technical aspects and success rates could differ 
from physician to physician. Fifth, arrhythmia monitoring post-ablation 
was arbitrary and intermittent which could have led to missing the de
tection of AF recurrence, especially asymptomatic AF. Sixth, as BMI 
does not fully consider the body composition, using BMI only to define 
obesity could be misleading.30 Previous studies have shown that the de
gree of abdominal adiposity is known to be associated with AF,31 and 
parameters such as waist circumference or waist-to-hip ratio are re
ported to be more strongly related to cardiovascular outcomes than 
BMI.18 Therefore, the impact of parameters of body fat and 
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Figure 4 Safety outcomes by BMI groups. (A) Odds ratio for any complications. (B) Common procedure-related acute complications.
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composition (e.g. waist circumference, waist-to-hip ratio) on outcomes 
among patients undergoing cryoablation should be valuable to discuss, 
but data were not available in our study. Last, by classifying BMI accord
ing to the WHO recommendation for Asian population,12 the UW 
population was relatively small compared with other groups, and there
fore, the general characteristics and outcomes could have been influ
enced by the sample size. However, through multiple statistical 
analyses including BMI classification by decile, WHO standard classifica
tion, and also BMI as a continuous variable, we consistently found a 
higher risk of atrial arrhythmia recurrence in UW patients undergoing 
cryoablation.

Conclusions
In patients receiving cryoablation for AF, the UW group was associated 
with a significantly higher rate of atrial arrhythmia recurrence com
pared with the NW group, which suggests a more comprehensive un
derstanding on the risk factors of AF recurrence in UW patients. 
Although cryoablation was relatively safe in UW patients, special atten
tion for phrenic nerve palsy is necessary in these patients during 
procedure.

Supplementary material
Supplementary material is available at Europace online.
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