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BACKGROUND Cryoballoon ablation (CBA) for atrial fibrillation 
(AF) can cause incidental modification of ganglionated plexi 
(GP), which may contribute to arrhythmia control; however, the 
anatomic factors associated with GP modification remain poorly 
understood.

OBJECTIVE We investigated the relationship between the distance 
from the pulmonary vein–left atrial (PV–LA) junction to GP sites 
and GP modification during CBA using voltage mapping.

METHODS This retrospective study analyzed 50 patients with 
paroxysmal AF undergoing CBA. Preprocedural computed tomogra
phy images were integrated into a 3-dimensional electroanatomic 
mapping system to measure PV–LA junction to GP (PV–GP) dis
tances. GP modification was defined as voltage attenuation at GP 
sites after ablation. Receiver operating characteristic analysis 
was performed to assess predictive performance.

RESULTS GP modification occurred more frequently at sites 
located closer to the PV–LA junction. Upper GP regions demon

strated higher modification rates than lower regions, and PV–GP 
distance showed reasonable discrimination for predicting GP modi
fication.

CONCLUSION Anatomic proximity between the PV–LA junction 
and GP seems to be a key determinant of GP modification during 
CBA. Quantitative assessment of PV–GP distance may help predict 
autonomic effects and support optimization of AF ablation strate
gies.
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Introduction
Atrial fibrillation (AF) is associated with increased morbidity 
and mortality.1,2 Since Haïssaguerre et al3 demonstrated pul
monary vein (PV) triggers, PV isolation has become the 
cornerstone for catheter ablation. Cryoballoon ablation 
(CBA) has been widely adopted for its efficiency and 
safety.4–6 Ganglionated plexi (GPs) within the left atrium 
(LA) are important modulators of AF initiation and 
maintenance.7–9 Autonomic changes often precede AF 
episodes,10,11 and GP clusters are generally distributed in 5 re
gions: the superior left GP (SLGP), anterior right GP (ARGP), 
Marshall tract GP (MTGP), inferior right GP (IRGP), and 
inferior left GP (ILGP) (Figure 1). These sites can be identi
fied by high-frequency stimulation (HFS).12–15 Previous 
studies have demonstrated that GP ablation improves 
arrhythmia outcomes.9,16–18 HFS is technically demanding 

and may induce bradycardia and hypotension.7,16 Anatomi
cally guided ablation using electroanatomic mapping has 
been proposed as an alternative.9,16,19 Although incidental 
GP modification often occurs during CBA, its anatomic deter
minants, particularly the role of distance from the PV–LA 
junction to GP (PV–GP distance), remain inadequately 
explored.20–23 Voltage mapping has emerged as an 
objective modality for assessing GP modification.24,25 There
fore, we evaluated the relationship between PV–GP distance 
and incidental GP modification using the EnSite NavX system 
(Abbott, St. Paul, MN) and pre- and postablation voltage map
ping in 50 patients with paroxysmal AF. Voltage mapping 
was also compared with HFS in 28 patients to assess its poten
tial as an alternative. These findings provide a practical refer
ence for centers not performing HFS and may help refine 
strategies beyond standard CBA.
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Methods
Study design and population
This single-center, retrospective study included 50 consecu
tive patients with paroxysmal AF who underwent CBA be
tween September 2017 and April 2020 at Osaka Prefecture 
Saiseikai Izuo Hospital. All patients underwent preproce
dural contrast-enhanced computed tomography (CT). A 3- 
dimensional LA geometry was created using EnSite NavX 
and fused with the preprocedural CT model. GP sites were 
functionally identified by HFS and tagged on the integrated 
electroanatomic map; they were not directly identified on CT 
alone. The shortest distance from the PV–LA junction to 
each HFS-defined GP site was measured on the integrated 
model as a post hoc analysis. CT was used as an anatomic 
reference to support distance measurements. The study pro
tocol was reviewed and approved by the Ethics Committee 
of Osaka Prefecture Saiseikai Izuo Hospital on August 19, 
2024, and an informed consent was obtained through an 

opt-out process in accordance with institutional and national 
ethics guidelines. No formal approval number was issued for 
this retrospective study.

Ablation procedure
All procedures were performed via right femoral venous ac
cess under general anesthesia. After performing a transseptal 
puncture, a second- or fourth-generation 28-mm cryoballoon 
(Arctic Front Advance� or Arctic Front Advance Pro�, 
Medtronic, Minneapolis, MN) was deployed together with 
a mapping catheter (Achieve� mapping catheter, Med
tronic). All PVs (left superior, left inferior, right superior, 
and right inferior) were targeted for electrical isolation. 
Balloon positioning and complete occlusion were confirmed 
via contrast injection. Freezing applications were typically 
delivered for 180 seconds. If isolation was not achieved, 
the balloon position was adjusted, and an additional applica
tion was administered. To ensure safety, esophageal temper
ature monitoring and phrenic nerve pacing were routinely 
performed.4

Preablation GP mapping and HFS
Before CBA, a 10-pole ring catheter (EPstar Libero�, Japan 
Lifeline, Tokyo, Japan) was used to construct a detailed map 
of the LA within the EnSite NavX system and fused with the 
preprocedural CT model.26 HFS was then delivered to sus
pected GP sites using a radiofrequency (RF) ablation cath
eter (CoolPath�, Abbott) under the following settings: 20 
Hz, 10 V, and 2 ms. A positive GP response was defined 
as a .50% reduction in heart rate or the occurrence of ≥2 
atrioventricular blocks within 10 seconds.15

Tagging of GP sites
HFS-positive and HFS-negative sites were annotated 
using color-coded tags within the EnSite system15,18

Figure 1 Distribution of HFS-defined GPs and anatomic relationship in a representative case. The distribution of GPs identified by HFS before ablation is 
shown on a left atrial model in a representative case. Green dots indicate HFS-positive sites, and blue dots indicate HFS-negative sites. These distributions are 
overlaid on the 5 conventionally described GP regions (ARGP, SLGP, MTGP, IRGP, and ILGP), which are indicated by colored outlines. This figure is intended 
as a visual reference to show the relationship between HFS-defined GP sites and anatomic classification. Red, ARGP; pink, SLGP; yellow, MTGP; blue, ILGP; 
purple, IRGP. ARGP 5 anterior right GP; GP 5 ganglionated plexus; HFS 5 high-frequency stimulation; ILGP 5 inferior left GP; IRGP 5 inferior right GP; 
LAO 5 left anterior oblique; LIPV 5 left inferior pulmonary vein; LSPV 5 left superior pulmonary vein; MTGP 5 Marshall tract GP; PA 5 posteroanterior; 
RAO 5 right anterior oblique; RIPV 5 right inferior pulmonary vein; RSPV 5 right superior pulmonary vein; SLGP 5 superior left GP.

KEY FINDINGS

■ Pulmonary vein–ganglionated plexi distance was 
strongly associated with successful ganglionated plexi 
modification during cryoballoon ablation.

■ Ganglionated plexi located close to the pulmonary 
vein–left atrial junction were frequently modified by 
cryoballoon ablation, whereas those located farther 
from the junction were less likely to be modified.

■ Postablation voltage mapping showed high concor
dance with high-frequency stimulation in the valida
tion subgroup, suggesting that it may provide an 
objective method for evaluating ganglionated plexi 
modification.
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(Figures 1 and 2A). Each tag was set to a diameter of 4 
mm to ensure precise recording of anatomic locations, 
thereby creating a detailed 3-dimensional distribution 
map of HFS-defined GP sites.

Postablation evaluation
After confirming complete PV isolation by demonstrating 
both entrance and exit block, another round of voltage map
ping was performed. Voltage was then measured at each pre
ablation HFS-positive site (Figure 2C and 2D). In a subset of 
28 patients, HFS was repeated after ablation at the same sites 
to validate the voltage-based definition of GP modification.

Additional ablation procedures, including cavotricuspid 
isthmus ablation and roof line ablation, were performed 
only after completion of GP modification assessment.

GP location identification
The following 5 GP regions (SLGP, ARGP, MTGP, IRGP, 
and ILGP) were analyzed.15 For subsequent analyses, these 
regions were categorized into upper (SLGP, ARGP, and 
MTGP) and lower GPs (IRGP and ILGP) based on their 
anatomic relationship with the PV–LA junction. Upper 
GPs are located adjacent to the superior and anterior aspects 
of the PV–LA junction, whereas lower GPs are positioned 
along the inferior–posterior wall of the LA.

PV–GP distance was defined as the shortest distance from 
the PV–LA junction to each HFS-defined GP tag on the in
tegrated EnSite–CT model.

Definition of GP modification
The primary endpoint of this study was GP modification 
after CBA based on postablation voltage mapping at HFS- 
positive sites (Figure 2D). Sites were classified as “modi
fied” when their postablation bipolar voltage was ,0.05 
mV, indicating complete local attenuation.27 In contrast, 
sites with preserved voltage (≥0.05 mV) were classified as 
“non-modified.” This binary classification provided the basis 
for subsequent analyses, including receiver operating char
acteristic (ROC) curve analysis and multivariate logistic 
regression.

Concordance between HFS and voltage mapping
Concordance between postablation HFS and voltage map
ping was assessed in the 28-patient validation subgroup. 
Concordance was defined as either loss of the HFS response 
with a postablation voltage of ,0.05 mV or a persistent HFS 
response with preserved voltage of ≥0.05 mV. Concordance 
rates were calculated using postablation HFS findings as the 
functional reference.

Statistical analysis
All statistical analyses were performed using JMP version 
14.0 (SAS Institute Inc, Cary, NC). Continuous variables 
were expressed as means 6 standard deviations or medians 
with interquartile ranges (IQRs), as appropriate. Normality 
was assessed using the Shapiro-Wilk test. Categorical 

variables were summarized as counts and percentages. For 
each GP, the HFS positivity rate, mean PV–GP distance, 
and GP modification rate after CBA were calculated. Dis
tances were compared using 1-way analysis of variance 
with Tukey’s post hoc test. Distances of modified vs nonmo
dified GP sites were compared using t test or Mann-Whitney 
U test depending on the data distribution. Spearman’s corre
lation coefficients were calculated for distance and modifica
tion rates. ROC curves were created to evaluate the ability of 
PV–GP distance to predict voltage loss. The area under the 
curve (AUC), cutoff values, sensitivity, specificity, positive 
predictive value, and negative predictive value were calcu
lated. Logistic regression was used to identify predictors of 
GP modification. The multivariate models included PV– 
GP distance, LA volume, age, and CHADS2 score (model 
1, distance 1 LA volume; model 2, distance 1 LA volume 
1 age; model 3, distance 1 LA volume 1 age 1 CHADS2). 
Concordance rates between HFS and voltage mapping were 
then calculated in 28 patients. Fisher’s exact test was used for 
group comparisons. All tests were 2 sided, with P , .05 indi
cating statistical significance. Bonferroni correction was 
applied for multiple comparisons.

The central illustration summarizes the study design and 
the relationship between PV–GP distance and GP modifica
tion.

Results
Patient characteristics
This study enrolled 50 patients (mean age 69.1 6 9.1 years; 
27 males [54%]; mean body mass index, 23.6; IQR 21.6– 
26.7 kg/m2). The mean LA diameter measured via echocar
diography was 37.2 6 3.4 mm, whereas the mean LA vol
ume measured using CT was 91.1 6 25.9 mL. The median 
CHADS2 score was 1 (IQR 1–2) (Table 1).

Distribution and ablation outcomes of GP sites
The approximate anatomic distribution of the GP sites iden
tified through HFS before ablation is presented in Figure 1. 
Based on voltage mapping, we evaluated whether HFS- 
positive GP sites demonstrated voltage loss (ablation suc
cess) after standard CBA (Figure 2C and 2D). Across all 
GP sites, the mean PV–GP distance was significantly longer 
for lower GP regions than for the upper GP regions (P , 

.001). The mean PV–GP distances and the corresponding 
ablation success rates for each GP are discussed in the 
following subsections.

Upper GP
For the upper GP regions, the mean PV–GP distance and 
modification rates were as follows: SLGP (6.59 mm; success 
rate 86.1%), ARGP (7.31 mm; success rate 83.4%), and 
MTGP (0.78 mm; success rate 93.7%) (Table 2). These sites 
were located close to the PV orifices, which allowed for 
adequate coverage by standard CBA energy and induced 
high modification rates. In particular, the MTGP exhibited 
the shortest distance (,1 mm) and the highest success rate. 
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Considering modification was uniformly high irrespective of 
distance, the variability in outcomes was insufficient, with 
the ROC curve analysis failing to demonstrate predictive 
value (Figure 3).

Lower GP
The lower GP regions had substantially longer mean PV–GP 
distances than did the upper GP regions, with the IRGP 

located at 19.07 mm and showing a success rate of only 
12.3% and the ILGP located at 21.3 mm with a success 
rate of 4.7% (Table 2). These GPs were situated farther 
from the PV orifices, where incidental modification by 
CBA was markedly limited. In particular, GP sites located 
more than 10 mm from the PV–LA junction were rarely 
modified by CBA alone.

Predictive ability of the PV–GP distance based on 
ROC curve analysis
ROC curve analysis found that an overall cutoff of 11 mm 
was optimal for predicting GP modification (AUC 0.94; 
sensitivity 90.4%; specificity 83.0%; positive predictive 
value 88.3%; negative predictive value 85.8%; Youden’s in
dex 0.73; P , .001) (Figure 3). According to anatomic site, 
the cutoff values were 7.5 and 8.0 mm for ARGP and SLGP, 
respectively, with a combined threshold of 9.0 mm for upper 
GP (AUC 0.84). In contrast, lower GP demonstrated larger 
cutoff values than did the upper GP (ie, 19 and 20 mm for 
IRGP and ILGP, respectively), yielding a combined 
threshold of 13 mm (AUC 0.94). SLGP achieved an AUC 
approaching 1.0, whereas MTGP showed no predictive abil
ity (AUC 0.47; P 5 .962).

Concordance between HFS and voltage mapping
In the latter 28 patients, concordance between functional GP 
evaluation by HFS and voltage mapping was assessed. A to
tal of 415 GP sites were evaluated, and 397 sites showed 
concordant results (95.7%) (Figure 2C and Table 3). Concor
dance rates by GP site were as follows: ARGP, 90.5% (124 

Table 2 Relationship between pulmonary vein–GP distance and 
cryoballoon ablation response by GP region

GP region

Pre-CBA 
positive 
sites (n)

Mean 
distance 
(mm)

Post-CBA 
positive 
sites (n)

Negative 
conversion 
rate (%)

SLGP 108 6.59 15 86.1
ARGP 205 7.31 34 83.4
MTGP 63 0.78 4 93.7
IRGP 122 19.07 107 12.3
ILGP 85 21.3 81 4.7

Distribution of GP sites by anatomic region in 50 patients. For each GP 
region, the number of high-frequency stimulation-positive sites before cry
oballoon ablation, the mean pulmonary vein–GP distance, and the propor
tion of sites showing loss of responsiveness after ablation are presented. 

ARGP 5 anterior right GP; CBA 5 cryoballoon ablation; GP 5 ganglion
ated plexus; ILGP 5 inferior left GP; IRGP 5 inferior right GP; MTGP 5 

Marshall tract GP; SLGP 5 superior left GP.

Table 1 Patient characteristics and baseline data

Characteristic Value

Demographics
Age, y 69.1 6 9.1
Men 27 (54.0)
Weight, kg 62.3 6 10.9
Height, cm 160.1 6 9.7
BMI, kg/m2 23.6 [21.6–26.7]
CHADS2 score 1 [1–2]

Admission vitals
Systolic blood pressure, mm Hg 129.2 6 16.4
Diastolic blood pressure, mm Hg 86.0 6 11.4
Heart rate, beats/min 79.2 6 11.4

Arrhythmia history
History of electrical cardioversion 0 (0)
Pacemaker implantation 1 (2.0)
ICD implantation 0 (0)
Baseline ECG: sinus rhythm 47 (94.0)

Medical history
Hypertension 24 (48.0)
Diabetes mellitus 7 (14.0)
History of heart failure episodes 3 (6.0)

Echocardiographic findings
Left atrial diameter, mm 37.2 6 3.4
Left ventricular ejection fraction, % 65.1 6 5.2

Computed tomography findings
Left atrial volume, mL 91.1 6 25.9

Preprocedural laboratory findings
Hemoglobin, g/dL 13.4 6 1.4
Creatinine, μmol/L 77.0 6 22.7
eGFR, mL/min/1.73 m2 63.0 6 17.0
BNP, pg/mL 47.75 [27.9–106.5]

Procedural parameters
Cryoballoon ablation total area, cm2 12.4 6 5.3

Clinical characteristics of the 50 patients with paroxysmal atrial fibril
lation who underwent cryoballoon ablation. Continuous variables are ex
pressed as mean 6 standard deviation or median [interquartile ranges], 
as appropriate, and categorical variables as numbers (%). 

BMI 5 body mass index; BNP 5 brain natriuretic peptide; CHADS2 5 

congestive heart failure, hypertension, age, diabetes mellitus, and 
stroke/transient ischemic attack; ECG 5 electrocardiogram; eGFR 5 esti
mated glomerular filtration rate; ICD 5 implantable cardioverter-defibril
lator.

Figure 2 Distribution, modification, and voltage-HFS concordance of GPs. GPs identified by HFS were visualized using the EnSite system in relation to 
cryoballoon ablation. A: GP sites detected by HFS, with the shortest PV–GP distance indicated by yellow lines. Blue markers indicate HFS-negative sites, 
and green markers indicate HFS-positive sites before ablation. B: Changes in HFS responsiveness before and after ablation, with persistent positivity shown 
in yellow and loss of response in pink. C: Postablation voltage mapping overlaid with HFS findings in 28 patients. Low-voltage areas (,0.05 mV), representing 
GP modification, are shown in gray, whereas sites with preserved electrograms are shown in purple. D: Classification of GP modification based on postablation 
voltage criteria at preablation HFS-positive GP sites and corresponding HFS responses. CBA 5 cryoballoon ablation; GP 5 ganglionated plexus; HFS 5 high- 
frequency stimulation; LA 5 left atrium; LAO 5 left anterior oblique; PA 5 posteroanterior; PV 5 pulmonary vein; PV–LA junction 5 pulmonary vein–left 
atrium junction; RAO 5 right anterior oblique.
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of 137); SLGP, 95.8% (69 of 72); MTGP, 98.1% (51 of 52); 
IRGP, 98.9% (86 of 87); and ILGP, 100.0% (67 of 67). 
These results confirmed that voltage mapping has strong 
agreement with HFS for assessing GP modification.

Multivariate analysis
Logistic regression analysis was performed to identify pre
dictors of GP modification. The results are presented in 
Table 4. Univariate analysis identified PV–GP distance as 

a significant predictor of GP modification (odds ratio 0.68; 
95% confidence interval 0.63–0.72; P , .001) but not LA 
volume, age, CHADS2 score, sex, and mean body mass in
dex. The multivariate models consistently identified PV– 
GP distance as an independent predictor of GP modification, 
with shorter distances being associated with higher modifica
tion rates (all P , .001). Other factors, including LA volume, 
age, and CHADS2 score, were not found to be significant 
predictors. Overall, the PV–GP distance was the only 

Figure 3 Diagnostic performance of ROC analysis. ROC curves were generated to evaluate the association between the distance between the PV and the GP 
(PV–GP) and GP modification. Analyses were performed as follows: for all GP sites combined, for the upper GP (SLGP, ARGP, and MTGP), for the lower GP 
(IRGP and ILGP), and for individual GP sites. The AUC and optimal distance cutoffs are shown in each panel. For all GP sites, an optimal cutoff value of 11 mm 
was identified. Upper GP demonstrated lower cutoff values than lower GP, whereas site-specific analyses showed variable discriminatory performance depend
ing on anatomic location. P values shown in each panel were derived from logistic regression models assessing the relationship between PV–GP distance and GP 
modification. ARGP 5 anterior right GP; AUC 5 area under the curve; GP 5 ganglionated plexus; ILGP 5 inferior left GP; IRGP 5 inferior right GP; MTGP 
5 Marshall tract GP; PV 5 pulmonary vein; ROC 5 receiver operating characteristic; SLGP 5 superior left GP.

Table 3 Concordance between HFS and voltage mapping in 28 patients

Evaluation item ARGP SLGP MTGP IRGP ILGP Total

No. of GP-positive sites before CBA 137 72 52 87 67 415
No. of discrepancies between HFS and 

voltage after CBA
13 3 1 1 0 18

No. of consistencies between HFS and 
voltage after CBA

124 69 51 86 67 397

Consistency rate 90.5% 95.8% 98.1% 98.9% 100.0% 95.7%

Agreement between functional assessment using HFS and anatomic assessment using voltage mapping. The number of GP-positive sites before ablation, 
concordant and discordant findings after ablation, and consistency rates are shown for each region. 

ARGP 5 anterior right GP; CBA 5 cryoballoon ablation; GP 5 ganglionated plexus; HFS 5 high-frequency stimulation; ILGP 5 inferior left GP; 
IRGP 5 inferior right GP; MTGP 5 Marshall tract GP; SLGP 5 superior left GP.
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consistent independent predictor of incidental GP modifica
tion after standard CBA. Adding other clinical variables did 
not improve the predictive accuracy. This result suggests that 
the PV–GP distance measured on the integrated EnSite–CT 
model can predict the extent of GP modification after CBA 
with high accuracy

Discussion
This study demonstrated a clear relationship between PV– 
GP distance and the extent of GP modification achieved by 
CBA. Our findings provide quantitative evidence that 
anatomic proximity is the primary determinant of incidental 
GP modification, with an overall optimal cutoff of 11 mm 
identified by ROC analysis. Notably, upper GP regions 
were effectively modified at shorter distances, 7–9 mm, 
whereas lower GP regions were rarely modified when the 
distances exceeded approximately 13 mm. Shorter PV–GP 
distance was associated with successful GP modification 
during CBA, as illustrated in the central illustration.

The SLGP and ARGP, located adjacent to the PV–LA 
junction, are known to contribute to AF initiation via auto
nomic stimulation,7 and their anatomic location favors effec
tive cryothermal energy delivery. In contrast, the IRGP and 
ILGP are located along the lower posterior LA and are more 
distant from the PV–LA junction, limiting effective cryo
thermal energy. The MTGP, embedded within the ligament 
of Marshall and involved in intrinsic cardiac autonomic 
regulation,9 showed high modification rates owing to its 
proximity to the PV–LA junction, although anatomic vari
ability may influence energy penetration. Hou et al28 re
ported that the IRGP receives input from the ARGP and 
SLGP and functions as an integrative center regulating atrio
ventricular node activity. Furthermore, Po et al18 demon
strated that IRGP ablation can prevents vagal nerve 
responses even during HFS at other GPs, supporting its cen
tral role within the atrial autonomic network. Although the 
ILGP is not considered an integrative center, interconnec
tions among all GPs indicate that incomplete modification 
of the inferior GP may contribute to AF recurrence.15

From a technical standpoint, the IRGP and ILGP are located 
in close proximity to the left inferior and right inferior PVs, 

regions in which CBA is technically challenging. As a result, 
incomplete balloon occlusion has been frequently observed, 
and adjunctive techniques, such as the pull-down maneuver, 
are often required to achieve sufficient coverage.29,30 These 
technical limitations provide a mechanistic explanation for 
the lower modification rates observed at inferior GP sites. 
Moreover, these structural considerations offer a coherent 
explanation for the differences in the modification rates 
observed in this study. Following the criteria of Cal�o 
et al,27 the current study defined voltage attenuation as 
,0.05 mV. This threshold effectively excludes background 
noise and provides a clinically meaningful standard for as
sessing GP modification.

Clinical implications and selection of energy 
source
The present findings suggest that PV–GP distance may pro
vide a practical framework for identifying GP sites that are 
likely to be modified by CBA alone and those in which its 
effect may be limited. Upper GP sites located within 
approximately 7–9 mm of the PV–LA junction were 
frequently modified, whereas inferior GP sites located 
beyond approximately 13 mm were less likely to be modi
fied. Thus, adjunctive mapping or ablation, including RF 
ablation, may be selectively considered when GP modifica
tion is clinically intended, particularly for distant inferior 
GP sites. However, evidence supporting combined cryobal
loon and RF strategies remains limited,19,31 and our find
ings should not be interpreted as recommending routine 
adjunctive ablation. HFS remains important for functional 
GP identification but requires an additional RF catheter dur
ing cryoballoon procedures, increasing procedural 
complexity and cost. PV–GP distance derived from prepro
cedural imaging, together with postablation voltage map
ping, may provide complementary information for 
assessing GP modification, particularly in centers that do 
not routinely perform HFS. Future AF ablation strategies 
may integrate anatomic distance, functional testing, voltage 
mapping, and energy-source characteristics to guide selec
tive autonomic modification.32–35

Table 4 Logistic regression analysis identifying predictors of GP modification

Variable
Univariate 
OR (95% CI) P value

Model 1 
OR (95% CI) P value

Model 2 
OR (95% CI) P value

Model 3 
OR (95% CI) P value

PV–GP distance (mm) 0.68 (0.63–0.72) ,.001 0.68 (0.63–0.72) ,.001 0.68 (0.63–0.72) ,.001 0.68 (0.63–0.72) ,.001
Left atrial volume (mL) 1.00 (0.99–1.00) .43 1.00 (0.99–1.01) .83 1.00 (0.99–1.01) .83 1.00 (0.99–1.01) .63
Age (per 1-y increase) 1.01 (0.99–1.03) .38 1.00 (0.97–1.03) .83 1.00 (0.96–1.02) .58
CHADS2 score 1.05 (0.92–1.21) .46 1.27 (0.94–1.73) .12
Sex (male vs female) 1.07 (0.77–1.50) .67
BMI (kg/m2) 1.02 (0.97–1.07) .44

Results of univariate and multivariate logistic regression analyses evaluating clinical and anatomic predictors of GP modification after cryoballoon ablation. 
Multivariate models included PV–GP distance with incremental adjustment for left atrial volume (model 1), age (model 2), and CHADS2 score (model 3). 
BMI 5 body mass index; CHADS2 5 congestive heart failure, hypertension, age, diabetes mellitus, and stroke/transient ischemic attack; CI 5 confidence 

interval; GP 5 ganglionated plexus; OR 5 odds ratio; PV–GP 5 pulmonary vein–ganglionated plexus.
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Limitations
This study has several notable limitations. First, this study 
was a single-center, retrospective analysis with a relatively 
small cohort of 50 patients. As such, the statistical power 
was limited, and the generalizability of the findings should 
be interpreted with caution. Thus, further studies with 
larger cohorts are required to validate the site-specific ob
servations for each GP. Second, GP modification was 
defined by postablation voltage attenuation to ,0.05 mV 
on voltage mapping. Although this threshold was derived 
from established electrophysiological criteria, it remains 
an indirect marker and lacks histologic corroboration. 
HFS validation was performed in 28 patients and showed 
high concordance; however, the number of patients remains 
limited. These findings should be considered preliminary. 
Third, some patients underwent additional ablation proced
ures, including LA roof ablation and cavotricuspid isthmus 
line ablation, after CBA and voltage mapping/HFS assess
ment. Consequently, the long-term durability of GP modi
fication and its direct contribution to the suppression of 
AF recurrence could not be fully evaluated. Furthermore, 
the accuracy of distance measurements obtained by inte
grating CT images into the EnSite system, as well as the po
tential influence of interindividual anatomic variability, 
was not comprehensively evaluated. Although all proced
ures were performed using a 28 mm cryoballoon, technical 
parameters, such as contact pressure and freeze duration, 
were not systematically analyzed.

Taken together, these limitations suggest that the ability 
of the PV–GP distance to predict GP modification observed 
in this study should be regarded as exploratory. Future 
prospective multicenter investigations will be necessary to 
validate these findings and clarify their association with 
long-term clinical outcomes.

Conclusion
The current study provides quantitative evidence that the dis
tance from the PV–LA junction to each HFS-defined GP site 
is the primary determinant of successful GP modification 
during CBA. As such, PV–GP distance measured on the in
tegrated EnSite–CT model can be considered a practical tool 
for procedural planning, whereas voltage mapping provides 
an objective method for evaluating modification. These find
ings may serve as a useful reference for centers where HFS is 
not routinely performed.
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