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Objective This study aimed to evaluate the feasibility of real-time visualization and mapping of the right phrenic nerve (RPN) by using 
intracardiac echocardiography (ICE) during atrial fibrillation (AF) ablation.

Background RPN injury is a complication associated with the ablation of AF. Multiple approaches are currently being used to prevent and 
detect RPN injuries. However, none of these approaches can directly visualize the RPN in real-time during the ablation 
procedure.

Methods 
and results

The RPN was detected using ICE. The RPN and its adjacent structures were analysed. The relationship between the RPN’s 
distance from the superior vena cava (SVC) and its pacing capture threshold was quantified. The safety of SVC isolation 
guided by the ICE-visualized RPN was evaluated. Thirty-eight people were enrolled in this study. The RPN was visualized 
by ICE in 92% of patients. It ran through the space between the SVC and the mediastinal pleura and had a ‘straw’-like ap
pearance upon ICE imaging. The course of the RPN was close to the SVC (minimum 1.0 ± 0.4 mm) and the right superior 
pulmonary vein (minimum 14.1 ± 7.3 mm). There was a positive linear correlation between the RPN’s capture threshold 
and its distance from the SVC (Spearman’s correlation coefficient = 0.728, < 0.001). SVC isolation was guided by the 
RPN; none of the patients developed an RPN injury.

Conclusions RPN can be visualized by ICE in most patients, thus providing a novel approach for the real-time detection of RPN during AF 
ablation.
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Graphical Abstract

A: The ICE image of the RPN. B: The anatomical relationship between RPN and SVC, RSPV, sinus node in the 3D activation map. C: There was a 
positive linear correlation between the RPN’s capture threshold and its distance from the SVC.
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What’s new?

• The right phrenic nerve (RPN) can be visualized by intracardiac 
echocardiography (ICE) in most of the patients during the 
procedure.

• The distance between the pacing site and the RPN is linearly corre
lated with the threshold for the RPN capture.

• The RPN identified by ICE can guide the superior vena cava isolation.

Introduction
Radiofrequency (RF) catheter ablation is the mainstay treatment for 
symptomatic drug-refractory atrial fibrillation (AF). Pulmonary vein iso
lation using RF is the most common ablation procedure. Elimination of 
non-pulmonary vein foci increases the success rate of the procedure. 
Non-pulmonary vein triggers foci include the superior vena cava 

(SVC), coronary sinus, posterior wall of the left atrium, crista terminalis, 
atrial appendage, etc.1 The SVC accounts for a major portion of the non- 
pulmonary vein foci. Circumferential SVC isolation has improved the 
outcomes of AF originating from the SVC.2,3 However, right phrenic 
nerve (RPN) injury is a significant complication associated with SVC iso
lation, with an incidence of up to 5%.2 The close anatomical relationship 
between the RPN and SVC makes it more vulnerable to injury during 
SVC isolation. Multiple modalities are currently used for the early detec
tion of RPN injuries during the procedure. An electrode catheter is 
placed in the SVC and paces the RPN, while the diaphragmatic function 
is monitored by right hemidiaphragm movement or compound motor 
action potentials (CMAPs).5,6However, none of these approaches can 
directly visualize the RPN in real-time during the procedure.

A phrenic nerve block can quickly and effectively terminate the hic
cups. The ultrasound-guided block allows precise visualization and lo
calization of the phrenic nerve. It reduces the incidence of the 
associated complication.7 Intracardiac echocardiography (ICE) is widely 
used for the ablation of AF. Therefore, we speculate that ICE in the SVC 
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might visualize the RPN and facilitate SVC isolation without RPN injury. 
In the present study, we first aimed to delineate the spatial course of 
the RPN along the SVC using ICE and quantify the relationship between 
the distance of the RPN from the SVC and its pacing capture threshold. 
We then evaluated the safety of SVC isolation guided by the RPN visua
lized by ICE.

Methods
Study population
This study prospectively enrolled 38 patients with drug-refractory paroxys
mal or persistent AF who underwent AF ablation at the Beijing Anzhen 
Hospital between July 2021 and February 2022. Paroxysmal AF (PAF) 
was defined as AF sustained for <7 days. Persistent AF was defined as con
tinuous AF that persisted for >7 days.8 Written informed consent was ob
tained from all patients. The study and data collection were performed 
according to the protocols approved by the ethics committee of Beijing 
Anzhen Hospital.

Ablation procedure
An uninterrupted anticoagulation approach was used routinely. The pro
cedure was performed under conscious sedation using fentanyl and mida
zolam. A deflectable decapolar catheter was placed in the coronary sinus. 
After a single successful transseptal puncture guided by a SoundStar 3D 
diagnostic ultrasound catheter and CartoSound module (Biosense 
Webster, Diamond Bar, CA), all patients were empirically administered 
an unfractionated heparin bolus (100 U/kg) to achieve a target activated 
clotting time >300 s. A multipolar catheter (PentaRay NAV; Biosense 
Webster, Diamond Bar, CA, USA) was used to create a 3D shell of the 
left atrium. Ablation by the irrigated RF catheter (Thermocool 
Smarttouch™ SF, Biozones Webster, Diamond Bar, CA, USA) was guided 
by a 3D electroanatomic mapping system (CARTO, Biosense-Webster, 
Inc.). The ablation strategy has been described in detail previously.9

Electroanatomical mapping of the superior 
vena cava and right atrium
Fast anatomic mapping of the SVC and right atrium (RA) during sinus 
rhythm was acquired using the PentaRay catheter and the Confidense mod
ule. The junction of the convex RA wall and the straight SVC wall on elec
troanatomic mapping was defined as the SVC–RA junction. The upper part 
of the SVC with vein branches was defined as the initial inflow of the SVC, 
which usually lacks electrical signalling. High-density mapping was per
formed along the SVC–RA junction during sinus rhythm to reconstruct si
nus node activation.10,11 The sinus node region was identified as the region 
of the earliest atrial activation in sinus rhythm.

Reconstruction of the right phrenic nerve by 
intracardiac echocardiography and pacing the 
right phrenic nerve
An ultrasound system (GE Vivid IQ) was used to obtain high-quality images. 
The ICE was placed in the SVC, which was created using electroanatomical 
mapping. Axial scanning was performed along the theoretical course of the 
RPN, which is usually located on the lateral wall of the SVC. A typical ICE 
image of the RPN in the longitudinal view presents a ‘straw’ pattern.12

High-resolution ultrasound scans can accurately distinguish the RPN from 
adjacent structures. The ICE image of the RPN was integrated into the elec
troanatomical mapping of the SVC, which allowed the delineation of the 
course of the RPN and other structures. To precisely localize the course 
of the RPN, we divided the SVC into eight segments: anterior, anterolateral, 
lateral, posterolateral, posterior, anterolateral septal, lateral septal, and pos
terolateral septal (Figure 1).

Bipolar pacing of the RPN was performed using an ablation catheter in 
the SVC. The threshold for the RPN capture was defined as a stable dia
phragmatic movement with a constant amplitude of the diaphragmatic 
CMAP. We applied 5–10 g contact force to measure the pacing threshold 
of RPN capture. The pacing protocol consisted of incremental pacing 

currents (from 1 to 20 mA) with a 2 ms pulse width and a cycle length of 
1000 ms–2000ms. The distance between the pacing site and the RPN 
was measured using ICE.

Superior vena cava isolation
SVC isolation relied on the operator’s discretion. It was performed by ab
lating 5 mm away from the sinus node with a power of 35 W, guided by the 
ablation index.13 Ablation started in the septal wall of the SVC–RA junction 
with a target ablation index of 400. The ablation site should be ≥5 mm from 
the RPN, guided by ICE. When the ablation site was 5 mm from the RPN, 
the ablation index decreased to 300. Phrenic nerve injury (PNI) was defined 
as previously.5 Diaphragmatic CMAP and the movement of the diaphragm 
were monitored during the SVC isolation procedure. Ablation was discon
tinued if the observed CMAP amplitude decreased by ≥35% from baseline 
or the movement of the diaphragm was weakened.5

Statistical analysis
Statistical analyses were performed using SPSS (version 22). The re
sults are presented as mean ± standard deviation or percentages. A 
positive Spearman’s correlation value was reported in the scatter 
plot. Simple linear regression was also utilized. Significance was tested 
against the null hypothesis of no association. Statistical significance was 
set at P < 0.05.

Results
Demographic and clinical characteristics of 
the patients
A total of 38 patients were enrolled in the study. The baseline patient 
characteristics are presented in Table 1. The mean age of the patients 
was 63.2 ± 7.8. Of these patients, 47.4% had PAF. The mean 
CHA2DS2-VASc score was 2.13 ± 1.51.

The identification and the course of right 
phrenic nerve along the superior vena cava
The RPN was visualized using ICE in 35 (92%) patients. The ICE image 
of the RPN in the longitudinal view of the SVC presents as a straw, re
presenting a typical echo image of a large nerve trunk (Figure 2). The 
RPN ran through the space between the SVC and the mediastinal 
pleura. The mediastinal pleura showed a hyperechoic structure 
on the ICE image. It was quickly identified once ICE was introduced 
into the SVC, and axial scanning was performed along the lateral wall 
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Posterolateral septumPosterolateral

7.9%

71.1%

15.8%
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Figure 1 Location of the RPN in the SVC. In 5.2%,15.8%,71.1%, and 
7.9% of patients, the RPN is located on the anterior, anterolateral, lat
eral, and posterolateral walls of the SVC, respectively. RPN, right 
phrenic nerve; SVC, superior vena cava.
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of the SVC. Thus, the space between the SVC and mediastinal pleura was 
used as an anatomical marker to guide the identification of the RPN. The 
lowest pacing threshold for RPN capture is achieved when the ablation 
catheter is placed close to the ‘straw’ pattern in the SVC (Figure 3). This 
confirmed that the ‘straw’ structure identified in ICE was the RPN. The 
RPN could not be identified in three out of 38 (8%) patients due to a nar
rowed space between the SVC and the mediastinal pleura (<1 mm) 
(Figure 2C); it was difficult to distinguish the RPN from the mediastinal 
pleura in these cases. All three patients had a low pacing threshold 
(<5 mA) in the lateral wall of the SVC; in the site with the lowest pacing 
threshold, there was no ‘straw’ pattern in the ICE imaging.

The diameter of the RPN, as measured by ICE, was 1.3 ± 0.40 mm. 
Of the RPNs measured, 71.1% were located on the lateral wall. The 
RPN ran nearly in the middle of the space between the SVC and medi
astinal pleura. The course of the RPN was close to the SVC (minimum 
1.0 ± 0.4 mm). The distance between the RPN and SVC usually in
creases in the craniocaudal direction (Figure 4), while we observed 
the shortest distance between the RPN and SVC in the middle of the 

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

Table 1 The baseline characteristics of patients

Number of patients 38

Age (years) 63.2 ± 7.8

Gender (male/female) 24/14

Hypertension 27/38

Diabetes 6/28

Obesitya 13/28

Left ventricular ejection fraction, % 60.8 ± 8.0

PAF/PerAF 18/20

CHA2DS2-VASc scoreb 2.13 ± 1.51

BMI, body mass index; PAF, paroxysmal atrial fibrillation; PerAF, persistent atrial fibrillation. 
aAn individual would be considered to be obese if his/her BMI was in the range of 30–35 or 
greater. bCHA2DS2-VASc score was defined as previously.9

Figure 2 The intracardiac echocardiography (ICE) image of the right phrenic nerve (RPN). The RPN is a round, thin structure with a ‘straw’-like 
appearance, that is centrally hypoechoic and peripherally hyperechoic between the superior vena cava (SVC) and the mediastinal pleura. The arrow 
indicates the RPN (Figure 2A–B). Bottom row of arrows indicate the mediastinal pleura and up row of arrows indicate the intima of SVC, the RPN 
could not be identified due to a narrowed space between the SVC and the mediastinal pleura (<1 mm) (Figure 2C). Arrows on left indicate reflexed 
pericardium and arrows on right indicate the RPN; the fluid separates the visceral pericardium from the parietal pericardium in the inferior part of the 
SVC (Figure 2D).
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SVC in four patients. Pericardial reflection usually extends to the SVC. 
In three patients, pericardial fluid accumulated in the pericardial reflec
tion of the SVC (Figure 2D). This fluid separated the visceral pericardium 
from the parietal pericardium in the inferior part of the SVC, resulting in 
an increased distance between the RPN and the SVC.

The right phrenic nerve, the sinus node, 
and the right pulmonary vein
Superior vena cava mapping was performed during sinus rhythm. The 
majority of the sinus node is located at the junction of the SVC and 
the RA (Figure 5B and C). The distance of the RPN from the superior 

part of the sinus node was 12.7 ± 5.4 mm, and the minimal distance 
was 6.4 mm.

The ICE image of the RPN was integrated into the electroanatomic shell 
of the left atrium, which allowed measurement of the distance between 
the RPN and the right pulmonary vein. First, we measured the shortest dis
tance between the RPN and the right pulmonary vein ablation point, which 
is usually located in the antrum of the right superior pulmonary vein 
(RSPV). The average distance between the RPN and the ablation point 
was 24.9 ± 7.2 mm, and the minimal space was 5.0 mm. We then mea
sured the shortest distance between the RPN and the right pulmonary 
vein. The shortest distance is between the RPN and the RSPV in all patients 
(Figure 5E and F); the average distance was 14.1 ± 7.3 mm, and 5.7% of pa
tients had a length of less than 5.0 mm.

Figure 3 The lowest pacing threshold for right phrenic nerve (RPN) capture. The lowest pacing threshold for RPN capture is achieved when the 
ablation catheter is placed close to the ‘straw’ pattern in the superior vena cava (SVC). Left image: the RPN imaging under intracardiac echocardiography 
(ICE). The up row of arrow indicates the RPN, and the bottom row of arrows indicates the mediastinal pleura. Middle and right images: the same pa
tient’s 3D activation maps of the right atrium (RA) and SVC in right anterior oblique (RAO) 45° and RAO 145° views. The dots indicate the pacing site 
and the arrows indicate the RPN integrated into the electroanatomical shell.

Figure 4 The anatomical relationship of the right phrenic nerve (RPN) and the superior vena cava (SVC). The distance between the RPN and the SVC 
is increased from the craniocaudal direction in the 3D activation map of the right atrium (RA) and SVC in right anterior oblique (RAO) 30° and left 
anterior oblique (LAO) 165° views. Left image: the RPN imaging under intracardiac echocardiography (ICE). The middle arrow indicates the RPN, 
the bottom row of arrows indicate the mediastinal pleura, and the up row of arrow indicates the pericardial fluid. Middle and right images: the 
same patient’s 3D activation maps of the RA and SVC in RAO 30° and LAO 165° view. The arrows indicate the RPN integrated into the electroana
tomical shell.
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The pacing threshold of the right phrenic 
nerve capture
The pacing manoeuvre is applied to monitor the function of the RPN 
during SVC isolation, but it cannot precisely differentiate the near-field 
from the far-field capture of the RPN. We analysed the relationship be
tween the pacing threshold of RPN capture and the distance between 
the catheter tip and the RPN. The mean contact force for measuring 
the pacing threshold of RPN capture was 7.4 ± 0.3 g. The distance be
tween the pacing site and the RPN is strongly correlated with the 
threshold for RPN capture (Spearman correlation = 0.728, < 0.001) 
(see Supplementary material online, Figure 6). The distance from the 
phrenic nerve increased by 0.26 mm for each 1 mA increase in pacing 
threshold current. If the pacing threshold of RPN capture was 
20 mA, 83.3% of the distance was ≥5 mm.

Isolation of the superior vena cava
Superior vena cava isolation was performed in 10 patients. The combined 
methods of the RPN pacing manoeuvre and RPN imaging by ICE guided 
the procedure. The minimal distance between the RPN and the ablation 
point was 5 mm and the ablation index was 300. The RPN mapping by 
ICE and the activation mapping of the sinus node were integrated into 

the 3D shell of the SVC, which allowed to design a personalized ablation 
line for SVC isolation avoiding the injury of the RPN and the sinus node. 
Figure 7 shows a representative circumferential SVC isolation line in one 
patient. The dotted line indicated the regular circumferential SVC isola
tion ablation line. The nearest distance from the SVC’s regular ablation 
point to the RPN was 4 mm. To avoid RPN injury, we did not adopt 
the regular circumferential SVC isolation line in this case. The arrow in 
Figure 7 indicates the last ablation point, which is located behind the sinus 
node and close to the RPN, but 9 mm away from it. We did not observe 
the decreased CMAP and the weakness of the diaphragm movement 
during the SVC ablation procedure in all patients. No RPN injury or sinus 
node injury developed during the SVC isolation procedure in all patients.

Discussion
The present study demonstrated that (i) the RPN could be visualized by 
ICE in most of the patients during the procedure; (ii) the distance be
tween the pacing site and the RPN was linearly correlated with the 
threshold for RPN capture; and (iii) the RPN identified by ICE could 
guide SVC isolation.

Right PNI is a common complication of ablation for AF. Despite ad
vances in ablation devices, strategies, and monitoring methods, the 

Figure 5 The anatomical relationship of the right phrenic nerve (RPN) and right superior pulmonary vein (RSPV) and sinus node. (A and D) illustrate 
RPN imaging under intracardiac echocardiography (ICE), where the up row of arrow indicates the RPN, and the bottom row of arrows indicate the 
mediastinal pleura. The anatomical distance from the RPN to the sinus node is quite close in the 3D activation map of the right atrium (RA) and superior 
vena cava (SVC) in the right anterior oblique (RAO) view (B) and left anterior oblique (LAO) view (C). The anatomical distance from the RPN to the 
RSPV is quite close in the 3D activation map of the RA and SVC in the RAO (E) and right lateral (RL) (F) views.
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incidence of RPN injury during the procedure remains at 3.5% in the 
cryoballoon ablation procedure.4 Moreover, early abortion of ablation 
due to the RPN injury might result in the pulmonary vein electrical recon
nection and, consequently, arrhythmia recurrence. 14–16 The proximity 
of the RPN to the SVC and the RSPV makes it vulnerable to injury 
from RF ablation or cryoablation. Understanding the spatial 

relationships between the RPN and nearby anatomical structures is 
critical for preventing RPN injuries. The pacing manoeuvre in the 
SVC is usually performed during the procedure to identify the RPN 
and is tagged in the electroanatomic shell of the RA. Therefore, the 
course of the RPN can be displayed in the electroanatomic mapping 
system to guide ablation. However, this manoeuvre does not directly 
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Figure 6 Scatter plot between the right phrenic nerve (RPN) pacing threshold and distance from the pacing site. The distance from the pacing site to 
the RPN is significantly correlated with the RPN pacing threshold (Spearman’s correlation coefficient = 0.728, P < 0.001).

Figure 7 Circumferential superior vena cava (SVC) ablation using intracardiac echocardiography (ICE). Left image: the right phrenic nerve (RPN) 
imaging under ICE. The up row of arrow indicates the RPN, and the bottom row of arrows indicate the mediastinal pleura. Middle and right images: 
the same patient’s circumferential SVC ablation in the 3D activation map of the right atrium (RA) and SVC in right anterior oblique (RAO) 45° and RAO 
168° views. The dotted line indicates the regular circumferential superior vena cava isolation ablation line. The arrow indicates the last ablation point 
which is the closest ablation point of our actual circumferential superior vena cava ablation.
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visualize the RPN, and it cannot distinguish far-field RPN capture from 
near-field capture. Thus, the pacing manoeuvre provides only a crude 
course of the RPN outside of the SVC. Computed tomography (CT) 
was used to assess the cardiac anatomy before the ablation procedure 
in previous studies.17,18 Computed tomography with improved tem
poral and spatial resolution can reconstruct the course of the RPN. 
Computed tomography images are merged with the electroanatomic 
mapping using the Carto Merge image integration module, which al
lows observation of the course of the RPN during the ablation pro
cedure and avoids injury to the RPN. The sensitivity of RPN 
detection by CT was distinct, and the RPN was identified in a small 
percentage of patients.19 Moreover, CT images are not real-time 
monitoring methods for the RPN; the course of the RPN may be dis
torted by inaccurate merge manoeuvre and translocation of the elec
troanatomic mapping.

Ultrasonography is an alternative technique for imaging peripheral 
nerves. High-frequency probes provide a higher spatial resolution 
(0.2–0.3 mm) than CT images (0.4 mm).20,21 Ultrasound has long 
been used to detect and visualize the phrenic nerve of the neck. 
Ultrasound-guided block of the phrenic nerve is a traditional approach 
for terminating hiccups in clinical practice.7 More recently, Piotrowski 
et al.22 reported that ultrasound could visualize vague nerves and guide 
extra-cardiac vagal stimulation during cardioneuroablation. ICE is wide
ly used in interventional procedures, particularly for AF ablation. When 
ICE is introduced in the SVC and placed close to the lateral wall of the 
SVC, it allows direct visualization of the RPN.

In the present study, we were able to observe a typical ultrasound 
image of the nerve trunk outside the SVC using ICE in most patients. 
In the transverse section, the nerve trunk revealed small hypoechoic 
areas separated by hyperechoic septae, giving a ‘honeycomb-like’ ap
pearance.23 Intracardiac echocardiography in the SVC only provides 
longitudinal sections of the nerve trunk, which presents ‘a straw’ or 
‘bundle of straws’ appearance.12 The hypoechoic areas represent nerve 
fascicles, while the echogenic septae represent interfascicular perineur
ium. Several hints confirmed that the above structure outside the SVC 
was the RPN. First, the dimensions of the structure were 1.4 ± 0.4 mm, 
which was slightly wider than the phrenic nerve’s diameter in the neck. 
The phrenic nerve originates in the cervical spine (C3–C5),24 and it is 
reasonable that the RPN is thicker in the thorax than in the neck. 
Secondly, in a human cadaver study, the RPN was found to run through 
a small space between the parietal pericardium and the mediastinal 
pleura.25 The mediastinal pleura has a hyperechoic feature; therefore, 
the small space for accommodating the RPN is easily identified by 
ICE in the SVC. No other structure needs to be distinguished from 
the RPN in this space. Moreover, the colour Doppler by ICE excluded 
that the ‘straw”-like structure was a small vessel. Finally, the lowest pa
cing threshold was achieved when the ablation catheter was placed to 
close the ‘straw’ pattern in the SVC; it further confirmed that the 
‘straw’ appearance identified by ICE was the RPN.

In the present study, ICE could visualize the RPN in 92% of patients, 
which was superior to the CT approach. The RPN could not be iden
tified by ICE in only three patients, in whom the space between the SVC 
and the mediastinal pleura was too narrow (<1 mm). Therefore, it was 
challenging to distinguish the RPN from the mediastinal pleura in these 
cases. In this scenario, the RPN is very close to the SVC, and the risk of 
RPN injury substantially increases during the SVC isolation procedure.

ICE has the advantage of a real-time display of the RPN. Its integra
tion into the electroanatomical mapping of the right and left atria pro
vides a novel approach to delineate the spatial relationship between the 
RPN and its surrounding anatomical structures. The present study 
showed that most RPNs were located in the lateral wall of the SVC, 
which is consistent with previous studies.26 Although the distance be
tween the RPN and SVC usually increases in the craniocaudal direction, 
few patients present the shortest distance in the middle part of the 
SVC, which might increase the risk of RPN injury during ablation in 

this area. The shortest distance between the RPN and the right pul
monary vein was in the RSPV in all patients, which agreed with the 
fact that RPN injury usually occurred during cryoablation of the 
RSPV. Intriguingly, most ablation points were 1 cm from the RPN in 
the present study. Thus, RF ablation of the antrum and carina of the 
RSPV seldom caused RPN injury, which was consistent with clinical ob
servations. Moreover, 5.7% of patients had a minimal distance of 
<5 mm between the RPN and the RSPV, suggesting that avoidance 
of deep ablation in the RSPV, such as balloon cryoablation, would sub
stantially reduce the risk of RPN injury. The sinus node may be damaged 
during SVC isolation due to the ablation sites close to it.27 In the pre
sent study, we applied high-density mapping to delineate the precise lo
cation of the sinus node.10,11 None of the patients had an injury of the 
sinus node during SVC isolation.

The pacing manoeuvre in the SVC is commonly utilized to identify 
the RPN in clinical practice. Low-output and high-output pacing were 
used to distinguish the far-field from the near-field capture of the 
RPN. For example, one study by Tomoyuki et al.28 proposed that 
20 mA/2.0 ms pacing capture was the far-field capture and 5 mA/ 
2.0 ms pacing capture was the near-field capture.

This approach enabled SVC isolation without RPN injury in their 
study. However, this approach cannot precisely determine the far-field 
and near-field capture of the RPN if the course of the RPN in the SVC is 
not visualized. In the present study, real-time identification of the RPN 
by ICE was able to quantify the relationship between RPN capture and 
the distance of the catheter tip from the RPN. Our data showed that 
the distance between the pacing site and the RPN was linearly corre
lated with the threshold for RPN capture. If the pacing threshold for 
the RPN capture was ≥20 mA/2.0 ms, the distance between the pacing 
site and the RPN was usually ≥5 mm. In some patients, it is inevitable 
that the catheter tip must ablate the SVC lateral wall close to the 
RPN during SVC isolation. Real-time visualization of the RPN by ICE al
lows the design of an optimized ablation line for SVC isolation to avoid 
RPN injury. In the present study, we created an ablation point in the 
SVC, 5 mm away from the RPN; the targeted ablation index was 300 
and there was no RPN injury. Thus, our study provides a novel ap
proach for isolating the SVC.

Limitations
The main limitation of the present study was the small sample size. 
Therefore, the location of the RPN, as identified by ICE, should be va
lidated in a larger sample. The incidence of PNI is higher in cryoballoon 
ablation than in RF ablation. Therefore, the value and significance of this 
technique in PNI associated with cryoballoon ablation need to be fur
ther evaluated. In addition, whether the visualization and mapping of the 
RPN using ICE are superior to the standard CMAP or pacing techni
ques require further controlled clinical studies in the future.

Conclusion
RPN injury is a complication of AF ablation. Visualizing the course of the 
RPN and its surrounding structures in real-time during the ablation pro
cedure would substantially reduce the risk of RPN injury. The present 
study demonstrates that real-time visualization of the RPN by ICE dur
ing the procedure is feasible in most AF patients, thus providing a novel 
approach for avoiding RPN injury during the ablation procedure.
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