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Abstract

Atrial fibrillation ablation procedures have become a focus of research among electrophysiologists, with the aim of
increasing success rates while minimizing complications. One major concern is phrenic nerve injury (PNI). Despite
advancements in ablation strategies, equipment, and monitoring methods, the incidence of PNI during these procedures
remains substantial, particularly during cryoballoon ablation, which has a reported PNI incidence of 3.5%. This review
examines recent studies, to provide a comprehensive overview of PNI mechanisms, clinical features, prognosis, and

methods for prevention during ablation.
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Introduction

Atrial fibrillation (AF) ablation is a widely accepted
therapeutic option for patients with symptomatic
and drug-resistant AF. However, this procedure
can lead to complications that may adversely affect
patient prognosis, such as esophageal injury and
pulmonary vein stenosis. One major complication
warranting attention is phrenic nerve injury (PNI),
because its incidence has not decreased despite
advances in ablation techniques, equipment, and
monitoring methods [1]. This comprehensive
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review is aimed at providing detailed insights into
PNI during AF ablation procedures, including its
underlying mechanisms, clinical presentation, PNI
characteristics, prognostic differences among dif-
ferent ablation modalities, and available prevention
and treatment methods.

Anatomy of the Phrenic Nerve

The phrenic nerve, a branch of the cervical plexus,
originates from the anterior branch of cervical
nerves 3-5. It descends along the anterior scalene
muscle and enters the thoracic cavity through the
superior thoracic orifice between the subclavian
arteries and veins.
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Figure 1

ICE Image of the RPN and 3D Activation Map.
The RPN is observed as a thin, round structure with a straw-like appearance, that is hypoechoic in the central region and hyper-
echoic in the periphery between the mediastinal pleura and the SVC (Figure 1A). The anatomical distance from the RPN to the
sinus node and the RSPV is quite small in the 3D activation map of the RA and SVC in the right anterior oblique (Figure 1B)
and right lateral (Figure 1C) views. The arrow indicates the RPN.

The right phrenic nerve (RPN) travels along
the right innominate vein, superior vena cava
(SVC), and right atrium before reaching the dia-
phragm. Autopsies have indicated that the RPN
is anatomically closely associated with the SVC
and the right superior pulmonary vein (RSPV):
the distance between the RPN and SVC is only
0.3 mm=0.5 mm, and that between the RPN and
RSPV is 2.2 mm=*0.4 mm [2]. Our recent study has
confirmed this close relationship among the SVC,
RSPV, and RPN in vivo, through integrated intra-
cardiac echocardiography (ICE) images of the RPN
and electroanatomical images of the SVC (Figure 1).
That study provided the first in vivo examination of
the distances between the RPN and SVC (minimum
1.0£0.4 mm) and RSPV (minimum 14.1£7.3 mm).
Because of this anatomical proximity, the RPN is
at high risk of injury during catheter ablation pro-
cedures aimed at isolating the SVC or ablating the
RSPV [3, 4].

The left phrenic nerve (LPN) travels anterolater-
ally to the aortic arch and pulmonary trunk, then
descends along the fibrous pericardium surface,
between the mediastinal pleura of the left lung and
the lateral surface of the left ventricle. A study by
Sanchez-Quintana et al. on 22 human cadavers has
revealed three routes that the LPN can take through
the left heart: the (1) anterior route, (2) lateral route,
and (3) inferior lateral route [5]. That study has
indicated that 59% of LPNs follow a lateral course,
whereas 23% follow an inferior path, and the LPNs

are closely associated with the left atrial appendage
in both paths. This finding is consistent with those
from clinical studies linking left-sided PNI to the
isolation of the left atrial appendage.

Overall, the anatomical connections of the RPN
to the RSPV and SVC, and of the LPN to the left
atrial appendage are closely associated with the risk
of PNI in multiple AF ablation procedures.

Symptoms and Categories of PNI

PNI is usually associated with ablation procedures
performed on the SVC, RSPV, and left auricle. PNI
is more frequently observed in the RPN than the
LPN [6, 7]. The symptoms of PNI are highly vari-
able, ranging from asymptomatic diaphragmatic
elevation in mild cases to a need for mechanical
ventilation in severe cases. Typical symptoms and
signs include dyspnea (particularly in the supine
position), chest pain, hiccups, abdominal breathing,
and tachypnea. On the basis of the stage of injury
to the phrenic nerve, PNI can be divided into three
categories, as shown in Table 1 [8].

Characteristics of PNI in Different
Ablation Procedures

The incidence and outcomes of PNI differ among
ablation procedures, and cryoablation is associated
with a higher PNI incidence than other methods.
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Table 1 The Three Types of PNI and their Characteristics.

PNI type Characteristics

Impending PNI ~ More than 30% decrease in CMAP of the phrenic nerve without a decrease in diaphragmatic movement

Transient PNI Progressive decrease in diaphragmatic movement, as confirmed by X-ray fluoroscopy or manual
palpation, which can recover before the end of the procedure

Persistent PNI Long-lasting injury evident on postoperative radiography and persisting after the procedure

Table 2 summarizes the characteristics of PNI in
different ablation procedures.

Cryoballoon Ablation

The PNI during cryoballoon ablation (CBA) varies
among cryoballoon generations. The first-genera-
tion cryoballoon had limitations that were improved
in the second generation. The second-generation
cryoballoon has a larger and more evenly spaced
freezing zone on the distal hemisphere, thereby
improving procedural outcomes such as isolation
success rates, and decreasing the mean procedure
time and fluoroscopy time. However, the second-
generation cryoballoon is associated with a higher
PNI rate than the first-generation cryoballoon, a
known CBA complication [9-11]. The incidence
of PNI with the second-generation cryoballoon has
been reported to be in the range of 3.5%-11.2%
in initial studies, but as operators became more

experienced with the device, and early detection of
PNI improved, the incidence of PNI decreased to
approximately 4.2%—6.2% [12-15].

The third-generation cryoballoon has a shorter
distal tip length (8 mm) and closer proximal place-
ment of the spiral mapping catheter within the mus-
cular sleeve of the pulmonary vein, thereby improv-
ing the visualization of real-time recordings in the
pulmonary veins [16]. A study by Aryana et al. has
indicated no difference in persistent PNI between
the third- and second-generation balloons [17]. The
fourth-generation cryoballoon extends the third-
generation design and uses the same spaced freez-
ing zone as the second-generation. Although the
median procedure time and average freeze duration
for fourth-generation balloon pulmonary vein iso-
lation are significantly shorter than those for sec-
ond-generation balloons, no statistically significant
difference in PNI has been observed between gen-
erations [18, 19].

Table 2 Characteristics of PNI in Different Ablation Types.

Incidence Outcome Prevention
Cryoballoon 4.2%—6.2% * Most (97%) PNI recovered within * Acquiring the high-risk predictors of PNI
ablation 12 months. * Monitor phrenic nerve function
* Avoid deep seating of the cryoballoon to
the RSPV
* Minimize cryoablation duration
Laser ballooning 1.5% * Similar recovery rates from persistent ¢ Acquiring the high-risk predictors of PNI

Radiofrequency
ablation

Thoracoscopic
atrial fibrillation
ablation

Pulsed field
ablation

PNI were observed at 6 months with
CBA, but a much lower recovery rate
was observed at 6-12 months with CBA.

* Most patients (66%) showed complete
recovery, whereas 17% showed partial
recovery.

0.11%-0.48%

1.25% * A total of 28.6% of patients did not
recover from PNI after thoracoscopic
ablation.

Not clear * No evidence of PNI has been found in

animal studies.
 Large sample data are lacking.

* Monitor phrenic nerve function
* Acquiring the high-risk predictors of PNI
* Monitor phrenic nerve function

* Acquiring the high-risk predictors of PNI
* Monitor phrenic nerve function

Not clear
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The incidence of PNI resulting from CBA of the
pulmonary veins for the treatment of AF can vary
according to several factors. One such factor is the
type of pulmonary vein isolation: a higher incidence
of PNI is observed in right superior pulmonary vein
isolation (RSPVI) than right inferior pulmonary
vein isolation (RIPVI). The incidence of PNI during
RSPVI and RIPVI has been reported to be 5.5% and
0.7%, respectively, in 2018 by Miyazaki et al., and to
be 3.9% and 1.8%, respectively, in 2021 by Tokuda
et al. [8, 20]. The higher PNI incidence for RSPVI
can be explained anatomically, because the phrenic
nerve was found to be closer to the RSPV than the
RIPV in an autopsy study (2.1 mm * 0.4 mm and
7.8 mm * 1.2 mm, respectively). In addition, no sig-
nificant difference in recovery time from PNI has
been observed between patients undergoing RSPVI
versus RIPVIL

Most cases of PNI recover within a year after
ablation, but persistent PNI can occur in 0.3%—
0.6% of patients. In 2022, Heeger et al. reported
that 97% of PNI cases recover within 12 months,
98.7% of patients recover from PNI, and only 0.3%
have persistent symptoms. The authors have estab-
lished a YETI score using five significant predictors
to predict a patient’s probability of recovery from
PNI within 12 months: age, low temperature at the
time of PNI, use of a bonus freezing protocol, use
of a double-stop technique at the time of PNI, and
CMAP amplitude loss >30% [15].

The following steps can be taken to avoid PNI
during CBA:

1. Avoiding deep seating of the cryoballoon to the
RSPV: During ablation, avoiding deep seating
of the cryoballoon to the RSPV is essential, be-
cause the phrenic nerve travels anteriorly in the
distal right pulmonary vein, and deeper place-
ment increases the risk of PNI [21].

2. Minimizing cryoablation duration: Marleen
et al. have reported that the incidence of PNI
in patients with short, moderate, and long CBA
times is 1.7%, 6.5%, and 6.8%, respectively
(P<0.001), thus suggesting that shortening the
cryoablation duration can decrease the incidence
of PNI [22]. The study has also indicated that
cryoablation times shorter than 2 minutes affect
success rate for the left pulmonary vein isolation
but not the right pulmonary vein isolation during

CBA. Therefore, prolonging the cryoballoon
application duration to improve efficacy rates
for the pulmonary vein on the right side is not
recommended. Instead, a tailored approach with
shorter ablation times might maintain similar
efficacy rates while decreasing complications.

Laser Balloon Ablation

Laser balloon ablation (LBA) is a technique
in which laser energy is concentrated to create
lesions in the heart, similarly to radiofrequency
ablation (RFA). A study by Tohoku et al. has
reported a lower incidence of PNI with LBA
than CBA, with probabilities of 1.5% and 4.2%,
respectively [23]. However, the study found no
significant difference in the incidence of persis-
tent PNI between groups. The difference in energy
transfer and lesion formation between techniques
is believed to contribute to the higher incidence
of PNI in CBA. CBA delivers cryogenic energy
directly to the endocardial tissue in contact, thus
resulting in homogeneous lesion formation. The
catheter-pushing maneuver performed during
CBA decreases the distance between the balloon
surface and the phrenic nerve, thereby increasing
the risk of PNI. In contrast, LBA creates linear
lesions under endoscopic guidance and has the
advantage of visual guidance, thus allowing the
operator to adjust the depth of the energy titra-
tion point. These differences in ablation technique
may lead to more frequent PNP in patients under-
going CBA. If PNI does occur in LBA, it tends to
be persistent, and a long time may be necessary to
recover, because of several factors. First, cryob-
allooning requires a certain time phase, typically
180-240 seconds, to reach a minimum tempera-
ture plateau and achieve lesion formation, during
which the procedure can be terminated if signs of
PNI are detected. In contrast, energy transfer dur-
ing LBA can be achieved locally within 20 sec-
onds, and the tissue temperature can be maintained
for more than 10 seconds after the ablation. The
phrenic nerve has been shown to recover its func-
tion when the tissue temperature returns to normal.
However, PNI under LBA than in cryoballooning
may be more difficult to recover from, because of
the lower temperature difference between the tis-
sue and blood in LBA.
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Radiofrequency Ablation

In RFA for atrial fibrillation, the incidence of PNI
has been reported to range from 0.11% to 0.48%
[24]. The incidence of PNI in RFA is generally
lower than that in CBA. Maltoni et al., in 2018,
found a significantly lower incidence of PNI in
RFA than in CBA (risk ratio 5.43, 95%); however,
radiofrequency ablation is associated with a higher
incidence of other cardiovascular complications,
such as pericardial effusion and cardiac tampon-
ade. No significant difference between RFA and
CBA has been observed regarding atrial fibrilla-
tion reoccurrence [25]. However, the incidence
of transient PNI is lower with RFA than CBA.
Nonetheless, no significant difference between
techniques has been reported in the case of perma-
nent PNI [26].

Regarding PNI recovery, most patients (66%)
who experience PNI during RFA achieve complete
recovery, whereas 17% achieve partial recovery.
Real-time monitoring of phrenic nerve function
(e.g., fluoroscopic diaphragmatic movements, pal-
pation of diaphragmatic movements or recording of
CMAP) is used during RFA to minimize the risk of
PNI. If PNI is detected during the procedure, RFA
should be immediately stopped.

Thoracoscopic Atrial Fibrillation Ablation

A study examining the safety and effectiveness of
a combined thoracoscopic endocardial epicardial
technique for treating AF has found no cases of PNI
in a group of 78 consecutive patients treated with
this method between 2009 and 2012. This lack of
PNI risk may be attributable to the protective meas-
ures taken by surgeons during the procedure. For
instance, surgeons are cautious to maintain a dis-
tance of at least 2.5-3 cm from the phrenic nerve
when opening the pericardium, thereby minimiz-
ing the occurrence of PNI after surgery [27, 28].
However, these findings must be confirmed by fur-
ther larger studies. According to the Netherlands
Heart Registration data from 9549 atrial fibrillation
ablations in 2022, the incidence of PNI was lowest
in patients treated with conventional RF (0.07%)
and higher in those treated with cryoballoons
(1.41%) and thoracoscopic ablation (1.25%). PNI
during thoracoscopic ablation is also associated

with manipulating ablation and endoscopic tools or
blunt trauma caused by traction of the pericardial
cradles [29]. All patients treated with RF recovered
PNI within 180 days, whereas only 41.9% of cry-
oballoon patients and 42.9% of patients undergoing
thoracoscopic ablation recovered within 180 days.
No recovery from PNI was observed in 28.6% of
patients after thoracoscopic ablation and 32.3% of
patients after cryoballoon procedures.

Pulsed Field Ablation

Pulsed field ablation (PFA) is a new ablation method
that uses pulsed electric fields instead of thermal
energy for energy delivery. PFA uses subsecond
electric fields to create microscopic pores in cell
membranes, in a process known as electroporation.
Cardiomyocytes have low thresholds to these fields
and consequently are more sensitive than other cell
types. This myocardial sensitivity in PFA may help
minimize collateral damage to non-target tissues,
such as the esophagus, blood vessels, and nerves.
Animal studies have shown no evidence of accidental
PNI with pulsed ablation. Results from three clinical
trials on 121 patients with persistent atrial fibrillation
(IMPULSE, PEFCAT, and PEFCAT II) have found
no indication of esophageal injury or phrenic neurop-
athy after ablation [30]. However, Pansera et al. have
reported three cases of transient PNI during pulmo-
nary vein isolation with PFA [31]. The PNI lasted less
than 1 minute, and all cases were spontaneous and
showed complete recovery. The authors have sug-
gested that the transient nerve dysfunction might have
been caused by hyperpolarization of the nerve or the
effects of irreversible electroporation on the motoric
endplate. Although the results of PFA show good effi-
cacy and safety, they do not demonstrate the superior-
ity of PFA over other techniques. Further large-scale
prospective studies are needed to directly compare
the differences between PFA and other methods.

Prevention of PNI

Phrenic Nerve Imaging by Computed
Tomography

Computed tomography (CT) imaging of the phrenic
nerve has been shown to be useful in predicting PNI
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before an operation. Matsumoto et al. first demon-
strated that the phrenic nerve and its relationship to
cardiac anatomy can be visualized with 64-slice CT
[32]. They have suggested that such imaging may
help avoid PNI before surgery. Ichihara et al. have
reported that a distance of 12.4 mm between the
RSPV ostium and right peri-cardiophrenic bundles
is the optimal cutoff to prevent RPN injury [33].
Strokeret et al. have found that an RSPV-left atrial
angle greater than 141° and an RSPV area larger
than 275 mm? also predict PNI [34]. Miyazaki et al.
have determined that the optimal threshold values
for coronal and horizontal RSPV diameters to pre-
dict PNI are 18.2 mm and 16.3 mm, respectively
[20]. Ma;j et al. have reported that a carina width
of 8.5 mm is the optimal cutoff point for predicting
PNI during both right-sided pulmonary vein appli-
cations [35].

Despite the ability to predict PNI with these met-
rics, CT imaging is not currently used in clinical set-
tings, because of concerns over increased radiation
exposure and lower detection rates (LPN: 74%—
86.8%; RPN: 47%-51.2%) [32, 36]. A summary of
the anatomical predictors of PNI in CT and their
sensitivities and specificities is provided in Table 3.

Fluoroscopy and Palpation of the
Diaphragm

PNI can be diagnosed during phrenic nerve pac-
ing by continuous or intermittent fluoroscopy of
the right hemidiaphragm. This method is used to
observe diminished diaphragmatic excursions and
is considered accurate, but it exposes both opera-
tors and patients to radiation. To minimize radia-
tion exposure, the more commonly used method
is palpation of the intensity of the diaphragmatic
excursion below the rib cage. Reduced contractile

movements of the diaphragm may indicate PNI.
Although this method is simple and widely used, it
can be influenced by respiratory factors. Both fluor-
oscopy and palpation are considered gold standards
for detecting PNI. However, these methods were
not the first methods used for this purpose.

Diaphragmatic Compound Motor Action
Potential

Diaphragmatic compound motor action potential
(CMAP) is a valuable tool for early detection of
PNI. To record CMAP, two EKG electrodes are
placed 5 cm above the xiphoid and along the right
rib margin. CMAP amplitude is measured from
peak to peak when the phrenic nerve is captured,
and is compared with the baseline. A 35% decrease
in CMAP amplitude predicts and prevents PNI
[37]. On average, palpable PNI occurs 59 sec-
onds after the decrease in CMAP amplitude, thus
highlighting the early identification capability of
this method. CMAP amplitude also predicts PNI
recovery time: a cutoff value of 0.20 mV indicates
recovery after 2 days, with a sensitivity of 57.1%
and specificity of 100% [19]. However, PNI can
occur in 0.6% of cases without a decrease in CMAP
amplitude [7]. Another method to prevent PNI
uses a quadripolar catheter in the right hepatic vein
to record diaphragmatic CMAP amplitude dur-
ing phrenic nerve pacing. This method eliminates
the variation caused by respiratory movements
and surface electrode habituation, particularly in
patients with CMAP amplitudes below 0.2 mV. A
>30% decrease in CMAP amplitude from base-
line indicates PNI. Therefore, recording of CMAP
amplitude with body surface electrodes and moni-
toring with a hepatic vein quadripolar catheter can
help prevent PNI.

Table 3 Anatomical Predictors of PNI in CT.

Indicator Cutoff point  Sensitivity  Specificity
Distance between the RSPV ostium and right peri-cardiophrenic bundles 12.4 mm 96.6% 88.9%
RSPV-left atrial angle 141° 91% 85%

RSPV area 275 mm? 88% 85%
Coronal RSPV diameters 18.2 mm 73.3% 60.0%
Horizontal RSPV diameters 16.3 mm 46.7% 78.1%
Carina width 8.5 mm 87.3% 75.0%
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Intracardiac Echocardiography

ICE allows for continuous visualization of the
motion of the liver and its capsule, and provides
additional indirect imaging of the contraction of
the diaphragm during phrenic nerve pacing. By
placing the ICE transducer at the diaphragm level
and directing it toward the liver, decreased liver
motion can be observed, according to decreased
diaphragmatic motion after phrenic nerve stimula-
tion (PNI) [38]. ICE conveniently enables continu-
ous, direct visualization of the diaphragm without
fluoroscopy, thus substantially decreasing radia-
tion exposure to patients and operators. Our recent
study has demonstrated that ICE can visualize the
RPN in 92% of patients [4]. The nerve appears as
a straw-like structure running through the space
between the superior vena cava and the mediastinal
pleura (Figure 1). Thus, ICE provides a new way
to observe the phrenic nerve in real time during
atrial fibrillation ablation. In that study, SVC isola-
tion was performed with the guidance of ICE, and
no cases of PNI were found. However, further con-
trolled clinical studies are needed to determine the
superiority of ICE for mapping and visualizing the
phrenic nerve compared with pacing techniques or
CMAP.

Fetal Heart Rate Monitoring

To detect changes in the pitch of diaphragmatic
contractions, an external Doppler fetal heart moni-
tor is positioned on the right side of the costal mar-
gin. This monitor uses the Doppler effect to create
an acoustic representation of the diaphragmatic
contractions. As the strength of the diaphragmatic
contraction decreases during phrenic nerve pacing,
a noticeable change in tone can be detected. The
fetal heart monitor can provide auditory signals for
physicians and healthcare personnel conducting
PNI assessment [39].

Modified Neonatal Blood Pressure Cuff

A modified neonatal blood pressure cuff consisting
of a water-filled neonatal cuff attached to the right
costal margin via a Velcro band on the chest and
connected to a pressure transducer, is used to assess
diaphragmatic contractility. The cuff is placed
on the abdominal surface to record the pressure

signal generated by the diaphragm’s contraction.
MacVeigh et al. have found that the amplitude of
the diaphragmatic pressure signal varies with the
amplitude of the pacing stimulus during phrenic
nerve pacing [40]. As the pacing stimulus amplitude
decrease, the pressure signal amplitude decreases
gradually. A strong correlation exists between the
strength of diaphragmatic contraction, as assessed
by X-ray fluoroscopy, abdominal palpation, and
diaphragmatic pressure signals. This approach has
the advantage of decreasing exposure to radiation
and the need for operator assistance, and it is also a
method for monitoring phrenic nerve function.

Femoral Vein Pressure Waveform

During the balloon cryoablation procedure, venous
access is obtained from the left and right femoral
veins. A saline-flushed pressure tube is connected
to the left femoral vein sheath, and is followed by
a standard pressure transducer, thus enabling the
vein pressure waveform (VPW) to be displayed and
recorded. The peak-to-peak amplitude of the VPW
is measured at the start and end of each ablation pac-
ing of the phrenic nerve. Ghosh et al. have observed
a 50% decrease in the baseline peak-to-peak venous
waveform amplitude after withdrawal of radiof-
requency ablation. This method identifies phrenic
nerve injury an average of 28 seconds earlier than
conventional palpation methods [41]. The applica-
tion of the VPW provides more effective assess-
ment of phrenic nerve function than the standard
technique of diaphragm palpation. Its equipment
is affordable and readily available, thereby allow-
ing for repeatable, multi-observer evaluation of
phrenic nerve function and monitoring of left-sided
phrenic nerve function. However, the proposed
50% decrease in VPW amplitude as a threshold for
identifying impending PNI is based on retrospec-
tive observational data and requires further valida-
tion in prospective clinical use.

In conclusion, the various techniques used to pre-
vent PNI each have strengths and weaknesses, and
most experts recommend using a combination of at
least two methods to decrease the incidence of PNI.
Although traditional methods such as fluoroscopy
and diaphragmatic palpation are commonly used,
they have limitations, such as substantial radiation
exposure and a lack of early PNI detection. Newer
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techniques, such as ICE, show promise in pre-
venting PNI, but further research with larger sam-
ple sizes is needed to validate their effectiveness.
Table 4 summarizes the various methods and their
advantages and disadvantages.

Treatment of PNI

Continuous positive pressure ventilation and surgi-
cal intervention (diaphragm plication or diaphragm
pacing) are recommended for patients with severe
and persistent phrenic nerve injury causing respira-
tory distress. However, continuous mechanical ven-
tilation until phrenic nerve function is restored may
carry arisk of complications, such as lung infection;
moreover, the likelihood of recovery of diaphrag-
matic function in the early postoperative period
is low. Surgical intervention decreases the associ-
ated complications and hospital lengths of stay.
However, the timing of surgery remains contro-
versial, and these surgical treatments have varying
efficacy and may not be appropriate for all patients.
In some cases, physical therapy can help improve
the strength and function of the diaphragm, mainly
if the injury is mild or early. Therapists can work
with patients to help them regain their breathing
through exercises targeting the diaphragm. Patients
with PNI must work closely with their healthcare

providers to develop a treatment plan that addresses
their needs and goals. Treatments may involve a
combination of medical and surgical treatments and
lifestyle modifications, such as changes to the diet
and exercise routine, to help improve breathing and
overall health. The PNI treatment modalities and
their corresponding indications, advantages and
disadvantages are shown in Table 5.

Conclusion

PNI is a well-known complication of ablation pro-
cedures, and the incidence of PNI varies among
ablation procedures. The cause of PNI is often asso-
ciated with the phrenic nerve anatomy.

Symptoms of PNI exhibit a wide range of vari-
ability, ranging from mild cases with asymptomatic
diaphragmatic elevation to severe cases requiring
mechanical ventilation. Despite the differences in
ablation procedures and the incidence of PNI, most
cases of PNI recover [29]. Early detection of PNI
is crucial for avoiding injury and facilitating early
repair of the PNI [42-44]. Many techniques have
been used to prevent PNI during the procedure, such
as fluoroscopy or visualizing the diaphragm with
X-rays. However, these methods have drawbacks
such as exposure to radiation and the influence of
respiratory changes. The ICE technique, a relatively

Table 4 Methods of Preventing PNI and their Advantages and Disadvantages.

Method Advantages Disadvantages
Computed * Localization of the phrenic nerve * Radiation exposure
tomography * Prediction of the risk of PNI with * Low detection rate

Fluoroscopy and
palpation of the
diaphragm
Diaphragmatic
compound motor
action potential
Intracardiac
echocardiography

Fetal heart rate
monitor

Modified neonatal
blood pressure cuff
Femoral vein
pressure waveform

different indicators
« Effective observation of
diaphragmatic movements

* Early prediction of PNI

* Prediction of the length of PNI
recovery time

¢ Visualization of the RPN in real time

* High detection rate

e Minimal radiation exposure

* Potential early prediction of PNI

* Minimal radiation exposure

* No radiation exposure

* No radiation exposure
* Potential early prediction of PNI

* Fluoroscopy: radiation exposure for the

patient and operator
* No early prediction of PNI
* Influenced by respiratory changes or
anesthetic drugs
* Need for accurate baseline amplitude
* Additional venous access required
* Validation in large samples required

* Difficulty in recording for obese patients

e Validation in large samples required
* Special blood pressure cuff required
* Validation in large samples required
* Validation in large samples required
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Table 5 PNI Treatment Modalities and their Corresponding Indications, Advantages, and Disadvantages.

Treatment Indication Advantages Disadvantages

Physical therapy * Impending or * Easy and simple operation e Efficacy not demonstrated in large
transient PNI populations

Continuation * Respiratory * No other surgical * Risk of complications such as

of mechanical insufficiency intervention required pulmonary infections

ventilation ¢ Inability to determine discharge time

Surgical intervention * Confirmed * Diminished risk of ¢ Controversial timing of surgery
diaphragmatic pulmonary infection e Varying efficacy of these surgical
paralysis and * Shortened hospital stay treatments
respiratory * Extubation soon after the * May not be appropriate for all
insufficiency procedure patients

new approach, has been explored for preventing PNI
injury and offers an advantage of real-time monitor-
ing of RPN function. However, similarly to fetal
heart rate monitors, modified neonatal blood pres-
sure cuffs, and VPW techniques, its application is
currently restricted. Large-scale studies are required
to ascertain the efficacy of preventing PNI in the
future. Treatments vary according to the degree of
PNI, and include continuous physical therapy, posi-
tive pressure ventilation, and surgical intervention.
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