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Abstract: B a c k g r o u n d: The right phrenic nerve is vulnerable to injury (PNI) during cryoballoon 
ablation (CBA) isolation of the right pulmonary veins. The complication can be transient or persistent. 
The reported incidence of PNI fluctuates from 4.73% to 24.7% depending on changes over time, CBA 
generation, and selected protective methods. 
M e t h o d s: Through September 2019, a database search was performed on MEDLINE, EMBASE, and 
Cochrane Database. In the selected articles, the references were also extensively searched. The study 
provides a comprehensive meta-analysis of the overall prevalence of PNI, assesses the transient to persis-
tent PNI ratio, the outcome of using compound motor action potentials (CMAP), and estimated average 
time to nerve recovery. 
R e s u l t s: From 2008 to 2019, 10,341 records from 48 trials were included. Out of 783 PNI retrieved from the 
studies, 589 (5.7%) and 194 (1.9%) were persistent. CMAP caused a significant reduction in the risk of 
persistent PNI from 2.3% to 1.1% (p = 0.05; odds ratio [OR] 2.13) in all CBA groups. The mean time to PNI 
recovery extended beyond the hospital discharge was significantly shorter in CMAP group at three months on 
average versus non CMAP at six months (p = 0.012). CMAP (in contrast to non-CMAP procedures) detects 
PNI earlier from 4 to 16 sec (p <0.05; I2 = 74.53%) and 3 to 9º (p <0.05; I2 = 97.24%) earlier. 
C o n c l u s i o n s: Right PNI extending beyond hospitalization is a relatively rare complication. CMAP use 
causes a significant decrease in the risk of prolonged injury and shortens the time to recovery. 
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Introduction 

Since 2006, the cryoballoon ablation (CBA) technique has revolutionized the treatment 
of paroxysmal atrial fibrillation and has become the gold standard treatment method 
since 2012. The main reason behind its efficacy is its simplifying pulmonary vein (PV) 
isolation, making it a highly standardized and reproducible procedure [1–3]. Never-
theless, CBA is associated with a significant risk of right phrenic nerve injury (PNI) 
because of the proximity between the right phrenic nerves and the right-sided PVs 
during balloon-based ablations [4]. The PNI can be transient or persistent, and that 
feature depends on the time to recovery. Transient phrenic nerve paralysis/injury (TPNI) 
is defined either as completely resolved before the end of the procedure [5, 6], lasting less 
than 24 hours [7], or until discharge as demonstrated by chest fluoroscopy [8]. Any 
longer period of diaphragmatic paralysis is defined as persistent or sustained phrenic 
nerve injury (PPNI). In a systematic review, the reported incidences of transient and 
persistent right PNI resulting from ablation with the first-generation CB were 6.48% and 
4.73%, respectively [9]. The risk of PNI associated with the second-generation CB is even 
higher with a reported incidence of transient and persistent PNI being 16.0%–24.7% and 
5.4%–7.0%, respectively [10–13]. The anatomical relationship of the relevant structures 
makes the risk unavoidable; however, various techniques have been implemented 
throughout the last decade for preventing prolonged PNI [14]. The most used technique 
involves the use of compound motor action potentials (CMAP). The first record of 
CMAP was published in 2011 by Franceschi [15]; later, two studies, including multiple 
patients, were published in 2014 with a significant PPNI reduction [16, 17]. 

In this article, we aimed to perform a systematic review of PNI based on all 
cryoballoon generations from the last 12 years by conducting a meta-analysis to assess 
the efficacy of diaphragmatic stimulation and CMAP use for PNI protection. Intra- 
operative physical conditions both with and without right dome diaphragmatic sti-
mulation and time to recovery data were collected. 

Methods 

Through September 2019, literature searches were performed using the MEDLINE, 
EMBASE, and Cochrane databases to identify eligible articles. This review was per-
formed according to the Preferred Reporting Items for Systematic Reviews and meta- 
analysis guidelines (PRISMA) guidelines [18]. The exhaustive search strategy used for 
the databases is presented in Table 1. No date limits or language restrictions were 
applied. The references in the included articles were also extensively searched. The 
risk of bias and quality assessment scores were both performed based on the New-
castle–Ottawa Scale (NOS) to further evaluate the quality of the observational studies, 
and NOS ≥7 was regarded as a good quality score [19]. 
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Study Selection 

Studies that were eligible for meta-analysis using the keywords/phrases, right phrenic 
nerve protection, right PNI, and CMAP were included under certain conditions: 
(1) reported clear, data that was easy to extract for further analysis, (2) studies were 
retrospective and observational in nature. The exclusion criteria included case studies, 
case reports, conference abstracts, and letters to the editor, incomplete and unclear 
data, studies on animals, or those not related to CBA procedures. All studies were 
independently evaluated for inclusion by two investigators. Any disparities arising 
during the assessment were resolved by a consensus among all the reviewers after 
consulting with the authors of the original study if possible. 

Data extraction and quality assessment 

All publication pieces of data were extracted: (1) publication information (the first 
author’s name, publication year), (2) cohort demographics (sample size, gender con-
stituent ratio, mean age, comorbidity), (3) atrial fibrillation (AF) duration, (4) body 
mass index (BMI), (5) echocardiographic parameters (left ventricular ejection fraction 
(LVEF), (6) left atrial dimension (LAD), (7) procedural data, including cryoballoon 
generation (first generation: CB-1, second generation (advanced): CB-2, third genera-
tion (short tip): CB-ST), balloon dimension (23 or 28 mm), balloon location (right 
superior pulmonary vein right [RSPV] or inferior pulmonary vein [RIPV]), time and 
nadir temperature to PNI, diaphragmatic protection (fluoroscopy, palpation, stimula-
tion, including cycle, strength of impulse, positioning of pacing electrode and CMAP), 
procedural and delayed complications of phrenic nerve palsy. Whenever the data of 
interest were incomplete, the investigators did not use the study in the meta-analysis. 
In some publications, only a selected group was used for analysis once the same data 
were found in other publications. 

Statistical analysis 

Statistical analyses were performed using the Statistica (TIBCO v.13.3) software. Con-
tinuous variables are expressed as mean ± standard deviation (SD) or median range as 
appropriate. Confidence intervals (95% CI) for individual groups and the whole group 
were measured. For a subset of studies with analyzable and comparable data, the 
results were synthesized quantitatively by performing random-effects model meta- 
analyses to compute absolute net changes in continuous variables (for example, time 
to PNI or temperature to PNI) and pooled OR for binary variables (for example, PNI 
with CMAP and no phrenic nerve injury). All pooled estimates were displayed with 
a 95% CI. For PNI resolution the Wilcoxon Peto’s log-rank test was used because 
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higher sensitivity at early survival times than late ones. The existence of heterogeneity 
among effect sizes of individual studies was assessed using an I2 of higher than 50% 
with p value of <0.1, Q test, and the T2 index with a value of ≥95%, indicating 
medium-to-high heterogeneity. A funnel plot and Begg and Mazumdar’s test were 
used to investigate publication bias for the primary clinical outcome. 

Results 

Eligible studies 

For the most precise study selection, each database was scanned through combination 
of two key words: (1) cryoballoon ablation AND phrenic nerve injury and cryoballoon 
ablation AND compound motor potential action OR (2) CMAP. Initially, 301 poten-
tially relevant articles were identified according to the adopted search strategy. As 
illustrated in the flow diagram (Fig. 1), the first review excluded 216 papers based on 
screening the titles and abstracts, and an additional 21 articles were excluded after 

Fig. 1. A flow diagram for the selection process of published articles. PNI — phrenic nerve injury, 
PVI — pulmonary vein isolation, CB-1 first generation of cryoballoon, CB-2 second generation of 
cryoballoon, CB-ST — short tip cryoballoon. 
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a detailed evaluation in addition to 64 articles thoroughly enrolled with timeline and 
centers origin with intermeshing of records. Finally, 48 eligible observational con-
trolled and noncontrolled trials that fulfilled all inclusion criteria for PNI registry [2, 
5–17, 20–60] Fig. 1. For metanalysis of PN protection, location of PNI, and time to 
resolution of PNI, different criteria ware used; thus, a significantly less papers met the 
final criteria, and each part of the analysis was estimated separately. Nevertheless, the 
method and equipment of CBA is unified so that they can be analyzed together and in 
dependent subgroups. 

The studies included in this meta-analysis were published between September 
2008 [21] and May 2019 [60]. Two randomized controlled trials met the inclusion 
criteria [54, 57]. The reasons for final exclusion were lack of essential clinical outcome 
data, repeated records in databases, review articles, duplicated studies, and non-con-
trolled trials. As to the quality of those included studies forty-eight full-text studies 
were allocated a NOS score of ≥7 [19]. 

Baseline characteristics of included study 

All enrolled clinical studies were published form 2008 [20] to 2019 [60]. The first 
enrollment of CBA: CB-1 was found in 2007 [61]; however, records from this study 
were used later in 2008 in a larger observational registry [22]. The total number of 
patients in this meta-analysis reached 10,341 with 4164 patients undergoing first 
generation CBA: CB-1 (23 mm [1164 patients] and 28 mm [3328 patients]), 6075 
with second generation CBA: CB-2 (23 mm [192 patients] and 28 mm [5765 patients]) 
and finally 102 patients who had an ablation with the third generation CB-ST proce-
dure, 28 mm. Discrepancies in the number of 23 28 mm and number of procedures 
could have resulted from the use of two types of diameters in one procedure. 

All trials (n = 48) for PNI with relevant baseline information included patients 
comparable on mean age, gender ratio, body mass index (BMI), atrial fibrillation (AF) 
duration, comorbidities, left ventricular ejection fraction (LVEF), and left atrium size 
between the CB generations (Table 1). Each study describes the method of phrenic 
nerve control and protection (supplemental publication material Table 1), number of 
PNI (n = 48), and time to recovery (n = 37), if not in days, at least at check-up periods. 
Intraoperative data was found in 13 studies [8, 15, 17, 23, 29, 30, 36, 38, 42, 47, 48, 52, 
62] providing a detailed time to PNI, only eight [15, 30, 38, 42, 47, 48, 52, 62] studies 
delivered information about nadir disruption of temperature to PNI while only five 
[15, 38, 42, 48, 62] detailed time, temperature, and balloon location of the right 
superior pulmonary vein/right inferior pulmonary vein (RSPV/RIPV) In 20 studies, 
we found information about diaphragmatic stimulation, 17 described the strength of 
power to stimulation, 30 studies described the time of freezing as shown in the 
supplemental publication material. 
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CMAP was used in 15 studies, four used immediate balloon deflation (IBD; one 
CMAP + IBD), 30 studies used fluoroscopy control with palpation, and two studies 
did not use any phrenic nerve protection [20, 21]. Detailed information of data 
included in certain studies are shown in column 13, Table 1. Except for statistical 
significance of hypertension diagnosis between the CMAP and non-CMAP group, 
almost all the other demographic characteristics (age, gender, AF duration) and echo-
cardiographic data (left atrium diameter [LAD], left LVEF) were comparable between 
these two groups. Statistical analyses of the baseline demographic and echocardio-
graphic data are presented in Table 2. The study did not compare the 6-month or 
1-year efficacy because of different balloon generations, sizes, and selected techniques. 
The average success rate ranged from 59.7% in CB-1 [40] to 90.83% in CB-2 [35] with 
a mean of 75.82% overall. 

Transient versus persistent phrenic nerve injury (primary outcome) 

From 10,341 records, information about 783 PNI (7.7%) was found; 589 (5.7%) were 
transient, while 194 (1.9%) were persistent. In the CB-1 generation (n = 4164 records 
with 4492 CB-1 balloons), PNI was found in 302 cases (7.2%), in the CB-2 generation 
(n = 5957) was found in 466 cases (7.8%), and in the CB-ST (n =102), 15 (1.96%) were 
found. After obtaining the results from studies reporting relevant detailed data, we 

Table 2. Statistical analysis of the baseline demographic and echocardiographic data; BMI — body 
mass index, AF — atrial fibrillation, LAD — left atrial diameter, LVEF — left ventricle ejection 
fraction, HT — hypertension, DM — diabetes mellitus, CAD — coronary artery disease. 

Variable Studies included CRYO no CMAP CRYO CMAP P value 

Number of patients 48 6650 3691 NA 

Age 48 59.95 [58.99-60.91] 
OR = 0.49 

61.83 [60.72-62.94] 
OR = 0.57 

p = 0.79  
OR = 0.94 

BMI 25 27.21 [26.53-27.89] 
OR = 0.35 

26.64 [24.47-28.82] 
OR = 1.11 

p = 0.59  
OR = 0.28 

AF duration 32 52.49 [42.78-62.20] 
OR = 4.96 

45.29 [33.39-57.18] 
OR = 6.07 

p = 0.62  
OR = 3.6 

LAD (mm, [SD]) 41 41.72 [41.02-42.41] 
OR = 0.35 

39.73 [38.53-40.93] 
OR = 0.61 

p = 0.60  
OR = 0.99 

LVEF (%, [SD]) 31 58.98 [57.74-60.23] 
OR = 0.63 

60.91 [58.94-62.89] 
OR = 1.01 

p = 0.82  
OR = 0.96 

Male sex (% mean) 48 65.17% 62.51% p = 0.2 
HT 41 46.92% 55.5% p <0.05 
DM 31 10.69% 10.47% p = 0.80 
CAD 28 12.71% 13.42% p = 0.56 
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observed that the number of PNI in the CMAP and non-CMAP groups was similar 
and did show statistical difference (p = 0.56, odds ratio [OR]: 0.96; 95% CI [0.82– 
1.11]). The transient subgroup was seen significantly more often in the CMAP group, 
while the PPNI was present more often without CMAP use (Table 3). 

Dividing PNI into transient and persistent PNI in CMAP and non-CMAP group 
showed statistical significance for all variants except transient PNI in the CB-2 group. 
A statistical difference was found in almost all CBA generations with the highest 
incidence in persistent PNI in CB-1 (OR 3.4) and CB-2 (OR: 3.4 and 1.99, respec-
tively). The inverse situation was found in transient PNI in the CB-1 group (OR: 0.47). 
Combined data from different CBA generations with and without CMAP use are 
presented in the Forrest plot in Fig. 2A. The funnel plot of the selected studies for 

Table 3. Summary table of PNI data with CMAP and non-CMAP usage; CB-1 first generation of 
cryoballoon, CB-2 first generation of cryoballoon, PNI — phrenic nerve injury.   

CMAP 3691 No CMAP 6650   

No PNI/PNI 3404/287 (7.77%) 6154/496 (7.46%) p = 0.56 OR 0.98 

Transient PNI 247 (6.7%) 342 (5.1%) p <0.05 OR = 0.77 

Persistent PNI 40 (1.1%) 154 (2.3%) p <0.05 OR = 2.13 

CB-1 Transient PNI 913/81 (8,87%) 3251/139 (4.3%) p <0.05 OR = 0.47 

CB-1 Persistent PNI 913/6 (0,6%) 3251/75 (2.3%) p <0.05 OR = 3.4 

CB-2 Transient PNI 2778/166 (5,97%) 3297/201 (6.1%) p = 0.75 OR = 1.03 

CB-2 Persistent PNI 2778/34 (1,22%) 3297/79 (2.4%) p <0.05 OR = 1.99 

Fig. 2. A: Forrest plot of subgroups in PNI analysis; Significance of CMAP usage in persistent PNI. 
B: Persistent PNI: Heterogeneity of included studies: I2 46.62%, T2 0.23, p = 0.018 Q 29.97; Funnel plot 
for PPNI of included studies, Begg Mazumdar test for assessment the publication bias p = 0.65; PNI — 
phrenic nerve injury. 
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the analysis shows the risk of bias in Fig. 2B. The only insignificance was noticed 
between TPNI in the CB-2 generation (CMAP/nonCMAP) (p = 0.75; OR: 1.03). For 
this record, a Kaplan Meier’s log-rank test was preformed and yielded a value of 
p = 0.77. 

By obtaining the results from studies reporting relevant, detailed, intra-operative 
data regarding PNI, including time to PNI (n = 243) and temperature to PNI 
(n = 150), a significant difference between CMAP and non-CMAP groups was no-
ticed. The mean difference for time to PNI was significant for CMAP and non-CMAP 
groups. The shortest time to PNI was found in the CMAP CB-1 and CB-2 groups 
(both 137 s). The longest time to PNI was observed in non-CMAP groups reaching 
153 and 141 s for CB-1 and CB-2, respectively. The mean difference nadir temperature 
to PNI was lowest for CB1 (–59ºC at which the CMAP value could not be dispersed), 
for CB-2 non-CMAP and CMAP (–53 and –50ºC), which achieved statistical signifi-
cance. The summarized graphs with heterogeneity values are shown in Fig. 3. 

The location of the PNI 

The number of instances of PNI from the records reached n = 783 (studies: 48) while 
the precise location as to right superior or inferior phrenic nerve was found in n = 627 
(studies: 40). It was not surprising, according to relationship, that PNI were most 
frequently found in RSPV as shown in Fig. 4. Five-hundred eighteen PNI (82.6%) 

Fig. 3. Summarized graphs with Cl 95% from difference of time to PNI (A) and temperature to PNI (B). 
For CMAP the breakpoint was amplitude reduction of 30%m for no CMAP lack of diaphragmatic 
stimulation. N — number of records, S — number of studies; PNI — phrenic nerve injury. 

Compound motor action potentials in transient and persistent phrenic nerve injury — metanalysis 111 



occurred in RSPV and 109 (17.4%) in RIPV (p <0.005). In the CMAP/no-CMAP 
group, 206 were found in RSPV (77.4%), 60 in RIPV (23.6%), 312 in RSPV 
(86.4%), and 49 in RIPV (13.6%) based on results from the chi-square test 
(p = 0.003). It was impossible to collect precise data concerning the transition of 
transient PNI to persistent PNI combined with vein location in selected studies. 

Time to recovery PPNI (secondary outcome) 

From various definitions of persistent phrenic nerve injury (beyond procedure/dis-
charge), we established the definition as impairment of diagrammatic stimulation 
beyond the time of hospitalization. In 37 studies with 194 cases it was decided that 
after recalculating those occurrences after the procedure but not after hospitalization 
to define that group as transient PNI. Eighty-one persistent PNI after CB-1 and 113 
after CB-2 generation were noted. In the CB-1 group, almost half of the nerve injuries 
(40 PPNI; 49,4%) were associated with 23 mm, although the use of CB1-23 mm 
accounted for almost a quarter of the total first generation (n = 1164; 25.9%). 

Fig. 4. RTG with right phrenic nerve injury (PNI) with schematic location of right phrenic 
nerve (RPN) and stimulating electrode in superior vena cava (SVC); RSPV — right 
superior pulmonary vent, RIPV — right inferior pulmonary vein. 
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In CB-2, the use of 23 mm significantly decreased to n = 192 (3.3%) after which the 
incidence with 23 mm became statistically insignificant. In CB-2, CMAP usage be-
came a marker. Seventy-three (64.6%) PPNI occurred without the CMAP, and 40 
(35.4%) occurred with CMAP use (p <0.05). 

We investigated the time to recovery based on the registries. The information was 
found in 27 studies by observing 150 PPNI, 66 from CB-1 and 84 from CB-2. Precise 
data with time to resolution were collected from 138 PNI and divided into persistent 
PNI-CMAP and persistent PNI non-CMAP protection groups. The median time to 
recovery in the persistent PNI with CMAP group was three months (standard devia-
tion [SD] 3.45; 95%CI 1.9–4.1) while without CMAP protection, this time was pro-
longed to six months (SD 4.1; 95%CI 5.2–6.8) with statical significance based on 
Wilcoxon Peto’s log-rank test (p = 0.012) as shown in Fig. 5. Only 12 results were 
described as unresolved ranging over 24 months beyond the observation period. The 
longest time of observation of unresolved persistent PNI reach over 36 month [46]. 
Detailed information of PNI follow-up can be found in the supplemental publication 
material. 

Fig. 5. Kaplan–Meier survival plot of time to recovery from persistent phrenic nerve injury. CMAP 
— compound motor action potentials, PNI — phrenic nerve injury. 
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Discussion 

From the very beginning of the CBA procedure, PNI was associated with right-sided 
pulmonary vein isolation. No CBA registry in literature without PNI can be found, and 
every comparison or meta-analysis between RF ablation and cryo-registry shows a dis-
advantage in this field [6, 24, 31, 37, 41, 43, 49, 63, 64]. The reason for this issue is 
a combination of the right phrenic nerve course and cryo-energy dispersion delivered 
during the procedure [4, 65]. Any assessment of distance between PVI ostium and PN 
may only alert for potential, upcoming complications [4]. Nevertheless, PNI complica-
tion is heterogeneous. From our perspective, TPNI (5.7%), resolving until the end of the 
procedure is a mild complication resulting incomplete or short time vein isolation and 
up to the day of discharge, also requires an additional X-ray. The serious problem 
occurs with PPNI (1.9%) that extends beyond the hospital discharge. Most patients have 
no symptoms during rest, whereas physical activity induces symptoms, such as dyspnea 
[66, 67]. The time for PNI resolution varies significantly. Most can take up to six 
months to resolve, and almost all are resolved by 12 months. Patients with PPNI need 
regular checkups and fluoroscopic or sonographic evaluation [64]. We conducted that 
the first-generation of CB (CB-1) 23 mm CB-1 (deeper seating), which increased the 
risk of PNI almost three-fold [9]. In the second-generation CBA, a redesigned cooling 
area caused an increase in the incidence rate, reaching almost 20% overall in some trials 
[2, 10, 33, 37, 57]. Various anatomical predictors were proposed for preventing PNI 
[68]. The CMAP presented by Franceschi [15] can be called a game-changer by decreas-
ing the amount of persistent PNI. After implementing this method, the PNI decreased 
significantly from 2.3 to 1.1%. Monitoring diaphragmatic CMAP during phrenic nerve 
injury capture allows earlier detection of phrenic nerve dysfunction [15, 30, 36]. The 
mean difference in time to PNI between CMAP and the non-CMAP group was shorter, 
and the temperature was higher, thus causing a benign injury. Lower temperatures and 
longer applications caused an increase in the risk of PNI, which was also observed by 
other authors [48]. Analysis of cycle length of phrenic nerve stimulation with the 
impulse strength did not reveal any statistical favorites; however the Okishige et al. 
proved that the PNI manifested earlier with weaker power of stimulation [53]. This 
effect might by intensified among patients with superior vena cava compression [69] or 
wall thickening observed in multi electrode pacing devices [70–72]. 

Nevertheless, no technique eliminates the risk of PNI associated with CBA. From 
this record, long, persistent PNI lasting beyond the time of observation have been 
reported with and without CMAP [34, 35, 47, 48]. Finally, the amount of PPNI with 
CMAP decreased and the median time to resolution was shortened from six to three 
months. This meta-analysis summarizes the findings that CMAP should be obligato-
rily implemented during each CBA. 
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