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BACKGROUND: Cryoballoon-based pulmonary vein isolation (PVI) has emerged as an effective treatment for atrial fibrillation. 
The most frequent complication during cryoballoon-based PVI is phrenic nerve injury (PNI). However, data on PNI are scarce.

METHODS: The YETI registry is a retrospective, multicenter, and multinational registry evaluating the incidence, characteristics, 
prognostic factors for PNI recovery and follow-up data of patients with PNI during cryoballoon-based PVI. Experienced 
electrophysiological centers were invited to participate. All patients with PNI during CB2 or third (CB3) and fourth-generation 
cryoballoon (CB4)-based PVI were eligible.

RESULTS: A total of 17 356 patients underwent cryoballoon-based PVI in 33 centers from 10 countries. A total of 731 (4.2%) 
patients experienced PNI. The mean time to PNI was 127.7±50.4 seconds, and the mean temperature at the time of PNI 
was −49±8 °C. At the end of the procedure, PNI recovered in 394/731 patients (53.9%). Recovery of PNI at 12 months of 
follow-up was found in 97.0% of patients (682/703, with 28 patients lost to follow-up). A total of 16/703 (2.3%) reported 
symptomatic PNI. Only 0.06% of the overall population showed symptomatic and permanent PNI. Prognostic factors 
improving PNI recovery are immediate stop at PNI by double-stop technique and utilization of a bonus-freeze protocol. 
Age, cryoballoon temperature at PNI, and compound motor action potential amplitude loss >30% were identified as factors 
decreasing PNI recovery. Based on these parameters, a score was calculated. The YETI score has a numerical value that will 
directly represent the probability of a specific patient of recovering from PNI within 12 months.

CONCLUSIONS: The incidence of PNI during cryoballoon-based PVI was 4.2%. Overall 97% of PNI recovered within 12 months. 
Symptomatic and permanent PNI is exceedingly rare in patients after cryoballoon-based PVI. The YETI score estimates the 
prognosis after iatrogenic cryoballoon-derived PNI.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03645577.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Pulmonary vein isolation (PVI) is the cornerstone of 
invasive treatment of atrial fibrillation. Recently, cryo-
balloon-based PVI has emerged as a widespread 

and worldwide accepted ablation strategy.1 The second-
generation cryoballoon (CB2, Arctic Front Advance, 
Medtronic, Inc, Minneapolis, MN) has demonstrated 
high procedural success rates, relatively short procedure 
times, high durability of PVI, and convincing long-term 
maintenance of sinus rhythm.2–7 In head-to-head com-
parisons such as the “Fire and Ice” trial and the “Freeze” 
cohort study, cryoballoon ablation was noninferior to RF 
ablation in terms of safety and clinical efficacy in patients 
with paroxysmal atrial fibrillation.8,9 However, cryobal-
loon ablation is associated with a significantly higher 
risk of phrenic nerve (PN) injury (PNI) compared with 

RF ablation particularly during ablation of the right-sided 
pulmonary veins (PVs).8,9 The reported incidence of PNI 
varies from 1.1% to 6.2% of patients.8–12 The predic-
tors and outcome of periprocedural cryoballoon-related 
PNI have been earlier described.10,11,13,14 However, only 
single-center data with a limited number of patients 
are available, and follow-up data are scarce. The YETI 
registry (Worldwide survey on outcome after iatrogenic 
phrenic nerve injury during cryoballoon based pulmonary 
vein isolation) sought to assess the incidence, character-
istics, prognostic factors of PNI recovery, and follow-up 
of periprocedural PNI during cryoballoon-based PVI in a 
large-scale worldwide population.

METHODS
Study Design
For data privacy issues and regulations the data, methods used 
in the analysis, and materials used to conduct the research will 
not be available to other researchers for purposes of reproduc-
ing the results or replicating the procedures. In this retrospec-
tive, multicenter and multinational registry, we evaluated the 
incidence, characteristics, prognostic factors for PNI recovery 
and follow-up data of patients with PNI during cryoballoon-
based PVI. Experienced electrophysiological centers from all 
over the world were invited to participate. All patients with PNI 
during CB2 or third (CB3) and fourth-generation cryoballoon 
(CB4) based PVI were eligible for the YETI registry. Patients 
treated with the first-generation cryoballoon were excluded. All 
patients were treated by cryoballoon-based PVI between May 
2012 and June 2019. Additionally, the total number of patients 
treated with CB2, CB3, or CB4 was assessed for each individ-
ual center. The registry was approved by the local ethical review 
board of the University of Luebeck, Germany (AZ: 18-151A). 
Each participating center was responsible for its ethics approval 
by the local ethics committee. The study has been performed 
in accordance with the ethical standards as laid down in the 
1964 Declaration of Helsinki and its later amendments. All 
patient information was anonymized. The YETI registry was 
registered on www.clinicialtrials.gov (NCT03645577). Each 
participating center provided patients baseline characteristics, 
periprocedural characteristics, and follow-up data according to 
a standardized and uniform database. The primary end point 
was PNI at 12 months of follow-up. Secondary end points were 
the incidence of PNI, periprocedural characteristics, and prog-
nostic factors.

Intraprocedural Management
Intraprocedural management of cryoballoon-based PVI has 
been described previously and was performed according 
to the individual centers protocols.15–17 In all patients, a 12F 
steerable sheath (Flexcath Advance, Medtronic) was utilized. 
The cryoballoon was advanced into the left atrium and directed 
toward the target PV via a spiral mapping catheter (Achieve, 
or Achieve Advance, Medtronic). The acute procedural end 
point was defined as persistent PVI verified by the spiral map-
ping catheter recordings. Safety algorithm for PNI prevention 
were utilized according to the individual centers´ protocols. Use 

Nonstandard Abbreviations and Acronyms

AF	 atrial fibrillation
CMAP	 compound motor action potential
LA	 left atrium
PN	 phrenic nerve
PNI	 phrenic nerve injury
PVI	 pulmonary vein isolation
PV	 pulmonary vein
RSPV	 right superior pulmonary vein
TTE	 time-to-effect

WHAT IS KNOWN?
•	 Pulmonary vein isolation by radiofrequency or cryo-

balloon is an established treatment option for atrial 
fibrillation treatment.

•	 Cryoballoon treatment is associated with a signifi-
cantly higher risk of phrenic nerve injury.

•	 Only single-center data with a limited number of 
patients are available for phrenic nerve injury and 
follow-up data are scarce.

WHAT THE STUDY ADDS
•	 The YETI registry is the largest survey analyzing the 

incidence, characteristics, prognostic factors, and 
recovery of phrenic nerve injury (PNI) during CB-
based pulmonary vein isolation.

•	 The incidence of periprocedural PNI was 4.2%. 
With a mean time to PNI of 127.7±50.4 s and 
a mean temperature at PNI of −49±8 °C, PNI 
occurred relatively late during the energy applica-
tion at relatively low temperatures and 82.5% of 
PVs were already isolated at the time of PNI.

•	 At 12 months, PNI recovered in 97.0% of the 
patients.

•	 The numerical value of the YETI score directly rep-
resent the probability of PNI recovery within 12 
months.
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of an esophageal temperature probe (CIRCA S-CATH, Circa 
Scientific, Englewood, CO or SensiTherm; St Jude Medical, St. 
Paul, MN) to monitor esophageal temperatures and to prevent 
esophageal injury was performed according to each individual 
centers protocols. Four different ablation protocols were uti-
lized according to each centers´ preferences. A bonus freeze 
protocol (protocol No. 1, group 1) comprised a fixed freeze-
cycle duration of 240 seconds, followed by an additional bonus 
freeze of 240 seconds after successful PVI.1 A no bonus freeze 
(240 seconds) protocol (protocol No. 2, group 2), applied a 
fixed freeze-cycle of 240 seconds without a bonus freeze after 
documentation of PVI.16,18 A no bonus freeze (180 seconds) 
protocol (protocol no. 3, group 3), applied a fixed freeze-cycle 
of 180 seconds without a bonus freeze after documentation 
of PVI. A time-to-effect (TTE) protocol (protocol No. 4, group 
4) used a TTE-guided strategy based on continuous real-time 
recordings from the spiral mapping catheter according to 
each centers´ preferences.19,20 Postprocedural care was taken 
according to the latest recommendations and guidelines.1,15,21

Periprocedural Monitoring of Phrenic Nerve 
Function
Detailed techniques for monitoring the PN function and pre-
vention of PNI have been previously described and were per-
formed according to current standards and recommendations 
and each individual centers´ protocols.12,13,15,22

Generally, continuous PN pacing at maximum output and 
pulse width at a cycle length of 1000 to 1200 ms were per-
formed during energy delivery to the septal PVs, using a diag-
nostic catheter positioned in the superior vena cava.23 Phrenic 
nerve capture was monitored using intermittent fluoroscopy 
and tactile feedback of diaphragmatic contraction by the opera-
tor’s hand positioned on the patient’s abdomen. In addition, the 
compound motor action potential (CMAP) was monitored as 
previously described.22 If a weakening or loss of diaphragmatic 
movement, and/or a 30% reduction of CMAP amplitude was 
noted either by palpation or by fluoroscopic imaging, the stabil-
ity of the pacing catheter was reconfirmed. After reconfirming 
the stability of the pacing catheter, PNI was diagnosed if (1) a 
transient decline in the diaphragmatic movement or (2) a >30% 
decrease of the CMAP amplitude was observed. Refrigerant 
delivery was stopped by the single or double-stop technique.13 
If PNI occurred, no additional freeze-cycle was applied to the 
septal PVs. Transient PNI was defined as complete recovery 
of PN function during hospitalization (1–3 days after PVI as 
individual institutional standard). All patients with PNI were 
scheduled for clinical and fluoroscopy or X-ray follow-up at 3 
and 6 months and, thereafter, at 6-month intervals after the 
procedure if PNI did not recover. Persistent PNI was defined 
as the persistence of an elevated hemidiaphragm noted by 
fluoroscopy or chest X-ray if PNI recovered until 12 months. 
If PNI did not recover until 12 months, the PNI was defined as 
permanent. Symptomatic PNI was defined as proven PNI with 
dyspnea (light, moderate, or severe).

Statistical Analysis
All analyses were performed using STATA software version 14.0 
(STATA Corp, Lake Drive Way, TX). Distributions of continuous 
variables were tested for normality using the Shapiro-Wilk test. 

Continuous variables are expressed as mean±SD for normally 
distributed, or as median (interquartile range), for non-normally 
distributed otherwise. Categorical variables are reported as 
counts (percentage).

Comparisons of continuous variables were performed using 
the Student t test for 2 groups or ANOVAs in case of multiple 
groups, or the corresponding nonparametric test, if not normally 
distributed. Comparisons of categorical variables were per-
formed using Chi-squared or Fisher exact test, as appropriate.

Follow-up duration was calculated from the date of the pro-
cedure to the date of PNI recovery or censoring, which was 
defined as the most recent follow-up visit at which the end 
point could be ascertained. The overall cumulative rate of PNI 
recovery was estimated using the Kaplan-Meier method.

After testing for proportional hazard assumption, the asso-
ciation between prespecified predictors and PNI recovery at 12 
months was assessed using Cox regression.

A multivariate-sparing Cox regression model was fit to con-
trol for confounders, including univariate predictors reaching a 
P of <0.1. The final model was fitted using a stepwise backward 
selection based on the Akaike’s information criterion.

Strength of association was reported using hazard ratios 
(HRs) for univariate analysis and adjusted HR for multivari-
ate analysis. The discriminative performance of the model was 
reported through Harrell’s C-statistic.

For an individual patient, the probability of recovery from 
PNI at 12 months follow-up was derived using the following 
equation: P (PNI recovery at 1 year)=1−S0(12)exp(YETI Score)

with S0(12) representing the baseline recovery probability 
at 12 months and the YETI score representing the sum of the 
products of the predictors and associated coefficients from the 
final model for a given patient. All P reported are 2-sided, and a 
P<0.05 was considered statistically significant.

RESULTS
Patients Population
A total of 98 experienced electrophysiological centers 
from all over the world (17 countries, 5 continents) were 
invited to participate in the YETI registry. Data were 
obtained from 33/98 (34%) electrophysiological centers 
in 10 countries (Germany: n=15, Turkey: n=4, Japan: 
n=4, United States of America: n=3, China: n=1, Austria: 
n=2, Poland: n=1, Switzerland: n=1, Georgia: n=1, Egypt: 
n=1). A total of 17 356 patients underwent CB2-, CB3-, 
or CB4-based PVI, and a total of 731 patients (4.2%) 
experienced periprocedural PNI. PNI appeared in 2012 
in 59 patients (8.1%), 2013: 80 patients (10.9%), 2014: 
81 patients (11.1%), 2015: 139 patients (19.0%), 2016: 
122 patients (16.7%), 2017: 152 patients (20.8%), 
2018: 91 patients (12.4%) and 2019: 7 patients (1%). 
The patients’ baseline characteristics of patients with 
PNI are shown in Table 1.

Periprocedural Data
Periprocedural data are presented in Table 2. The data 
quality and integrity were relatively high. The time to 
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PNI was available in 96.5% of patients, and the tem-
perature at PNI was available in 97.2% of patients. 
Utilization of CMAP, CMAP amplitude loss >30%, and 
data concerning immediate stop by double-stop tech-
nique as well as baseline data were available in >99% 
of patients. A total of 717/731 (97.6%) patients were 
treated by the CB2, 6/731 (0.8%) by the CB3, and 
8/731 (1.1%) by the CB4. In 710/731 (97.1%), the 
28 mm cryoballoon and in 21/731 (2.9%) the 23 mm 
cryoballoon has been used. The PNI occurred during 
energy application along the right superior pulmonary 
vein (83.3%), right inferior pulmonary vein (16.0%), 
right middle pulmonary vein (0.4%), and left superior 
pulmonary vein (0.3%), whereas no PNI was observed 
during ablation at the left inferior pulmonary vein. The 
mean diameter of the target PV where PNI occurred 
was 20.1±3.9 mm. At the time of PNI and termina-
tion of energy application, the target PV was isolated 
in 82.5% of patients. The time to PNI after starting the 
cryoballoon application (time to PNI) was 127.7±50.4 
seconds, with the shortest time to PNI of 10 seconds 
and the longest time to PNI of 256 seconds. The tem-
perature measured at the time of PNI was −48.8±7.8 
(minimum temperature: −71 °C, maximum temperature 
−10 °C). The PNI occurred during the first cryoballoon 
application in 80.2%, during the second cryoballoon 
application in 17.9%, and during the third cryoballoon 
application in 1.0% of patients.

Monitoring and Prevention of Phrenic Nerve Injury
Utilization of PN pacing was performed in 99.6% and 
tactile feedback via the operators hand on the patients 
abdomen during PN pacing was performed in 98.1% 
of patients. Periprocedural observation of PN function 
via the CMAP was performed in 54.2% and a loss of 
≥30% of CMAP amplitude before PNI was reported in 
47.0% of patients. Immediate stop of energy delivery at 
the time of PNI via double-stop technique was reported 
in 68.1% of patients.

Recovery of Phrenic Nerve Injury
Complete recovery of PN function until the end of the 
procedure and at discharge 1 to 3 days after the pro-
cedure was observed in 53.9% (394/731) and 62.2% 
(455/731) of patients, respectively. Symptomatic PNI at 
discharge was observed in 16.4% (120/731) of patients.

Recovery of PNI at 3 and 6 months of follow-up was 
found in 80.6% (577/716, with 15 patients lost to follow-
up) and 89.6% (629/702, with 29 patients lost to follow-
up), respectively. Symptomatic PNI at 3 and 6 months of 

Table 2.  Periprocedural Data

Procedure time, min 107.0±42.3

Fluoroscopy time, min 21.3±16.4

Amount of contrast medium, mL 72.5±49.5

Second-generation cryoballoon, n (%) 717 (98.1)

Third-generation cryoballoon, n (%) 6 (0.8)

Fourth-generation cryoballoon, n (%) 8 (1.1)

Cryoballoon diameter: 28 mm, n (%) 710 (97.1)

Utilization of phrenic nerve pacing, n (%) 728 (99.6)

Utilization of phrenic nerve tactile feedback, n (%) 717 (98.1)

Immediate stop of freeze if PNI recognized, n (%) 714 (97.7)

Double stop technique, n (%) 498 (68.1)

Pull-back maneuver, n (%) 199 (27.2)

Utilization of CMAP, n (%) 396 (54.2)

CMAP amplitude loss of >30%, n (%) 186 (25.4)

PNI during ablation of RSPV, n (%) 609 (83.3)

PNI during ablation of RIPV, n (%) 117 (16.0)

PNI during ablation of RMPV, n (%) 3 (0.4)

PNI during ablation of LSPV, n (%) 2 (0.3)

PNI during ablation of LIPV, n (%) 0 (0)

Target PV isolated at time of PNI, n (%) 603 (82.5)

CB temperature at the time of PNI, (°C) −48.8±7.8 (min: −71, 
max: −10)

Time to PNI during freeze cycle, s 127.8±50.5 (min: 10, 
max: 256)

PNI during the first freeze cycle, n (%) 586 (80.2)

PNI during the second freeze cycle, n (%) 131 (17.9)

PNI during the third freeze cycle, n (%) 7 (1.0)

PNI during the fourth freeze cycle, n (%) 2 (0.3)

Freeze cycle, not available, n (%) 5 (0.7)

Bonus freeze protocol (240+240 s), n (%) 260 (35.6)

No bonus freeze protocol (240 s), n (%) 202 (27.6)

No bonus freeze protocol (180 s), n (%) 88 (12.0)

TTE-based protocol, n (%) 179 (24.5)

Time to PNI <30 s, n (%) 15 (2.1)

Time to PNI <60 s, n (%) 51 (7.0)

Time to PNI >60 s, n (%) 653 (89.3)

Time to PNI >120 s, n (%) 425 (58.1)

Time to PNI >180 s, n (%) 100 (13.7)

Values are counts, n (%) or mean±SD. PNI indicates phrenic nerve injury; and 
TTE, time-to-effect.

Table 1.  Baseline Characteristics

Number of patients 731

Age, y 63.2±11.3

Paroxysmal atrial fibrillation, n (%) 489 (66.9)

Female sex, n (%) 319 (43.6)

Arterial hypertension, n (%) 478 (65.4)

Diabetes, n (%) 70 (9.6)

Coronary artery disease, n (%) 144 (19.7)

Structural heart disease, n (%) 58 (7.9)

Body mass index, kg/m2 26.5±5.3

LA diameter, mm 41.1±8.1

Previous stroke/TIA, n (%) 39 (5.3)

CHA2DS2-VASc score 2.2±1.5

Values are counts, n (%) or mean±SD. LA indicates left atrium; and TIA, transi-
tory ischemic attack.
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follow-up was observed in 12.4% (89/716) and 4.8% 
(34/702), respectively. Recovery of PNI at 12 months 
of follow-up was found in 97.0% (682/703, with 28 
patients lost to follow-up) and 16/703 (2.3%) reported 
symptomatic PNI. After a follow-up period of 24 months, 
PNI recovered in 98.7% (691/700, with 31 patients lost 
to follow-up) and only 2/700 patients (0.3%) reported 
symptomatic PNI. (-) The Kaplan-Meier estimates is 
showing the recovery for PNI within follow-up (Figure 1).

Prognostic Factors of PNI and YETI Score 
Derivation
Table 3 shows the univariate and multivariate analysis of 
prognostic factors. After analyzing the data in the uni-
variate Cox model, a multivariate analysis was performed 
on suitable parameters. Age was the single baseline 
and demographic variable that was associated with 
PNI recovery (HR, 0.991 [CI, 0.978–0.999], P=0.043). 
Detected procedural parameters for improved PNI 
recovery were utilization of a bonus freeze protocol (HR, 
1.410 [95% CI, 1.147–1.732], P=0.001) and immedi-
ate stop by double-stop technique at the time of PNI 
(HR, 2.314 [95% CI, 1.090–4.912], P=0.029). Detected 
parameter for reduced PNI recovery were the following: 
temperature at PNI (HR, 0.979 [95% CI, 0.966–0.991], 
P<0.0001) and CMAP amplitude loss >30% (HR, 0.744 
[95% CI, 0.582–0.951], P=0.018; Figure 2).

From the regression model, the YETI score was 
derived using the 5 predictors remaining significant at the 
multivariate model (age, nadir temperature at PNI, CMAP 
amplitude loss >30%, immediate stop by double-stop 
technique at the time of PNI, and bonus freeze protocol). 

Baseline survival function S0 was found to be 0.0161. 
The Harrell’s C statistic of the whole model resulted as 
0.701 (95% CI, 0.629–0.773). The YETI score has a 
numerical value that will directly represent the probability 
of a specific patient of recovering from PNI within 12 
months (Figure 3). An appropriate YETI score calculator 
will be available in the Supplemental Material.

Impact of Parameter on the PNI Recovery Time
In addition to prognostic factors for PNI recovery, pre-
dictors on PNI recovery in different time intervals were 
tested (Table  4). A higher BMI, increased left atrium 
diameter, utilization of a bonus freeze protocol, smaller 
PV diameter, and immediate stop by double-stop tech-
nique at the time of PNI were more common in patients 
experiencing an immediate recovery (defined as recovery 
until discharge). Delayed recovery (defined as recovery or 
no recovery until 12 months) was detected for patients 
with the lower temperature at the time of PNI, shorter 
time to PNI, utilization of CMAP, and a CMAP amplitude 
loss >30%.

DISCUSSION
The YETI registry is the largest survey analyzing the 
incidence, characteristics, prognostic factors, and 
recovery of PNI during cryoballoon-based PVI. The 
major findings are (1) the incidence of periproce-
dural PNI was 4.2%. (2) With a mean time to PNI of 
127.7±50.4 seconds and a mean temperature at PNI 
of −49±8 °C, PNI occurred relatively late during the 
energy application at relatively low temperatures and 

Figure 1. Time course of phrenic 
nerve injury (PNI) recovery.
The Kaplan-Meier estimates demonstrate 
the relative proportion of patients 
recovered after periprocedural PNI.
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82.5% of PVs were already isolated at the time of PNI. 
(3) Recovery of PNI occurred in 53.9% of patients until 
the end of the procedure. At 12 months, PNI recov-
ered in 97.0% of patients. Only 0.1% of the overall 
population (n=17 356) showed permanent and 0.06% 
demonstrated symptomatic and permanent PNI. (4). 
Prognostic factors for PNI recovery were age, cryobal-
loon temperature at PNI, utilization of a bonus-freeze 
protocol, immediate stop by double-stop technique 
at PNI and CMAP amplitude loss >30%. (5) The 

numerical value of the YETI score directly represent 
the probability of PNI recovery within 12 months.

Cryoballoon-based treatment of atrial fibrillation 
has shown excellent efficacy and safety for PVI and is 
increasingly performed worldwide. Periprocedural PNI 
represents the typical complication of balloon-based 
ablation procedures.24 The implementation of various 
techniques for early detection and prevention of PNI has 
reduced the rate of periprocedural PNI. Still, the reported 
incidence of PNI varies between 1.1% and 6.2%.8–12 

Table 3.  Predictors of PNI Recovery

Crude HR—univariate Adjusted HR—multivariate

HR CI P value HR CI P value

Age, y 0.992 (0.986–0.999) 0.045 0.991 (0.978–0.999) 0.043

Body mass index, kg/m2 1.015 (1.001–1.030) 0.048 1.004 (0.985–1.030) 0.684

Male sex 1.104 (0.948–1.289) 0.201    

Persistent atrial fibrillation 1.172 (0.997–1.378) 0.054 1.162 (0.944–1.431) 0.156

Arterial hypertension 1.009 (0.860–1.184) 0.441    

Diabetes 1.142 (0.884–1.476) 0.308    

LA diameter, mm 1.009 (0.998–1.020) 0.093 1.005 (0.990–1.020) 0.507

PV isolated at time of PNI 0.991 (0.805–1.219) 0.929    

Temperature at the time of PNI, °C 0.981 (0.971–0.991) <0.001 0.979 (0.966–0.991) 0.001

Time to PNI, s 1.001 (1.000–1.003) 0.084 1.001 (0.998–1.002) 0.669

Bonus freeze protocol 1.343 (1.145–1.575) <0.001 1.410 (1.147–1.732) 0.001

Utilization of PN pacing 1.640 (0.527–5.107) 0.393    

Tactile PN feedback 1.514 (0.855–2.683) 0.154    

Utilization of CMAP 0.861 (0.739–1.003) 0.055 0.935 (0.780–1.151) 0.530

CMAP amplitude loss >30% 0.775 (0.651–0.923) 0.004 0.744 (0.582–0.951) 0.018

Immediate stop by double-stop technique at the time of PNI 1.746 (1.027–2.968) 0.039 2.314 (1.090–4.912) 0.029

PV diameter, mm 0.991 (0.963–1.018) 0.501    

HR of predictors for PNI recovery at 12 mo of follow-up. CB indicates cryoballoon; CMAP, compound motor action potential; HR, hazard ratio; LIPV, left inferior PV; 
LSPV, left superior PV; PN, phrenic nerve; PNI, phrenic nerve injury; PV, pulmonary vein; RIPV, right inferior PV; RMPV, right middle PV; RSPV, right superior PV; and 
TTE, time-to-effect.

Figure 2. Prognostic factors for 
phrenic nerve injury (PNI) recovery.
Multivariate analysis on prognostic factors 
of 12-mo PNI recovery. Hazard rates have 
been reported on a logarithmic scale. AF 
indicates atrial fibrillation; BMI, body mass 
index; CMAP, compound motor action 
potential; and LA, left atrium.
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With 4.2% of patients, the YETI registry might represent 
a reliable incidence and is reflecting the observations of 
a large number of cryoballoon users.

The recovery rate from PNI was relatively high. In 
accordance with other studies with smaller patient popu-
lations, 53.9% of PNI recovered till the end of the pro-
cedure, and 97% of PNI recovered within 12 months of 
follow-up.8,25 After 24 months follow-up, 98.7% of PNI 
recovered. With only 0.1% occurrence of permanent PNI 
and 0.06% of permanent and symptomatic PNI for the 
overall population of 17 356 patients, clinically relevant 

periprocedural PNI seems to be a rare phenomenon in 
cryoballoon-based PVI procedures.

An optimal PV occlusion is essential for durable 
lesions and maneuvers to push the cryoballoon into 
the PV are frequently performed. These maneuvers are 
reducing the anatomic distance between the cryobal-
loon and the PN, and thus explaining the higher rate 
of periprocedural PNI compared with RF-based PVI. To 
increase the distance between the cryoballoon and PN, 
pulling back the cryoballoon after initializing the ablation 
is a common strategy.24 It is known that neural tissue is 

Figure 3. YETI score: prediction of 
phrenic nerve injury (PNI) recovery.
The YETI score has a numerical value 
that will directly represent the probability 
of a specific patient of recovering from 
PNI within 12 mo. The YETI Score is 
calculated as −0.0073833×age−0.
0187482×temperature+0.2339744 
if bonus freeze protocol was utilized, 
+0.6743827 if immediate stop by double-
stop technique at PNI was performed, 
−0.2743813 if CMAP amplitude loss 
>30% was detected. An appropriate YETI 
score calculator will be available online.

Table 4.  Recovery Time Prediction Analysis

 
Immediate recovery 
(n=455)

Early recovery 
(n=127)

Delayed recovery 
(n=109) P value

Age, y 64 (54–72) 65 (57–73) 66 (58–71) 0.212

Body mass index, kg/m2 26.0 (23.9–29.5) 24.5 (22.6–27.4) 26.7 (23.3–30.7) 0.002

Male sex, n (%) 264 (58.0) 66 (52.0) 56 (51.4) 0.282

Arterial hypertension, n (%) 301 (66.2) 82 (64.6) 75 (68.8) 0.786

Diabetes, n (%) 51 (11.2) 9 (7.1) 7 (6.4) 0.173

LA diameter, mm 42.1±6.9 40.3±7.7 41.5±7.7 0.016

Pulmonary vein isolated at PNI, n (%) 375 (82.8) 115 (90.5) 91 (83.5) 0.100

Temperature at PNI, °C −47.3±8.5 −49.6±6.0 −50.1±6.4 <0.001

Time to PNI, s 136.8±58.6 137.5±50.1 121.5±51.5 0.037

Bonus freeze protocol, n (%) 191 (41.9) 39 (30.7) 22 (20.2) 0.001

Utilization of PN pacing, n (%) 455 (100) 127 (100) 108 (99.1) 0.069

Tactile PN feedback, n (%) 449 (98.7) 126 (99.2) 105 (96.3) 0.154

Utilization of CMAP, n (%) 226 (49.7) 81 (63.8) 66 (60.6) 0.006

CMAP amplitude loss >30%, n (%) 90 (20.2) 36 (28.6) 46 (42.2) <0.001

Immediate stop by double-stop technique at 
the time of PNI, n (%)

450 (98.9) 122 (96.1) 103 (94.5) 0.009

Pulmonary vein diameter, mm 19.3 (17.4–22.1) 22.1 (18.2–24.6) 20.1 (17.2–21.5) 0.019

Immediate recovery=recovery until discharge. Early recovery=recovery within 3 mo. Delayed recovery=recovery >3 mo. CMAP indicates 
compound motor action potential; HR, hazard ratio; LA, left atrium; PN, phrenic nerve; PNI, phrenic nerve injury; and PV, pulmonary vein.
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gradually loses its function when exposed to low temper-
atures and is able to recover after rewarming, which may 
explain the observed high recovery rate after terminating 
the freezing process.26 In cryoballoon ablation, the lesion 
formation is relatively homogenous and is continuously 
penetrates the cardiac tissue from the endothelium. This 
is the most likely mechanism for the observed relatively 
late appearance of PNI during the freezing process after 
> 2 minutes observed at relatively low temperatures 
of almost −50 °C as in previous reports.24 It has been 
shown that TTE-based protocols applying fewer and 
shorter freeze cycles compared with protocols with fixed 
freeze cycle duration.19,20,25,27 Furthermore, a lower inci-
dence of the overall complication rate especially for PNI 
was observed when utilizing TTE-based protocols most 
likely driven by the lower number and shorter length of 
the applied freeze-cycles.25 Recently, the CIRCA-DOSE 
trial found similar 12-month outcome for PVI utilizing a 
2- or 4-minute freeze cycle duration, which is underly-
ing again the positive influence of a slenderer ablation 
strategies compared with long-lasting and bonus freeze 
protocols.28 However, the optimal freezing cycle strategy 
is required to be investigated. Non-TTE based protocols 
might be a predictor of PNI occurrences. Although the 
aim of YETI registry was not to detect predictors for PNI 
appearance, dosing seems to play an important role in 
the occurrence, and therefore prevention, of PNI. Inter-
estingly, utilizing a bonus freeze protocol was associated 
with a higher PNI recovery rate (HR 1.410) compared 
with other common protocols. This observation might be 
explained by the fact that the PN function survived the 
first freeze undamaged, increasing the possibility to also 
survive the bonus freeze and at least get not injured as 
much as if the PNI function is already disabled during the 
first freeze. Anatomic factors likely play a critical role in 
this observation is likely, but this could not be proven by 
our clinical analysis, since no systematic preprocedural 
imaging by computer tomography has been performed.10

We found that the temperature at the time of PNI was 
a strong predictor of PNI recovery. The lower the tem-
perature reached at the time of PNI, the lower was the 
probability of recovery within 12 months. Even though 
the time to PNI was not a PNI recovery predictor, yet the 
temperature at PNI is a parameter already containing the 
time to PNI because of the typical course of the energy 
delivery over time. As expected, we found that immediate 
stop by double-stop technique at the time of PNI was 
associated with a higher recovery from PNI and a CMAP 
amplitude loss >30% was associated with a lower rate 
of recovery from PNI. With a HR of 2.314 when immedi-
ately stopping the freeze cycle by double-stop technique, 
this factor was found to be the strongest prognostic fac-
tor for PNI recovery. Therefore, we strongly recommend 
utilizing of the double-stop technique in the case of PNI 
as well as a generally use of CMAP or another additional 
monitoring modality (eg, intra cardiac echocardiography) 

during all cryoballoon procedures.22 The uni- and mul-
tivariate analyses found that except of age PNI recov-
ery cannot be predicted by baseline characteristics and 
depends almost exclusively on procedural characteris-
tics. The multivariate Cox regression showed that PNI 
recovery over time is basically associated with peri-pro-
cedural characteristics and fairly independent from base-
line demographics. To develop a score for prediction of 
PNI recovery at 12 months, the variables that resulted 
significant at the cox regression analysis were utilized. 
The numerical value of the YETI score will directly rep-
resent the probability of a specific patient of recovering 
from PNI within 12 months.

Limitations
The YETI registry has several limitations. First, the pre-
sented findings are based on a retrospective analysis. 
Nevertheless, the data were derived worldwide by a large 
number of centers, and the population represents the 
largest database on cryoballoon-driven PNI up to date.

Second, since only patients with periprocedural PNI 
were evaluated, the population represents only a sub-
group of patients with cryoballoon-based PVI. Therefore, 
no predictors for the occurrence of periprocedural PNI 
could be evaluated, and the registry was focused on 
prognostic factors for PNI recovery. Third, not all patients 
met the end point of 12-month follow-up and were lost 
to follow-up. Fourth, the YETI score has not been pro-
spectively validated in an independent cohort. This fact is 
limiting its validity.

Conclusions
With 4.2%, the periprocedural incidence of PNI during 
CB2-based PVI is relatively low. About 53.9% of PNI 
recovered until the end of the procedure. Overall, 97% 
of PNI recovered within 12 months. Symptomatic and 
permanent PNI is exceedingly rare in patients after cryo-
balloon-based PVI. As prognostic factors for PNI recov-
ery age, cryoballoon nadir temperature at PNI, utilization 
of a bonus freeze protocol, immediate stop at PNI by 
double-stop technique, and CMAP amplitude loss >30% 
were identified. The YETI score might be a useful tool to 
predict recovery after iatrogenic cryoballoon-related PNI.
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