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 2

Abstract 46 

Although cryoballoon ablation of atrial fibrillation (AF) has been traditionally guided by 47 

pulmonary vein (PV) occlusion, there is evidence and growing interest in performing segmental, 48 

non-occlusive cryoballoon ablation to target not only large/common PVs, but extra-PV structures 49 

such as the left atrial (LA) roof and posterior wall in conjunction with PV isolation. To date, a 50 

number of studies have demonstrated improved clinical efficacy associated with non-occlusive 51 

cryoballoon ablation of the LA roof and posterior wall in addition to PV isolation, particularly in 52 

patients with persistent AF. Not only the cryoballoon can be utilized for targeting extra-PV 53 

structures through segmental, non-occlusive ablation, but the large size and durability of 54 

cryolesions coupled with the enhanced stability afforded through cryoadhesion render the 55 

cryoballoon an effective tool for such an approach. This manuscript reviews the rationale and the 56 

practical approach to segmental, non-occlusive cryoballoon ablation of large/common PV antra 57 

and the LA roof and posterior wall. 58 
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Introduction 69 

Historically, cryoballoon ablation of atrial fibrillation (AF) has been guided by 70 

pulmonary vein (PV) occlusion.1 This is supported by preclinical2 and clinical3 studies which 71 

have shown that the magnitude of PV occlusion is a significant determinant of PV isolation 72 

(PVI) durability. However, PV occlusion is not an absolute requirement for creating durable 73 

cryolesions.4,5 Based on available data, myocardial cells are rendered electrically dormant (i.e., 74 

reversible ion channel block) at +20°C to +25°C with irreversible, lethal effects achieved at 75 

temperatures of -20°C to -50°C.6,7 Although PV occlusion likely augments the ‘magnitude of the 76 

freeze’, optimal tissue contact and not necessarily PV occlusion which in itself implies the same, 77 

is quintessential for creating durable cryolesions. This notion is further supported through finite 78 

element modeling data8 and clinically corroborated when performing non-occlusive cryoballoon 79 

ablation (NOCA) to target large-sized PVs in a segmental approach as in the case of large, 80 

common PV ostia9 and the left atrial (LA) roof (NOCAROOF)
10,11,12,13 and posterior wall (PW) 81 

(NOCALAPW)14,15,16,17,18. In fact, PV occlusion using the currently-available, fixed-diameter 82 

cryoballoons (23-/28-mm) is more likely to yield suboptimal results – namely, an ostial level 83 

PVI – when treating large-sized PVs or patients with persistent/long-standing persistent AF who 84 

typically exhibit large LA and PV antra.19,20 This article will examine the procedural and 85 

practical aspects of a segmental, NOCA strategy for several LA structures, including 86 

large/common PVs as well as extra-PV structures such as the LA ridge, carina, roof and PW. 87 

 88 

1. NOCA of Large/Common PV Ostia. 89 

The level of PVI achieved using cryoballoon ablation has been the subject of controversy. 90 

First investigated by Reddy et al.21, the level of isolation using a 23-mm cryoballoon was found 91 
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to occur distally and predominantly at the PV ostia, whereas the PV antra were left largely 92 

intact/unablated. However, subsequent studies22,23 examining the extent and level of PVI using a 93 

28-mm cryoballoon found this to be more proximal in patients with paroxysmal AF and 94 

relatively normal-sized atria. Still, in those with marked LA enlargement or large/common PV 95 

ostia, PV occlusion using the currently-available, fixed-diameter cryoballoons can yield 96 

suboptimal/ostial PVI – even when using the larger 28-mm cryoballoon (Figure 1-A). As such, a 97 

segmental, NOCA strategy may be required in some cases. Not only can such an approach 98 

achieve an antral level PVI (Figure 1-B), but it can eliminate the need for contrast medium 99 

injection and possibly even reduce the risk of right phrenic nerve (PN) injury by avoiding distal 100 

placement of the cryoballoon into the PV ostia.24 Arguably, this is one of the main reasons to 101 

account for a higher rate of PN injury using balloon-based versus point-by-point radiofrequency 102 

ablation (RFA) strategies.24 103 

The initial step for ensuring a successful segmental, NOCA using any type of balloon 104 

catheter involves careful planning of the transseptal puncture. A posterior or a mid/high 105 

transseptal site can significantly impede the catheter reach to the desired locations on the lower 106 

segments of the LAPW and the inferior PVs. A low and anterior transseptal puncture is essential. 107 

In fact, some of the authors highly prefer crossing the interatrial septum at its utmost inferior 108 

(‘thicker’ and muscular) portion, adjacent to the inferior limbus for this approach (Figure 2). It is 109 

also believed that such a practice may reduce the incidence of post-ablation iatrogenic atrial 110 

septal defects,25 which may otherwise persist in >⅓ of patients during long-term follow-up.26 111 

Once the balloon is inserted via the delivery sheath into the LA, it is advanced over an 112 

inner-lumen circular mapping catheter (ILC) or a guide wire (GW), which is in turn positioned 113 

inside one of the PVs. Proper positioning of the ILC/GW is critical to the procedure as it is used 114 
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as a rail to place the cryoballoon at the desired location. The ILC/GW is typically positioned in a 115 

superior PV for ablation of the superior antral segments and in an inferior PV for targeting the 116 

inferior segments. Initially, the ILC/GW may be placed distally in the desired PV to provide 117 

sufficient support and stability for the balloon, particularly when using the current-generation, 118 

short-tipped cryoballoons. Subsequent advancement or withdrawal of the ILC/GW directs the 119 

cryoballoon away or toward the targeted PV, respectively. The delivery sheath should also be 120 

deflected to point in the direction of the desired structure (i.e., the inferior PVs, inferior LAPW). 121 

It is much easier to navigate the cryoballoon anteriorly or posteriorly once it has been inflated. 122 

The balloon should be guided and advanced at all times over the ILC/GW to avoid injury to the 123 

tissue by the tip of the balloon catheter. With the ILC/GW placed inside the left PVs, clocking 124 

the delivery sheath will result in a posterior balloon alignment, whereas a counterclockwise 125 

torque will steer the balloon anteriorly. Conversely, with the ILC/GW positioned in the right 126 

PVs, a clockwise torque will guide the balloon anteriorly and a counterclockwise rotation will 127 

direct it posteriorly. Positioning of the balloon can be further aided by intracardiac 128 

echocardiography (ICE) which in some systems can be integrated into the 3-D map (CartoSound; 129 

Biosense Webster, Irvine, CA) to allow direct visualization and recording of the balloon position 130 

(Figure 3). Though fluoroscopy may help validate an antral balloon placement, injection of 131 

contrast medium, itself, adds little value and is typically avoided during segmental NOCA. Once 132 

the balloon is placed at the desired location, ablation may begin. If suboptimal tissue contact is 133 

suspected, the operator may exploit cryoadhesion for incremental adjustments in the catheter 134 

position. This can be achieved by further clocking or counterclocking the catheter in the desired 135 

direction to improve the balloon–tissue contact. The balloon nadir temperature can prove 136 

particularly helpful in this regard, as reductions in nadir temperature correlate well with 137 
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improvements in tissue contact during this procedure. This is also one of the inherent advantages 138 

of performing non-PV occlusive applications using the cryoballoon versus other similar tools. 139 

Although a comparable strategy can be employed using the RFA balloon (HelioStar; Biosense 140 

Webster), to not only achieve wide-area, antral PVI but also PW isolation (PWI),27 in our 141 

experience, catheter stability afforded through cryoadhesion provides the cryoballoon a slight 142 

advantage for such an approach. 143 

Perhaps, the main limitation of NOCA as compared to a conventional PV occlusion-144 

guided method has to do with the current lack of lesion quality and durability markers. Although 145 

a great deal of data has been acquired and published over the last decade regarding the value of 146 

procedural and biophysical markers of cryoballoon ablation (e.g., time-to-PVI, balloon cooling 147 

rate and thaw time) in guiding cryo-dosing and assessing lesion quality and durability,1,3 these 148 

were all investigated in the context of PV occlusion and therefore, do not reliably apply when 149 

performing NOCA. As such, currently, most operators simply deliver a series of overlapping 150 

120-sec cryoapplications at each balloon location. 151 

 152 

2. NOCA of the LA Ridge and Carina. 153 

The LA ridge and carina are sites that are frequently spared during PV-occlusive 154 

cryoballoon applications. However, both can be effectively targeted using NOCA in a similar 155 

manner as described for ablation of large PV antra. When ablating the LA ridge, the ILC/GW is 156 

placed in either the left PV (superior or inferior, depending on the PV anatomies and orientation) 157 

or the LA appendage. The balloon is then exposed over the ILC/GW. Upon inflation, the balloon 158 

and sheath are counterclocked (with the ILC/GW inside a PV) or clocked (with the ILC/GW in 159 

the appendage), to position the balloon along the ridge. Once again, ICE can prove helpful when 160 
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positioning the balloon. If the operator chooses the LA appendage as the anchor site for the 161 

ILC/GW, care should be taken to avoid injury of this structure using the balloon tip. As such, the 162 

balloon should always be advanced over an ILC/GW. In addition, knowledge of the LA 163 

appendage depth and morphology, as determined by ICE or angiography, is critical for safe 164 

practices. With respect to the duration of applications, some of the authors favor prolonged 165 

cryoapplications in this area (e.g., 180–240 sec) to create transmural lesions and to modify the 166 

Ligament of Marshall. 167 

For ablation of the LA carina between the right superior and inferior PVs, the ILC/GW is 168 

inserted initially distally into one of the right PVs (most commonly, the superior) for stability. 169 

Then, with a clockwise torque, the sheath and the inflated balloon are positioned anteriorly along 170 

the carina. A similar strategy can be employed when targeting the anterior antral region of the 171 

right inferior PV by placing the ILC/GW into this vein. Once again, the key to ensuring optimal 172 

catheter maneuverability and to easily and successfully complete NOCA at this location is a low, 173 

anterior transseptal puncture. It should also be emphasized that although NOCA is believed to 174 

carry an overall lower likelihood of PN injury,24 the anterior carina represents a site where PN 175 

suppression/injury might occur during NOCA owing to its relative proximity to the right PN. 176 

Thus, standard PN monitoring techniques28 (e.g., high-output pacing) are warranted when 177 

targeting this region. Moreover, cryoapplications at these locations are typically minimized to 178 

120–180 sec. Post-ablation, wide-area, antral PVI and successful ablation of the LA ridge and 179 

carina should be validated through detailed mapping, preferably using a high-density mapping 180 

catheter (e.g., Pentaray; Biosense Webster, Advisor™ HD Grid; Abbott), as well as high-output 181 

pacing to illustrate absence of local pacing capture. If any gaps are identified, ICE and 182 

specifically ICE image integration may be used for targeting these sites (Figure 4-A). 183 
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 184 

3. NOCA of Extra-PV Structures: Rationale. 185 

Cryolesions created using the current-generation cryoballoons are typically large,29,30,31,32 186 

continuous31,32 and durable4,5,33 which render it an attractive tool for ablation of extra-PV 187 

substrates. A study29 comparing lesion characteristics and clinical outcomes associated with 188 

catheter ablation of AF using the hot balloon (SATAKE HotBalloon; Toray Industries, Inc, 189 

Tokyo, Japan) versus the current-generation cryoballoon (Arctic Front Advance; Medtronic, 190 

Minneapolis, MN) found that lesions created using the latter were significantly larger (38±12 191 

cm2 versus 24±8 cm2). Another study30 investigating the extent of LA isolation using the laser 192 

balloon (HeartLightTM, CardioFocus, Inc, Marlborough, MA) versus cryoballoon (Arctic Front 193 

Advance; Medtronic), discovered that total (42±15 cm2 versus 57±14 cm2) and antral (54±10% 194 

versus 65±8%) areas of isolation were both greater using the latter. Similar studies examining the 195 

sizes of ablation lesions and the areas of isolation using the cryoballoon versus force-sensing 196 

RFA have shown the lesions to be significantly wider (16.7±5.1 mm versus 5.3±2.3 mm)31 and 197 

more contiguous with fewer gaps32 using cryoballoon. Though much of the published literature 198 

pertains to the Arctic Front Advance cryoballoon (Medtronic), early experiences with the Polar-199 

X cryoballoon catheter (Boston Scientific, Marlborough, MA) suggests at least a similar or an 200 

improved level of efficacy owing to the compliance of the latter catheter.34 201 

Moreover, despite the weak level of evidence, some have also considered the cryoballoon 202 

a safer tool for this approach. For instance, several studies have found a lower incidence of 203 

adverse events using cryoballoon versus point-by-point RFA, including a reduced rate of 204 

perforation and tamponade35,36 and with the exception of the PN, some have even suggested a 205 

higher degree of safety with respect to collateral structures37,38. Along these lines, a comparative 206 
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study by Ripley, et al.37 found smaller esophageal lesions with cryoballoon versus point-by-point 207 

RFA. Additionally, cryoballoon was associated with a lower incidence of partial- and full-208 

thickness esophageal ulcerations. Similarly, in a multicenter study of 376 patients with AF, 209 

Squara, et al.38 compared the outcomes of cryoballoon versus force-sensing RFA and observed a 210 

lower incidence of severe complications including esophageal injury using cryoballoon. 211 

 212 

4. NOCA of Extra-PV Structures: The LA Roof. 213 

 In most patients, NOCAROOF can be effectively achieved through a series of sequential, 214 

non-occlusive, overlapping 120–180 sec applications. This is also a relatively common site for 215 

AF termination during NOCA in patients with persistent AF.14 In several studies, this approach 216 

when performed using the cryoballoon in conjunction with PVI, has been shown to offer 217 

favorable outcomes in patient with persistent AF.10,11,12,13 This location is also the site of the 218 

main autonomic ganglionic plexi related to the LA dome (i.e., the superior LA ganglionated 219 

plexus) which is believed to modulate extrinsic cardiac innervation and facilitate the occurrence 220 

of AF in a hyperactive autonomic state.39 As such, catheter ablation at this site is believed to 221 

greatly attenuate the input of these plexi to the PVs and interrupt the vago-sympathetic input to 222 

the ligament of Marshall and the inferior left ganglionated plexus which are both highly 223 

implicated in the pathogenesis of AF.39 224 

Meanwhile, the LA roof is a location where adequate tissue contact using the cryoballoon 225 

can be readily achieved and catheter maneuverability is relatively unimpeded. For this, the 226 

ILC/GW is typically anchored in one of the superior PVs (most commonly, the left). With the 227 

ILC/GW anchored, its progressive advancement farther and farther into the vein, displaces the 228 

inflated balloon outward, farther and farther along the roof, away from the PV. This allows the 229 
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operator to systematically ablate the LA roof using serial, overlapping cryoapplications (Figure 230 

5). Once again, ICE can prove quite helpful, particularly in the setting of image integration 231 

which allows direct visualization of the cryoballoon locations within the 3-D map (Figure 3) and 232 

to target any remaining gaps (Figure 4-B). Typically, between 3 and 5 applications are required 233 

to achieve block across the LA roof. With the ILC/GW inside the left superior PV, slight 234 

clockwise rotation of the sheath and balloon can improve contact with the posterior aspect of the 235 

roof, whereas a counterclockwise rotation will guide the balloon anteriorly. The converse of this 236 

is true when the ILC/GW is anchored in the right superior PV. That is, the operator will need to 237 

counterclockwise rotate the sheath and the balloon to target the posterior segments of the roof, 238 

whereas a clockwise torque will guide the balloon anteriorly. Using the right superior PV as the 239 

anchor point is sometimes helpful when attempting to complete the right segments of the roof 240 

lesion set. In fact, in some instances, the right superior PV may be selected preferentially if the 241 

left superior PV exhibits an acutely superior takeoff (Supplementary Material 1). In such a 242 

situation, the cryoballoon may not be aligned coaxially with the ILC/GW, thereby, 243 

compromising optimal tissue contact and balloon positioning along the roof.  244 

Post-ablation, complete block across the LA roof can be verified through a delay in 245 

conduction across the roof >120 msec when pacing adjacent to the line/ablated area and an 246 

ascending activation over the LAPW.40 Acute success in achieving block across the roof using 247 

the current-generation cryoballoons ranges between 88–92%.10,11,12,13 Compared to PVI alone, 248 

not only this approach does not result in higher incidences of complications or recurrent atrial 249 

arrhythmias, this strategy is in fact associated with a lower incidence of arrhythmia recurrences 250 

during long-term follow-up (24.4% versus 43.0%; P=0.01).12 Moreover, in a multivariate 251 

analysis, NOCAROOF has emerged as a significant predictor of freedom from recurrent atrial 252 
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arrhythmias (hazard ratio: 2.13; P<0.01).12 Nonetheless, block across the roof must always be 253 

validated post-ablation to avoid the possibility of iatrogenic roof flutters/tachycardias.4,13 Rapid 254 

ventricular pacing at 350–500 msec (titrated to a systolic blood pressure >70 mmHg) is an 255 

effective strategy practiced by some of the authors to improve cryolesion formation at this site 256 

and to enhance NOCAROOF. In a prior study, this approach has been shown to increase the 257 

success of block across the LA roof through significant reductions in the balloon nadir 258 

temperature during NOCAROOF.
41 259 

 260 

5. NOCA of Extra-PV Structures: The LAPW. 261 

As with NOCAROOF, NOCALAPW has been a recent subject of growing interest and 262 

attention, particularly in patients with persistent AF. Although a definitive role for empiric PWI 263 

has not yet been established,42 it seems plausible in those with persistent AF given that persistent 264 

AF is generally considered not a triggered, but a substrate-based arrhythmia. Not only 265 

cryoballoon PVI+PWI within the region of the PV component (i.e., the LAPW segment lying 266 

between the PVs)39 represents an extended form of wide-area, antral PVI, which in itself has 267 

been shown to be superior to ostial PVI strategies,43 but there is anatomic39,44 and 268 

electrophysiologic45,46 evidence to suggest that this region of the LAPW may contribute to the 269 

genesis and maintenance of AF (Supplementary Material 2). Meanwhile, several studies have 270 

illustrated that cryoballoon PVI+PWI is of superior efficacy compared to PVI alone in patients 271 

with persistent AF.14,15,16,17,18 A multicenter, retrospective study14 first analyzed this outcome and 272 

found that acute PWI using this approach was feasible in >⅔ of the patients, yielding 273 

significantly greater LAPW (77% versus 41%) and total LA (53% versus 36%) isolation as 274 

compared to PVI alone with also a higher incidence of AF termination/conversion. Adverse 275 
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events were similar between the two strategies. However, recurrence of AF was significantly 276 

reduced with PVI+PWI at 12 months of follow-up (~20% further reduction as compared to PVI 277 

alone).14 In a Cox regression analysis, PVI+PWI also emerged as a significant predictor of 278 

freedom from recurrent atrial arrhythmias (hazard ratio: 2.04; P=0.015).14 Similar results have 279 

been reported in subsequent retrospective analyses15,16 and another study17 also found this 280 

approach to be highly effective in patients undergoing repeat ablation for recurrent AF, in whom 281 

it yielded an 85% freedom from recurrent atrial arrhythmias at 1 year. More recently, these 282 

findings were echoed by a multicenter, prospective, randomized-controlled trial 283 

(ClinicalTrials.gov #NCT03057548)18 which similarly showed that in patients with persistent 284 

AF, PVI+PWI was associated with a ~20% reduction in AF recurrence at 12 months over and 285 

beyond PVI alone (25.5% versus 45.5%; P=0.028). Furthermore, PVI+PWI once again emerged 286 

as a significant independent predictor of freedom from recurrent AF during long-term follow-up 287 

(odds ratio: 3.67; P=0.006).18 288 

 As for the approach, NOCALAPW is practically similar to performing NOCAROOF. In 289 

addition to incorporating this strategy (Figure 5), the approach also includes NOCA of the 290 

inferior segments of the PW (Figure 6) to directly ablate and eliminate all electrical activity 291 

within the PV component. To target the lower segments of the LAPW, the inferior PVs are 292 

typically used to anchor the ILC/GW – most commonly, the right inferior PV which often 293 

exhibits a posterior takeoff. As with ablation of the roof, this is performed using sequential, 294 

overlapping 120–180 sec applications by progressively advancing the ILC/GW deeper and 295 

deeper into the right inferior PV, with each application. This in turn allows for gradual 296 

progression of the balloon away from the right inferior PV, along the inferior PW segments. 297 

Depending on the LA size, between 8 and 14 cryoapplications are typically required to complete 298 
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PWI. The Cine recordings of the typical cryoballoon maneuvers for PWI are depicted in Figure 299 

7. Although complete PWI can be successfully achieved using a 28-mm cryoballoon without the 300 

need for adjunct point-by-point cryo/RFA,15,47,48 in some studies this has been shown to be 301 

necessary in ≥⅓ of the patients,4,14,18 particularly in those with an LA diameter >48 mm4. A gap, 302 

if present, is normally encountered along the mid portion of the inferior PW (Figure 8). As with 303 

NOCA of other related structures, ICE and specifically ICE image integration (CartoSound; 304 

Biosense Webster) can prove remarkably helpful at identifying gaps among the lesion sets and to 305 

complete the procedural endpoint while minimizing the need for adjunct RFA (Figure 4). 306 

Similar to NOCAROOF, block across the PW is critical when attempting PWI. As 307 

illustrated by Nanbu, et al.13 the 1-year incidence of freedom from recurrent arrhythmias was 308 

significantly greater in those with versus without complete roof/PW block (78% versus 45%). In 309 

another study,4 the authors found that incomplete PWI was associated with a high rate of atypical 310 

roof/PW flutters and virtually every patient with LAPW reconnection exhibited such an 311 

arrhythmia, either clinically or inducible at electrophysiology study. The authors also found PWI 312 

using NOCA to be durable in 67/81 patients (82.7%) during 18±4 months of follow-up.4 LA 313 

diameter emerged as a significant predictor for the need for adjunct RFA, particularly in those 314 

with an LA diameter >48 mm (assessed in parasternal long-axis view). Additionally, patients 315 

with LAPW reconnection were found to exhibit larger LA, such that 71% of those with PW 316 

reconnection exhibited an LA diameter >48 mm (negative predictive value=89.7%).4 Given these 317 

findings, when performing NOCALAPW, we strongly recommend that the operator always 318 

validate this endpoint through detailed high-density 3-D mapping (e.g., Pentaray, Advisor™ HD 319 

Grid, etc) as well as high-output pacing illustrating absence of pacing capture, to avoid iatrogenic 320 

atrial arrhythmias. 321 
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Lastly, due to the close proximity of LAPW to the esophagus, one must also consider the 322 

possibility of increased risk of esophageal injury. Though to date, an increased risk of 323 

atrioesophageal fistula has not been described with NOCAROOF/NOCALAPW, the reported 324 

experience remains limited.14,15,16,17,18 However, a study evaluating the outcomes of NOCALAPW 325 

has found that interruption of cryoapplications at a luminal esophageal temperature >15°C is 326 

associated with absence of esophageal thermal lesions.48 This recommendation seems tangible as 327 

it is consistent with findings from a prior study which reported the same when examining the risk 328 

of esophageal injury in the setting of cryoballoon PVI.49  329 

Jo
urn

al 
Pre-

pro
of



 15

References 330 

1. Su W, Aryana A, Passman R, et al. Cryoballoon Best Practices II: Practical guide to 331 

procedural monitoring and dosing during atrial fibrillation ablation from the perspective 332 

of experienced users. Heart Rhythm 2018;15:1348–55. 333 

2. Takami M, Misiri J, Lehmann HI, et al. Spatial and time-course thermodynamics during 334 

pulmonary vein isolation using the second-generation cryoballoon in a canine in vivo 335 

model. Circ Arrhythm Electrophysiol 2015;8:186–92. 336 

3. Aryana A, Mugnai G, Singh SM, et al. Procedural and biophysical indicators of durable 337 

pulmonary vein isolation during cryoballoon ablation of atrial fibrillation. Heart Rhythm 338 

2016;13:424–32. 339 

4. Aryana A, Pujara DK, Baker JH, et al. Long-term durability of posterior wall isolation 340 

using the cryoballoon in patients with persistent atrial fibrillation: A multicenter analysis 341 

of repeat catheter ablations. J Interv Card Electrophysiol 2020. doi: 10.1007/s10840-020-342 

00887-8. 343 

5. Shigeta T, Okishige K, Nishimura T, et al. Clinical investigation of the durability of the 344 

lesions created by left atrial linear ablation with a cryoballoon. J Cardiovasc 345 

Electrophysiol 2020;31:875–84. 346 

6. Aufderheide T. Etiology, electrophysiology, and myocardial mechanics of pulseless 347 

electrical activity. Cardiac arrest, the science and practice of resuscitation medicine. 348 

Second Ed. New York: Cambridge University Press, 2007; pp. 426–46. 349 

7. Gage AA, Baust JM, Baust JG. Experimental cryosurgery investigations in vivo. 350 

Cryobiology 2009;59:229–43. 351 

Jo
urn

al 
Pre-

pro
of



 16

8. Handler M, Fischer G, Seger M, Kienast R, Hanser F, Baumgartner C. Simulation and 352 

evaluation of freeze-thaw cryoablation scenarios for the treatment of cardiac arrhythmias. 353 

Biomed Eng Online 2015;14:12. 354 

9. Ströker E, Takarada K, de Asmundis C, et al. Second-generation cryoballoon ablation in 355 

the setting of left common pulmonary veins: Procedural findings and clinical outcome. 356 

Heart Rhythm 2017;14:1311–8. 357 

10. Kuniss M, Greiß H, Pajitnev D, et al. Cryoballoon ablation of persistent atrial fibrillation: 358 

feasibility and safety of left atrial roof ablation with generation of conduction block in 359 

addition to antral pulmonary vein isolation. Europace 2017;19:1109–15. 360 

11. Akkaya E, Berkowitsch A, Rieth A, et al. Clinical outcome and left atrial function after 361 

left atrial roof ablation using the cryoballoon technique in patients with symptomatic 362 

persistent atrial fibrillation. Int J Cardiol 2019;292:112–8. 363 

12. Kuniss M, Akkaya E, Berkowitsch A, et al. Left atrial roof ablation in patients with 364 

persistent atrial fibrillation using the second-generation cryoballoon: Benefit or wasted 365 

time? Clin Res Cardiol 2020;109:714–24. 366 

13. Nanbu T, Yotsukura A, Suzuki G, et al. Important factors in left atrial posterior wall 367 

isolation using 28-mm cryoballoon ablation for persistent atrial fibrillation-Block line or 368 

isolation area? J Cardiovasc Electrophysiol 2020;31:119–27. 369 

14. Aryana A, Baker JH, Espinosa Ginic MA, et al. Posterior wall isolation using the 370 

cryoballoon in conjunction with pulmonary vein ablation is superior to pulmonary vein 371 

isolation alone in patients with persistent atrial fibrillation: A multicenter experience. 372 

Heart Rhythm 2018;15:1121–9. 373 

Jo
urn

al 
Pre-

pro
of



 17

15. Nishimura T, Yamauchi Y, Aoyagi H, et al. The clinical impact of the left atrial posterior 374 

wall lesion formation by the cryoballoon application for persistent atrial fibrillation: 375 

Feasibility and clinical implications. J Cardiovasc Electrophysiol 2019;30:805–14. 376 

16. Nordsieck E, Zhang XJ, Malhotra P, Fan D, G Pezeshkian N, N Srivatsa U. Comparison 377 

of cryoballoon and hybrid surgical posterior wall isolation for persistent atrial fibrillation 378 

to conventional ablation. J Atr Fibrillation 2019;11:2131. 379 

17. Iacopino S, Paparella G, Capulzini L, et al. Posterior box isolation as an adjunctive 380 

ablation strategy during repeat ablation with the second-generation cryoballoon for 381 

recurrence of persistent atrial fibrillation: 1-year follow-up. J Interv Card Electrophysiol 382 

2019;56:1–7. 383 

18. Aryana A, Allen SL, Pujara DK, et al. Concomitant pulmonary vein and posterior wall 384 

isolation using cryoballoon with adjunct radiofrequency in persistent atrial fibrillation. 385 

JACC Clin Electrophysiol 2021;7:187–96. 386 

19. Güler E, Güler GB, Demir GG, et al. Effect of Pulmonary Vein Anatomy and Pulmonary 387 

Vein Diameters on Outcome of Cryoballoon Catheter Ablation for Atrial Fibrillation. 388 

Pacing Clin Electrophysiol 2015;38:989–96. 389 

20. Li B, Ma H, Guo H, et al. Pulmonary vein parameters are similar or better predictors than 390 

left atrial diameter for paroxysmal atrial fibrillation after cryoablation. Braz J Med Biol 391 

Res 2019;52:e8446. 392 

21. Reddy VY, Neuzil P, d'Avila A, et al. Balloon catheter ablation to treat paroxysmal atrial 393 

fibrillation: What is the level of pulmonary venous isolation? Heart Rhythm 2008;5:353–394 

60. 395 

Jo
urn

al 
Pre-

pro
of



 18

22. Chierchia GB, de Asmundis C, Sorgente A, et al. Anatomical extent of pulmonary vein 396 

isolation after cryoballoon ablation for atrial fibrillation: comparison between the 23 and 397 

28 mm balloons. J Cardiovasc Med (Hagerstown) 2011;12:162–6. 398 

23. Kenigsberg DN, Martin N, Lim HW, Kowalski M, Ellenbogen KA. Quantification of the 399 

cryoablation zone demarcated by pre- and postprocedural electroanatomic mapping in 400 

patients with atrial fibrillation using the 28-mm second-generation cryoballoon. Heart 401 

Rhythm 2015;12:283–90. 402 

24. Aryana A. Rationale and outcomes of cryoballoon ablation of the left atrial posterior wall 403 

in conjunction with pulmonary vein isolation. J Innov Card Rhythm Manag 2021; in 404 

press. 405 

25. Rich ME, Tseng A, Lim HW, Wang PJ, Su WW. Reduction of iatrogenic atrial septal 406 

defects with an anterior and inferior transseptal puncture site when operating the 407 

cryoballoon ablation catheter. J Vis Exp 2015;100:e52811. 408 

26. Linhart M, Werner JT, Stöckigt F, et al. High rate of persistent iatrogenic atrial septal 409 

defect after single transseptal puncture for cryoballoon pulmonary vein isolation. J Interv 410 

Card Electrophysiol 2018;52:141–8. 411 

27. Aryana A, Allen SA, Di Biase L, Bowers MR, O’Neill PG, Natale A. Wide-area antral 412 

pulmonary vein and posterior wall isolation by way of segmental non-occlusive 413 

applications using the novel HelioStar radiofrequency ablation balloon. HeartRhythm 414 

Case Rep 2021; in press. 415 

28. Kowalski M, Ellenbogen KA, Koneru JN. Prevention of phrenic nerve injury during 416 

interventional electrophysiologic procedures. Heart Rhythm 2014;11:1839–44. 417 

Jo
urn

al 
Pre-

pro
of



 19

29. Nagashima K, Okumura Y, Watanabe I, et al. Hot balloon versus cryoballoon ablation for 418 

atrial fibrillation: Lesion characteristics and efficacy. Circ Arrhythm Electrophysiol 419 

2018;11:e005861. 420 

30. Perrotta L, Konstantinou A, Bordignon S, et al. What is the acute antral lesion size after 421 

pulmonary vein isolation using different balloon ablation technologies? Circ J 422 

2017;81:172–9. 423 

31. Kurose J, Kiuchi K, Fukuzawa K, et al. The lesion characteristics assessed by LGE-MRI 424 

after the cryoballoon ablation and conventional radiofrequency ablation. J Arrhythm 425 

2018;34:158–66. 426 

32. Okumura Y, Watanabe I, Iso K, et al. Mechanistic insights into durable pulmonary vein 427 

isolation achieved by second-generation cryoballoon ablation. J Atr Fibrillation 428 

2017;9:18–24. 429 

33. Reddy VY, Sediva L, Petru J, et al. Durability of Pulmonary Vein Isolation with 430 

Cryoballoon Ablation: Results from the SUstained PV Isolation with ARctic Front 431 

Advance (SUPIR) Study. J Cardiovasc Electrophysiol 2015;26:493–500. 432 

34. Moltrasio M, Kochi AN, Fassini G, Riva S, Tundo F, Tondo C. High-density mapping 433 

validation of antral pulmonary vein isolation and posterior wall isolation created with a 434 

new cryoballoon ablation system: The first reported case. J Cardiovasc Electrophysiol 435 

2020;31:3318–21. 436 

35. Hoffmann E, Straube F, Wegscheider K, et al. Outcomes of cryoballoon or 437 

radiofrequency ablation in symptomatic paroxysmal or persistent atrial fibrillation. 438 

Europace 2019;21:1313–24. 439 

Jo
urn

al 
Pre-

pro
of



 20

36. Fortuni F, Casula M, Sanzo A, et al. Meta-analysis comparing cryoballoon versus 440 

radiofrequency as first ablation procedure for atrial fibrillation. Am J Cardiol 441 

2020;125:1170–79. 442 

37. Ripley KL, Gage AA, Olsen DB, Van Vleet JF, Lau C-P, Tse H-F. Time course of 443 

esophageal lesions after catheter ablation with cryothermal and radiofrequency ablation: 444 

Implication for atrio-esophageal fistula formation after catheter ablation for atrial 445 

fibrillation. J Cardiovasc Electrophysiol 2007;18:642–6. 446 

38. Squara F, Zhao A, Marijon E, et al. Comparison between radiofrequency with contact 447 

force-sensing and second-generation cryoballoon for paroxysmal atrial fibrillation 448 

catheter ablation: A multicentre European evaluation. Europace 2015;17:718–24. 449 

39. Elbatran AI, Anderson RH, Mori S, Saba MM. The rationale for isolation of the left atrial 450 

pulmonary venous component to control atrial fibrillation: A review article. Heart 451 

Rhythm 2019;16:1392–8. 452 

40. Su WW, Alzubaidi M, Tseng R, Jebaily N, Lin YJ, Wang PJ. Novel usage of the 453 

cryoballoon catheter to achieve large area atrial substrate modification in persistent and 454 

long-standing persistent atrial fibrillation. J Interv Card Electrophysiol 2016;46:275–85. 455 

41. Nishimura T, Okishige K, Yamauchi Y, et al. Clinical impact of rapid ventricular pacing 456 

on the left atrial posterior wall isolation by a cryoballoon application: A randomized 457 

controlled trial. J Interv Card Electrophysiol 2020;59:565–73. 458 

42. Lee JM, Shim J, Park J, et al. The Electrical Isolation of the Left Atrial Posterior Wall in 459 

Catheter Ablation of Persistent Atrial Fibrillation. JACC Clin Electrophysiol 460 

2019;5:1253–61. 461 

Jo
urn

al 
Pre-

pro
of



 21

43. Proietti R, Santangeli P, Di Biase L, et al. Comparative effectiveness of wide antral 462 

versus ostial pulmonary vein isolation: A systematic review and meta-analysis. Circ 463 

Arrhythm Electrophysiol 2014;7:39–45. 464 

44. Jones SA, Yamamoto M, Tellez JO, et al. Distinguishing properties of cells from the 465 

myocardial sleeves of the pulmonary veins: A comparison of normal and abnormal 466 

pacemakers. Circ Arrhythm Electrophysiol 2008;1:39–48. 467 

45. Mandapati R, Skanes A, Chen J, Berenfeld O, Jalife J. Stable microreentrant sources as a 468 

mechanism of atrial fibrillation in the isolated sheep heart. Circulation 2000;101:194–9.  469 

46. Spector P. Principles of cardiac electric propagation and their implications for re-entrant 470 

arrhythmias. Circ Arrhythm Electrophysiol 2013;6:655–61. 471 

47. Bisignani A, Overeinder I, Kazawa S, et al. Posterior box isolation as an adjunctive 472 

ablation strategy with the second-generation cryoballoon for paroxysmal atrial 473 

fibrillation: A comparison with standard cryoballoon pulmonary vein isolation. J Interv 474 

Card Electrophysiol 2020. doi:10.1007/s10840-020-00812-z. 475 

48. Osório TG, Iacopino S, Coutiño HE, et al. Evaluation of the luminal esophageal 476 

temperature behavior during left atrium posterior wall ablation by means of second-477 

generation cryoballoon. J Interv Card Electrophysiol 2019;55:191–6. 478 

49. Fürnkranz A, Bordignon S, Böhmig M, et al. Reduced incidence of esophageal lesions by 479 

luminal esophageal temperature-guided second-generation cryoballoon ablation. Heart 480 

Rhythm 2015;12:268–274.  481 

Jo
urn

al 
Pre-

pro
of



 22

Figure 1. Cryoballoon ablation of PVs and extra-PV structures. 3-D electroanatomic voltage 482 

maps (scar voltage cutoff: 0.05 mV) depicting suboptimal, ostial PVI (A), antral PVI (B), antral 483 

PVI with NOCAROOF (C) and PVI+PWI (D) performed using the cryoballoon. LAA=left atrial 484 

appendage; LIPV=left inferior PV; LSPV=left superior PV; RIPV=right inferior PV; 485 

RSPV=right superior PV. 486 

 487 

Figure 2. Suitable transseptal puncture site for NOCA. ICE images illustrating a low and 488 

anterior needle position (yellow arrows) at the fossa ovalis (A, B), followed by puncture (C) and 489 

insertion of a cryoballoon sheath (D) through the most inferior segment of the interatrial septum, 490 

adjacent to the inferior limbus, most suitable for NOCA. RA=right atrium; TSS=transseptal. 491 

 492 

Figure 3. ICE-guided NOCA. Shown, are positions of 10 serial cryoballoon applications (A–J) 493 

delivered antrally, outside the PVs along the roof and the PW, visualized using ICE image 494 

integration (CartoSound; Biosense Webster). After creating an LA shell using ICE, the position 495 

of the cryoballoon can be directly recorded within the 3-D map by creating an ICE contour of the 496 

balloon at each location (turquoise represents the distal and yellow the proximal hemi-surfaces of 497 

the cryoballoon to ensure proper balloon alignment with desired locations). 498 

 499 

Figure 4. ICE image integration to target gaps and to complete LA roof and PW isolation. 500 

(A) After cryoballoon PVI, a small gap/unablated area anterior to the right superior PV and a 501 

roof-associated PV branch (arrows) are detected on the post-ablation high-density voltage map 502 

(left panel). By positioning the cryoballoon directly over each site under the guidance of ICE and 503 

3-D mapping (middle panels), each location is successfully ablated using a single 504 
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cryoapplication. (B) Following PVI with NOCALAPW, a small gap/unablated area is detected on 505 

the LA roof (arrows) on the post-ablation voltage map. By directly positioning the cryoballoon at 506 

this location, guided by ICE and 3-D mapping, the site of interest is targeted using NOCA. (C) 507 

After completion of wide-area, antral PVI with NOCAROOF, PWI is performed using a series of 508 

additional cryoapplications guided by ICE image integration and direct visualization in the 3-D 509 

map. (D) After completion of PVI using a conventional PV-occlusive strategy, the PV 510 

component of the LAPW is subsequently ablated using a series of overlapping cryoapplications 511 

guided by ICE image integration and 3-D mapping (E) Shown, are the cryoballoon positions 512 

within a 3-D map as recorded on ICE to achieve wide-area, antral PVI and PWI within the PV 513 

component. 514 

 515 

Figure 5. Cryoballoon positions for NOCAROOF. Shown, are the typical positions of 516 

cryoballoon applications (1–5) on the roof, individually (A–E) and collectively (F), to complete 517 

NOCAROOF. MV=mitral valve. 518 

 519 

Figure 6. Cryoballoon positions for NOCA of the inferior segments of the PW. Shown, are 520 

the positions of serial cryoballoon applications (1–7) along the inferior segments of the PW, 521 

individually (A–G) and collectively (H), to complete NOCALAPW. 522 

 523 

Figure 7. Cine images of the cryoballoon for performing PVI+PWI. Shown in the top row, 524 

are Cine locations of the cryoballoon placed over an ILC for NOCA of the left (A) and right (D) 525 

superior PV antra, the left (B), mid (C) and right (E) roof segments, and the mid portion of the 526 

roof/PW (F). Shown in the bottom row, are the cryoballoon Cine positions for NOCA of the left 527 
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(G) and right (H) inferior PVs and the inferior (I, J) and mid (K, L)  segments of the PW. 528 

CB=cryoballoon; CS=coronary sinus. 529 

 530 

Figure 8. Incomplete isolation of the PW using NOCA. Incomplete PWI using NOCALAPW 531 

may be observed in ~⅓ of patients when performed using a 28-mm cryoballoon, sometimes 532 

requiring adjunct RFA for completion. Shown, are variations in gaps detected following such a 533 

procedure (A–C). When present, these gaps are typically encountered/most prominent along the 534 

mid portion of the inferior PW (arrows). 535 
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