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Background-—Cryoballoon-based pulmonary vein isolation (CB-PVI) has been widely used for the treatment of atrial fibrillation.
Although generally safe and effective, the procedure may be associated with pulmonary vein (PV) stenosis and bronchial or
esophageal injury. The mechanisms leading to these complications have not been studied in detail. Our aim was to examine acute
effects of cryoballoon on the pulmonary vessel and right heart pressures as well as PV wall morphology.

Methods and Results-—In 8 patients (5 men, mean age 55�14 years) undergoing CB-PVI, pressure in each PV was measured by
catheter located inside the PV directly before and after CB-PVI. The right atrial, right ventricular, and pulmonary artery pressures as
well as pulmonary arterial wedge capillary pressure in the pulmonary artery branch corresponding to target PV were also measured.
Morphological changes in PVs were assessed using intravascular ultrasonography.There were no significant differences in PV
pressures before and after ablation. The pulmonary arterial wedge capillary pressure significantly increased during cryoapplication
(left superior: 20�10 versus 29�8.5 mm Hg, P=0.004; left inferior: 24�10 versus 32�6 mm Hg, P=0.012; right superior:
25�9 versus 35�10 mm Hg, P=0.002; right inferior: 24�10 versus 37�12 mm Hg, P=0.0036). The right atrial and pulmonary
artery pressures increased significantly after CB-PVI (9�6 versus 13�8 mm Hg, P=0.004, and 20�9 versus 24�10 mm Hg,
P=0.048, respectively). Intravascular ultrasonography showed acute edema and dissection-like changes causing relative lumen
narrowing in 90% of PVs.

Conclusions-—CB-PVI causes significant rise in pulmonary artery and right atrial pressures as well as PV wall damage. The clinical
significance of these findings warrants further investigations. ( J Am Heart Assoc. 2017;6:e005988. DOI: 10.1161/JAHA.117.
005988.)
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C ryoballoon-based pulmonary vein isolation (CB-PVI) has
been widely used for the treatment of atrial fibrillation

(AF). Recent randomized clinical studies1 and meta-analyses2

showed comparable outcomes for CB-PVI and standard
radiofrequency PVI; however, both procedures are associated
with the risk of complications. Right phrenic nerve palsy
occurs almost exclusively following CB-PVI.3 The potential
benefit of CB-PVI in reduction of esophageal injury compared

with radiofrequency energy has not been confirmed.4 In
addition, CB-PVI may be also associated with such complica-
tions as pulmonary vein (PV) stenosis,5 hemoptysis,6 or
bronchial injury.7,8 The PV stenosis may be operator depen-
dent in part when a cryoballoon is located too distally in the
PV ostium,9 whereas hemoptysis and bronchial injury are
rather anatomy dependent, given the close proximity of the
bronchi and PV ostium. Other mechanisms may be respon-
sible for some of these complications, including acute
elevation of pulmonary and right heart pressures during and
shortly after CB-PVI; however, there are no reports concerning
this topic.

Possible morphological changes inside the PV following
CB-PVI have not been studied. Some reports have suggested
that cryoenergy is delivered more deeply inside the PV than it
should be as a result of too distal cryoballoon positioning in
the PV, necessitated by the size and anatomy of the PV
ostium.10 In addition, the formation of ice inside the PV during
cryoenergy application may cause inadvertent damage to the
PV wall and collateral tissue.11 We hypothesized that the
morphology and diameter of the PV wall may be accurately
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imaged by intravascular ultrasonography (IVUS), which has
not yet been used for this purpose. This technique perfectly
displays longitudinal diameter vessel anatomy and, in the case
of the PV, may visualize muscle sleeves located in the PV that
are an ablation target.12,13

Accordingly, the aim of our study was to examine whether
acute blockade of the PV ostium during CB-PVI is associated
with elevation of pulmonary arterial wedge capillary pressure
(PAWCP) and may cause right heart-chamber pressure
elevation. Our second aim was to assess morphologic
changes in the PV wall caused by CB-PVI.

Methods
The IVUS-Cryo study was a prospective single center study
that was designed to evaluate acute and hemodynamic and
morphologic changes occurring during and immediately after
CB-PVI (local ethics committee approval 10.06.2015). Recruit-
ment started in August 2016 and ended in November 2016.

Patients
The study group consisted of 8 consecutive patients under-
going standard CB-PVI (5 men, mean age 55�14 years; all
paroxysmal AF). All patients gave written informed consent to
participate in the study. One day before ablation, all patients
underwent cardiac computed tomography to assess left atrial
(LA) anatomy and transesophageal echocardiography to
exclude LA appendage thrombus.

Ablation
CB-PVI was conducted in the standard manner. Briefly, after
injection of local anesthetic, both femoral veins were
punctured. One long sheath (8.5-F Swartz; St Jude Medical,
St Paul, MN) to cross the interatrial septum and 1 short

sheath for pulmonary artery (PA) pressure measurement were
inserted in the right femoral vein. Another short sheath for a
diagnostic decapolar catheter (Dynamic XT; Boston Scientific,
Marlborough, MA), placed in the right atrium, was inserted in
the left femoral vein. The intracardiac echocardiographic
probe (8- or 10-Fr Acuson AcuNav; Siemens, Berlin, Germany)
was introduced via the nasal route to the esophagus to assist
transseptal puncture.14 After crossing the septum and
introducing a guidewire into the left superior pulmonary vein
(LSPV), the long sheath was replaced with a steerable sheath
(14-F FlexCath; Medtronic, Minneapolis, MN), and a cryobal-
loon (28 mm, second generation) was introduced into the left
atrium. Next, the Achieve mapping catheter (20 mm diameter;
Medtronic) was placed in the LSPV ostium, cryoballoon
inflated and contrast injected to confirm proper occlusion of
LSPV. When PVI was achieved during the first inflation and
confirmed by the disappearance of PV potentials within
60 seconds by recordings from the Achieve catheter, no
second cryoapplication was performed. In case of incomplete
occlusion, persistence or very late disappearance of PV
potentials, suboptimal temperatures achieved (warmer than
�36°C) or very short thawing time, the cryoballoon was
repositioned and another cryoapplication was delivered. Next,
CB-PVI of the left inferior pulmonary vein (LIPV), right superior
pulmonary vein (RSPV), and right inferior pulmonary vein
(RIPV) was performed. No adenosine testing for persistence of
PV potentials was performed.

PV Pressure Assessment
All examinations were conducted using a diagnostic 5-F
catheter (Angiosin; B. Braun, Berlin, Germany) connected to a
pressure transducer. Numerical values were displayed using
an electrophysiological system (Labsystem Pro EP; Boston
Scientific). The diagnostic catheter was introduced into the
left atrium using a steerable sheath and then moved over the
wire (Whisper; Abbott Laboratories, Abbott Park, IL) to the
target location: the medial branch of the PV, usually 3 to 4 cm
from the PV ostium. Care was taken to obtain measurements
from exactly the same location before and after ablation. The
preablation pressure measurements were taken starting in
the LSPV, followed by LIPV, RSPV, and RIPV. Calibration was
performed according to standard procedures. The mean and
systolic pressure data were collected when they remained
stable for at least 30 seconds. After completing PVI, pressure
measurements were repeated in the same order as before
ablation.

PA Pressure Assessment
The 5-F diagnostic catheter was introduced via the right
femoral vein first into the right atrium and then redirected to

Clinical Perspective

What Is New?

• This study shows that cryoenergy causes significant eleva-
tion of right heart pressures and damage to the inner
surface of pulmonary veins as deep as 3 to 4 cm from the
pulmonary vein ostium.

What Are the Clinical Implications?

• These findings stress the importance of positioning the
cryoballoon as close to the pulmonary vein ostium as
possible and avoiding very low temperatures during cryoen-
ergy delivery.
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the right ventricle and the PA trunk. The PAWCP was
measured in the PA branch corresponding to the PV where
ablation was applied. The measurements were taken before
balloon inflation, during cryoablation, and after balloon
deflation when they remained stable for at least 30 seconds.

Original recordings of PAWCP and fluoroscopic images
showing the placement of ablation tools as well as catheters
for pressure measurements are presented in Figure 1.

IVUS Examination of the PV
An IVUS catheter (Eagle Eye Platinum; Volcano, San Diego,
CA) with maximum ultrasonic detection depth of 20 mm was
mounted on a guidewire (0.014-in percutaneous transluminal

coronary angioplasty guidewire) and advanced under fluoro-
scopic guidance into each PV. The IVUS probe was advanced
distally into the PV where automatic pullback (1 mm/s) was
performed to determine the extent of PV branching and to
identify atrial tissue within each vein. The recording was
stopped at the level where the PV ostium was identified using
both IVUS and fluoroscopy. Digital commentary was per-
formed during pullback of the IVUS catheter. The distance
covered during the pullback maneuver and the minimal and
maximal vessel diameter and circumference values were
measured. All PV were imaged twice, before and after
ablation, and analyzed offline by 2 operators. Care was taken
to obtain visualization from exactly the same location before
and after ablation. The morphologic changes of the PV wall

Figure 1. Fluoroscopic images showing the placement of the inflated cryoballoon in each pulmonary vein
ostium and contrast trapped in the vein as well as catheters for pressure measurements located in
corresponding pulmonary artery branch. CB indicates cryoballoon; LIPV, left inferior pulmonary vein; LSPV,
left superior pulmonary vein; PA Cath, pulmonary artery catheter; RIPV, right inferior pulmonary vein; RSPV,
right superior pulmonary vein.
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were analyzed and categorized as edema and dissection-like
changes. The PV diameter and lumen were measured. The PV
area and relative narrowing of vein area, defined as percent-
age of vein area covered by edema at the spot where the first
morphologic change was noticed, were also computed.

Statistical Analysis
Results are presented as mean�SD or median or as numbers
and percentages. The quantitative variables were compared
using the Student t test, and qualitative parameters were
compared using the Fisher exact test. The calculation was
performed in Excel 2010 software with the Analysis ToolPak
(Microsoft, Redmond, WA). P<0.05 was considered signifi-
cant.

Results
All ablation procedures were uneventful. The mean duration of
PVI with PA pressure measurement was 123�18 minutes. All
32 PVs were isolated. There were no significant differences
between duration of cryoapplication between the PVs.
Thawing time was longest in the LSPV and shortest in the
RIPV (43�15 versus 24�13 seconds, P=0.014). The mean
lowest temperature was achieved in the RSPV, whereas the
highest negative temperature was measured in the LIPV
(�45�4°C versus �42�4°C, P=0.014; Table 1).

LA and PV Pressures
The systolic and mean pressures in all 32 PVs were measured.
Following CB-PVI, pressures in PVs increased; however,
differences did not reach significance (Table 2).

Right Atrial, Right Ventricle, and PA Pressures
The mean values of right atrial and PA pressures increased sig-
nificantly after CB-PVI (9�6 versus 13�8 mm Hg, P=0.004,
and 20�9 versus 24�10 mm Hg, P=0.048, respectively),

whereas elevation in the right ventricle pressure did not reach
significance (14�4.5 versus 19.5�10 mm Hg, P=0.129;
Table 2). Individual data are presented in Figure 2.

Segmental PA Pressures
The PAWCP in the PA branches corresponding to a PV that
was ablated significantly increased during cryoapplication in
all PVs. After cryoballoon deflation, these values returned to
baseline values only in the LIPV, whereas in the LSPV,
RSPV and RIPV, they remained elevated compared with
baseline values (difference in the RIPV was significant;
Table 3).

IVUS Parameters
All details are presented in Table 4. Before ablation, muscle
sleeves were identified in 17 veins (53%), with the highest
percentage of 62.5% in the LIPV. After ablation, images
resembling edema (Figure 3, Videos S1 and S2) and dissec-
tion-like changes as far as 3 cm from the PV ostium were
found in 32 PVs (90%; Figure 4). Dissection-like changes at
the PV ostium level were most frequently visualized in the
LSPV, LIPV, and RIPV (up to 88%) and least frequently in the
RSPV (71%). Edema was visualized in all left PVs, in 88% of
RIPVs, and in 72% of RSPVs. We also recorded changes in

Table 1. Procedural Details

Application
Time (S)

Number of
Applications
(Mean and
Range)

Average
Temperature
(Celsius)

Thawing
Time (S)

LSPV 420�246 2 (1–4) �43�5 43�15

LIPV 253�32 1.2 (1–2) �41�6.5 37�17

RSPV 290�96 1.2 (1–2) �45�4 40�10

RIPV 305�97 1.2 (1–2) �42�4 24�13

LIPV indicates left inferior pulmonary vein; LSPV, left superior pulmonary vein; RIPV, right
inferior pulmonary vein; RSPV, right superior pulmonary vein.

Table 2. Pre- and Postablation Pressure Values

Preablation
(mm Hg)

Postablation
(mm Hg) P Value

LA pressure 14.5�5 16�9.5 0.368

LSPV systolic 20�10 24�8.5 0.072

LSPV mean 14.3�5 14.7�5.5 0.399

LIPV systolic 19.1�10 23�10 0.176

LIPV mean 12.5�8 18�10 0.065

RSPV systolic 23.6�9 24�13 0.458

RSPV mean 14.2�5 13.1�7 0.331

RIPV systolic 16.7�7 23.1�10 0.078

RIPV mean 13.4�4 16�6.5 0.086

RA systolic 14.8�9 19.7�10 0.015*

RA mean 9�6 13�8 0.004*

RV systolic 24.6�7 33.1�11 0.086

RV mean 14�4.5 19.5�10 0.129

PA systolic 26.1�10.5 34.1�14 0.047*

PA mean 20�9 24�10 0.048*

LA indicates left atrium; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary
vein; PA, pulmonary artery; RA, right atrium; RIPV, right inferior pulmonary vein; RSPV,
right superior pulmonary vein; RV, right ventricle.
*p<0.05.
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each vein area, before and after cryoablation, at the first most
distal spot where the morphologic changes occurred (LSPV:
40�24 versus 53�30 mm2, P=0.44; LIPV: 37�15.5 versus
46�26 mm2, P=0.54; RSPV: 29�17 versus 56�32 mm2,
P=0.11; RIPV: 27�3 versus 61�46 mm2, P=0.22). The most
distal changes were recorded in the LSPV as far as
35�18 mm from the ostium, followed by LIPV, RIPV, and
RSPV, where this distance was 13�11 mm. The dissection-
like morphology changes were recorded in 12 PVs (38%)
distally from ostium. In the LSPV, it was present as far as
26�20 mm from the ostium, whereas in the RSPV, it was
visualized 8.7�8.8 mm from the PV ostium.

Discussion
To our knowledge, this study is the first to examine the effects
of CB-PVI on pulmonary vessel and right heart pressures as

well as PV wall morphology. The key findings of our study are
as follows: (1) PAWCP elevation is a direct reaction to the
cryoballoon occlusion of PV; (2) PAWCP remained significantly
elevated up to 20 minutes after cryoballoon deflation in the
RIPV; (3) right heart pressure is affected by CB-PVI; (4) there is
no elevation of the LA pressure, thus right heart pressure
increase is not due to LA changes; and (5) the PV wall is
affected by low-temperature blood far more distal than just at
the ostium.

Previous studies regarding ablation for AF and effects on
pulmonary pressure dealt only with radiofrequency ablation.
Witt et al15 found that �8% of patients developed an increase
in PA pressure after AF ablation; however, they measured
pressures indirectly using echocardiography and not direct
catheterization. They also suggested that one of the mech-
anisms was the development or unmasking of left ventricular
diastolic dysfunction. Others speculated16 that multiple
mechanisms may cause elevated pulmonary pressures. These
include the involvement of the lungs due to PV stenosis,17 PV
occlusion, and, rarely, pulmonary embolism.18 Radiofrequency
catheter ablation can also lead to scarring of the atrium,
which can cause LA diastolic dysfunction, known as LA
stiffness, leading to elevated pulmonary pressures.19 One
study evaluated cryoballoon-related scar in the left atrium and
found that only �27% of the posterior wall remained
unablated.20 Consequently, the phenomenon of LA stiffness
may be as frequent in CB-PVI as in radiofrequency ablation.

Nevertheless, LA scarring cannot be responsible for the
findings of our study. All measurements were taken online
during cryoballoon inflation and showed immediate pressure
changes. We assume that pulmonary capillaries were affected
both functionally and structurally by increased transmural
pressure caused by blood trapped in the PV due to
cryoballoon occlusion and ice formation in the PV. Moreover,
we think that cryoenergy is delivered deeper inside the PV
than it should be and not only perpendicular to the PV toward

Figure 2. Cryoablation-induced changes of RA and PA pressures (mm Hg in individual patients). PA
indicates pulmonary artery; RA, right atrial.

Table 3. Pressure Values in the Pulmonary Artery Branches
Corresponding to Target PV Measured Before, During, and
After Cryoapplication

Ablated
PV

PA
Pressure
Preablation
(mm Hg)

PA
Pressure
Postablation
(mm Hg) P Value*

PA
Pressure
During
Ablation
(mm Hg) P Value†

LSPV 20�10 24�11 0.019 29�8.5 0.004‡

LIPV 24�10 24�9 0.459 32�6 0.013‡

RSPV 24.5�9 29�11 0.055 35�10 0.002‡

RIPV 24�10 29.2�13 0.032‡ 37�12 0.004‡

LIPV indicates left inferior pulmonary vein; LSPV, left superior pulmonary vein; PA,
pulmonary artery; PV, pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, right
superior pulmonary vein.
*Difference between pre- and postablation values.
†Difference between pre- and during ablation values.
‡p<0.05.
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the esophagus or bronchi but also parallel toward the distal
PV. This is mainly caused by low temperature transmitted
through cooled or frozen blood blocked in the PV. Further

physiological studies are warranted to confirm our specula-
tions. In addition, we found that pressures in the right heart
remained elevated after CB-PVI, even when LA pressure was

Table 4. The Intravascular Ultrasonography Parameters Obtained in PVs Before and After Ablation

LSPV LIPV RSPV RIPV

Distance from PV ostium to the distal part of muscle
sleeve, mm (mean/median)

9.3�1.75 7.5�3 6.9�5.3 2.3�2

Diameter of the muscle sleeves, mm (mean/median) 0.825�0.6 1.3�1 0.38�0.08 0.52�0.05

Distance of measurement in the vein
after cryoablation, mm (mean/SD)

71.25�22 64�27 62.75�21 68�27

Distance from first visualized morphological change
(edema and/or dissection) inside PV to PV ostium, mm (mean/SD)

35�18 26�4.7 13�11 15�13

Area of the ostium before cryoablation, mm2 (mean/SD) 136.4�19.8 113�30 114�13 79�45

Area of the ostium after cryoablation, mm (mean/SD) 135�38 104�26 135�34 131�35

Area of the vein at the level of first recorded morphologic
change before cryoablation, mm2 (mean/SD)

40�24 37�15.5 29�17 27�3

Area of the vein at the level of first recorded morphologic
change after cryoablation, mm2 (mean/SD)

53�30 46�26 56�32 61�46

Relative vein narrowing at the level of first
recorded morphologic change (%)

32 37 22 26

Diameter of edema at the level of first recorded
morphologic change, mm (mean/SD)

2.1�0.1 2.7�1.7 2.2�1.6 2.1�1.6

Existence of dissection at the morphological change spot (%) 50 50 75 43

Distance from first dissection spot to PV ostium, mm (mean/SD) 26�20 18�10 8.7�8.8, median 7.5 13.1�11.1

Diameter of edema/intramural hematoma in the
ostium level, mm (mean/SD)

3.8�1.5 4�1.8 2.5�1.8 5.4�6.2, median 3.65

Existence of dissection-like event in the PV ostium level (%) 87.5 88 71 88

Existence of edema in the PV ostium level (%) 100 100 72 88

LIPV indicates left inferior pulmonary vein; LSPV, left superior pulmonary vein; PV, pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein.

Figure 3. Visualization with intravascular ultrasonography of the inner vein lumen before cryoablation
(left panel) and after balloon deflation (right panel). The area of edema with a diameter of 6.88 mm is visible
as well as the relative area lumen reduction.
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relatively normal. This is another reason to consider pul-
monary capillaries as the origin of PA pressure elevation.

IVUS provides in vivo visualization of the morphology and
motility of small intraluminal structures that cannot be
revealed by traditional diagnostic methods21 and may reveal
intraluminal or mural details that are undetected with
venography. Moreover, IVUS is the most precise imaging
method for measuring the inner diameters of vessels.22 In the
literature, there are descriptions of morphologic changes
recorded in PVs as wall thickening due to thrombosis,
periphlebitic edema, or frozen valves. In anatomic human
specimens, wall thickening in the PV was demonstrated as
muscle sleeves infiltrating the PV from the left atrium.12

Using IVUS, we found 2 main types of morphologic
changes caused by CB-PVI. One is the intravein edema that is
seen as hypoechogenic abnormal tissue after ablation and is
not present before CB-PVI. The second finding is formation of
dissection-like space inside the edema that is seen in IVUS as
black and anechoic space. To date, no pathomorphologic
examination of these changes has been performed; therefore,
we are not able to confirm that our findings represent true
vein dissection.

At sites where the first morphologic change was observed,
vein area was increased. Despite the fact that edema
decreased relative vein area, true PV lumen increased. This
may be the effect of elevation of blood pressure in a blocked
vein when a new portion of blood was flowing from the PA. It
also may be speculated that low temperature might “paralyze”
the PV wall, and in this way, PV distension occurred.

In summary, the results of IVUS examinations suggest that
cryoenergy affects not only the ostium of PVs but reaches far

deeper inside PVs (3–4 cm), probably by cooling effects of
frozen blood trapped in the PV during cryoapplication.

Our findings may have important clinical implications. The
CB-PVI is a rapidly expanding method for AF ablation because,
being a single-shot device, is much easier to use than point-
by-point radiofrequency ablation. Already, >220 000 CB-PVI
procedures have been performed all over the world (Med-
tronic data, unpublished commercial data); therefore, the
safety issue is of utmost importance. Although recent studies
showed that the efficacy and safety of CB-PVI is similar to that
of radiofrequency ablation, the follow-up duration rarely
exceeds 2 or 3 years. In contrast, recent reports suggested
new complications of CB-PVI such as PV stenosis and
bronchial and esophageal injury.23–25 Consequently, we
believe that further research on the mechanisms of CB-PVI
and longer follow-up are needed. Other issues such as
whether we should exclude from CB-PVI patients with a
history of pulmonary embolism or chronic obstructive pul-
monary disease should also be addressed.

Limitations
The study group was very small, and the study is only
hypothesis generating. It was not possible to measure PV
pressures during cryoapplication, but this could give addi-
tional important data. No long-term follow-up data are
available; therefore, the clinical significance of our findings
is unclear. PAWCP in the right lower lung PA segment stayed
elevated longer after CB-PVI than in other locations, which
may be explained in part by the fact that the measurements in
this artery were always taken after all veins were ablated.

Figure 4. Visualization with intravascular ultrasonography of the inner vein lumen before cryoablation
(left panel) and after balloon deflation (right panel). The white arrows mark area of dissection-like
morphologic changes in the PV wall. The PV wall edema may also be noticed. PV, pulmonary vein.
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Consequently, all post–CB-PVI changes of pulmonary capil-
laries in the left lung and superior and middle lobe in the right
lung might affected measurements.

Conclusions
CB-PVI causes unexpectedly high transient rises in PA and
right atrial pressures. Cryoenergy affects the PV wall, resulting
in acute edema or dissection-like changes as far as 3 to 4 cm
from the PV ostium. Whether these findings are of clinical
significance has to be examined in larger studies.
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