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Incidence and Predictors of Pulmonary Vein Stenosis Following

Catheter Ablation of Atrial Fibrillation Using the Anatomic
Pulmonary Vein Ablation Approach: Results from Paired
Magnetic Resonance Imaging
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Pulmonary Vein Stenosis After Atrial Fibrillation Ablation. Introduction: There are currently
no studies systematically evaluating pulmonary vein (PV) stenosis following catheter ablation of atrial
fibrillation (AF) using the anatomic PV ablation approach.

Methods and Results: Forty-one patients with AF underwent anatomic PV ablation under the guidance
of a three-dimensional electroanatomic mapping system. Gadolinium-enhanced magnetic resonance (MR)
imaging was performed in all patients prior to and 8-10 weeks after ablation procedures for screening of
PV stenosis. A PV stenosis was defined as a detectable (=3 mm) narrowing in PV diameter. The severity
of stenosis was categorized as mild (<50% stenosis), moderate (50-70%), or severe (>70%). A total 157
PVs were analyzed. A detectable PV narrowing was observed in 60 of 157 PVs (38%). The severity of
stenosis was mild in 54 PVs (34 %), moderate in five PVs (3.2%), and severe in one PV (0.6%). All mild
PV stenoses displayed a concentric pattern. Moderate or severe PV stenosis was only observed in patients
with an individual encircling lesion set. Multivariable analysis identified individual encircling lesion set and
larger PV size as the independent predictors of detectable PV narrowing. All patients with PV stenosis were
asymptomatic and none required treatment.

Conclusions: The results of this study demonstrate that detectable PV narrowing occurs in 38% of PVs
following anatomic PV ablation. Moderate or severe PV stenosis occurs in 3.8 % of PVs. The high incidence
of mild stenosis likely reflects reverse remodeling rather than pathological PV stenosis. The probability
of moderate or severe PV stenosis appears to be related to creation of individual encircling rather than
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Introduction

Pulmonary vein (PV) stenosis is an important complica-
tion of catheter ablation of atrial fibrillation (AF). It has been
reported in up to 21% of patients with AF undergoing seg-
mental PV isolation.'® This procedure involves the delivery
of radiofrequency (RF) current either within the PVs or to the
ostial portion of the PVs, with the goal of achieving electrical
isolation of all PVs as determined with the use of circum-
ferential multipolar mapping catheters. More recently, Pap-
pone and colleagues’™'? developed an alternative approach to
catheter ablation of AF, referred to as anatomic PV ablation.
This procedure involves the delivery of multiple RF applica-
tion in a circumferential fashion around the two right and two
left PV ostia, as well as the creation of several linear lesions
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guided by electroanatomic mapping. Despite the widespread
adoption of the anatomic PV ablation approach, no prior study
has systematically evaluated the severity and incidence of PV
stenosis following this procedure. Therefore, it was the aim
of this study to determine the incidence, severity, and predic-
tors of PV stenosis following anatomic PV ablation by the
means of paired magnetic resonance (MR) imaging.

Methods
Study Patients

The patient population included 41 consecutive patients
(18 females, 56 = 10 years) who underwent anatomic PV
ablation as an initial ablation strategy for treatment of symp-
tomatic drug refractory AF. MR imaging was obtained prior
to and 8—10 weeks after catheter ablation. Structural heart dis-
ease was present in eight patients (20%). Four patients had
coronary artery disease, one had hypertensive heart disease,
one had nonischemic cardiomyopathy, one had surgical cor-
rected atrial septal defect, and one had mitral valve prolapse.
Twelve patients had paroxysmal AF, 12 had persistent AF,
and 17 had permanent AF. LA size averaged 45 £ 8.5 mm.
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individual encircling lesion

encircling in pairs lesion

Figure 1. Two types of lesion sets. Anatomic maps of the left atrium and pulmonary veins, posteroanterior view, show individual encircling lesion (left panel)
and encircling in pairs lesion (right panel). See text for a further description. Dark brown points indicate the ablation sites. LSPV = left superior pulmonary
vein; LIPV = left inferior pulmonary vein; RSPV = right superior pulmonary vein; RIPV = right inferior pulmonary vein; MA = mitral annulus.

Informed written consent was obtained in all patients under a
protocol approved by the Johns Hopkins Institutional Review
Board.

Electrophysiologic Study and Catheter Ablation

After gaining access through the right and left femoral
veins, two quadripolar catheters were introduced into the right
atrium. One 6- or 7F catheter was placed at His-bundle posi-
tion and another 7F deflectable electrode catheter with 2—-5-2
mm interelectrode spacing was inserted into the coronary si-
nus. A single transseptal puncture was then performed under
fluoroscopic guidance and one long vascular sheath (SRO,
St. Jude Medical, Minnetonka, MN, USA) was introduced
into the left atrium (LA). Following the transseptal puncture
an initial intravenous bolus of 5000 IU heparin was given,
and repeated doses of heparin were given to maintain the
activated clotting time >300 seconds. The long sheath was
flushed with heparinized saline at a flow rate of 3 mL/minute
during the entire procedure. A quadripolar deflectable 8-mm
tip catheter (Navistar, Biosense Webster, Diamond Bar, CA,
USA) was inserted into the LA via the long sheath for map-
ping and ablation.

The LA anatomy was reconstructed by point-to-point se-
quential sampling of the endocardial sites using a three-
dimensional electroanatomic mapping system (CARTO,
Biosense Webster). The LA appendage and the mitral an-
nulus were demarcated. Mapping of each PV was performed
by placing the Navistar catheter 2—4 cm inside each PV and
slowly pulling it back to the LA under fluoroscopic guidance.
During this course, virtual tubes were created by CARTO to
represent the main body of the PVs. The ostium of each PV
was identified based on the results of selective biplane PV
angiography and fluoroscopic visualization of the catheter
tip entering cardiac silhouette with simultaneous decrease in
impedance and appearance of atrial potential.® 1112

Circumferential lesions encircling right and left PVs ostia
were created by delivering RF current to the tip of the Nav-
istar catheter under the guidance of CARTO. Linear ablation
lesions were also created at the cavotricuspid isthmus, the
mitral isthmus, and on the posterior wall of the LA. In 24
patients additional linear lesions were created between the
superior and inferior PVs resulting in an individual encir-

cling lesion in comparison to a encircling in pairs lesion in
the remaining 17 patients (Fig. 1). The RF energy was applied
continuously with repositioning of the catheter tip every 10—
20 seconds at a target temperature of 55°C and a maximum
power of 70 W in a temperature control mode. The target was
to reduce local bipolar voltage by 80% or to <0.1 mV at the
ablation sites.” The intention was to place RF lesions at least
1-2 cm away from the PV ostia to avoid PV stenosis. How-
ever, in some cases RF lesions were deployed at the anterior
portion of the left superior PV ostium due to its proximity
to the LA appendage.'? Continuous impedance monitoring
was used to avoid inadvertent RF current delivery within the
PVs.312 RF energy was immediately discontinued when a
>10 €2 increase in impedance was observed. As an anatomy
based ablation strategy, no assessments such as differential
pacing were performed to demonstrate conduction block at
the ablation lines created in the LA.

Patients were discharged home the following day. They
were instructed to take low molecular weight heparin
(Lovenox) until their protime reached therapeutic level. Each
patient was seen in follow-up 8 weeks following the ablation
procedure. Thereafter patients who live locally were followed
at 2-3 months intervals. Many of our patients do not live in
this region of the country and we therefore allowed follow-up
through their local cardiologist and/or internist. For patients
not being followed at our center, we obtained follow-up infor-
mation by contacting both patient and their following physi-
cian. Each of these patients was being seen on a regular basis
by their referring physician. Patients who reported symptoms
compatible with an arrhythmia underwent event monitoring.
All patients were followed for a minimum of 3 months fol-
lowing the catheter ablation procedure. A successful outcome
was defined as the absence of any symptomatic atrial arrhyth-
mias beyond the first month without the use of antiarrhythmic
drugs. No efforts such as periodic 7-day Holter monitoring
were made to screen asymptomatic occurrence of atrial ar-
rhythmias.

Magnetic Resonance Imaging
Image acquisition

Within 1 week prior to and 8-10 weeks after ablation pro-
cedures, all patients underwent Gadolinium-enhanced MR
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Figure 2. Measurement of pulmonary vein (PV) and left atrium (LA) diameters. A: Virtual endoscopic image of the right PVs. B: Virtual endoscopic image
of the left PVs. C: Oblique coronal image with targeted maximum intensity projection parallel to long axis of the right superior PV (RSPV). Superoinferior
diameter was measured at the junction between the RSPV and LA (arrow). The junction was defined as point of inflection between the PV wall and LA wall.
D: Oblique axial image and measurement of anteroposterior diameter of the RSPV by using the same method mentioned above. E: Oblique axial view of the
LA. Transverse diameter of the LA was defined as the distance between the midpoint of the right and left PVs. Anteroposterior diameter was measured at
the midpoint of transverse diameter (arrows). F: Sagittal image of the LA. Longitudinal diameter was also measured at the midpoint of transverse diameter
(arrow). LSPV = left superior pulmonary vein; LIPV = left inferior pulmonary vein; RIPV = right inferior pulmonary vein; LAA = left atrium appendage.

imaging with a 1.5-T MR imaging system (Signa Horizon
LX; GE Medical Systems) using the protocol we reported in
detail previously.!> Briefly, MR angiograms (MRAs) were
obtained with a breath-hold three-dimensional fast spoiled
gradient-echo imaging sequence in the coronal plane. The
acquisition time was approximately 15 seconds. Maximum
intensity projection (MIP) and multiplanar reformations were
performed to reconstruct images of the PV and LA. Virtual
endoscopic images (VEIs) were reconstructed to determine
PV anatomy and ostium location (Fig. 2A,B).

Measurement of PV diameters

Initial evaluation of the MR imaging scans was performed
with 20- to 40-mm-thick MIPs and VEIs. The superoinferior
(SI) and anteroposterior (AP) diameters of each PV were then
assessed in 8- to 10-mm-thick slices of two long-axis MIP
PV images (oblique coronal and oblique axial images). The
slice thickness was selected because it usually covered more
than half of the maximal PV diameter. To determine the long
axis of the PV, axial and coronal tomograms at the junction
of the PV and LA were displayed, and then oblique coronal
and oblique axial images were identified parallel to each PV.
The PV ostium was defined as the point of inflection between
the LA wall and the PV wall (Fig. 2C,D). The ostium of right
superior PV (RSPV) was difficult to detect because of its
funnel shape. To overcome this obstacle, multiple oblique
coronal planes were used for detecting the upper wall of the
right inferior PV (RIPV) as a marker of the border between
the LA and PV."3 The diameter of each PV was assessed at
the ostium and 5, 10, and 15 mm more distal.

Measurement of LA size and calculation of LA volume

The size of the LA was measured according to the tech-
nique of Ho et al.'* The measurement of transverse diameter
of the LA was defined as the distance between the midpoint
of the right and left PVs in oblique axial images. The AP
and longitudinal diameters were measured at the midpoint of
the transverse diameter in oblique axial and sagittal images,
respectively (Fig. 2E,F). The LA volume was calculated us-
ing the following equation considering that LA resembles an
ovoid cylinder:

LA volume = 7w x transverse diameter x AP diameter
x longitudinal diameter/4.

All diameters were measured with the use of a digital caliper
on the three-dimensional original digital data set to the near-
est millimeter by two investigators (J.D. and V.Y.) who were
blinded to the lesion sets and clinical outcomes. The intraob-
server variability and interobserver variability of the MR
imaging measurements of PV size were 0.9 £ 1.2 mm and
1.1 £ 1.4 mm, respectively.

Assessment of PV stenosis

A PV stenosis was defined as narrowing of the PV (main
vessel or first branch) diameter >3 mm, as the nominal res-
olution of the source images was 2.4 mm.'3 The percentage
diameter reduction and patterns of PV stenosis (concentric
or eccentric) were recorded. The severity of stenosis was cat-
egorized as mild (<50% stenosis), moderate (50-70%), or
severe (>70%).'? Both the oblique coronal view and oblique
axis view were used for measuring PV narrowing.
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Figure 3. Comparison between superoinferior (SI) and anteroposterior
(AP) pulmonary vein (PV) ostial diameters. LSPV = left superior pulmonary
vein; LIPV = left inferior pulmonary vein; RSPV = right superior pulmonary
vein; RIPV = right inferior pulmonary vein.

Statistical analysis

The data are presented as mean £ SD, counts or percent-
ages, as appropriate. Comparison was performed by Student’s
t-test for continuous variables and chi-square test or Fisher’s
exact test for categorical variables. Longitudinal logistic and
linear regression analyses were used to determine predictors
of PV stenosis and percentage reduction of PV diameter, re-
spectively. Longitudinal linear regression was performed to
detect the correlation between PV diameter reduction and
LA volume reduction. All tests were two-tailed; P < 0.05
was considered significant. All statistical analyses were per-
formed by using STATA statistical software package (version
8.0, College Station, TX, USA).

Results
Clinical Outcomes of Catheter Ablation

A successful outcome was achieved in 25 patients (61%)
after amean follow-up of 5.7 & 2.7 months. No patients expe-
rienced symptoms consistent with PV stenosis. Two patients
developed atypical atrial flutter during first month follow-

TABLE 1

Location and Severity of Pulmonary Vein Stenosis

Mild Moderate Severe
Stenosis Stenosis Stenosis
(<50%) (50-70%) (>70%) Total
LSPV (n = 29) 5(17) 0 0 5(17)
LIPV (n =29) 8 (28) 134 1334 10 (35)
RSPV (n = 40) 18 (45) 1(2.5) 0 19 (48)
RIPV (n = 40) 15 (38) 2(5) 0 17 (43)
LCPV (n=12) 8 (67) 0 0 8 (67)
RMPV (n = 5) 0 1 (20) 0 1 (20)
RCPV(n=1) 0 0 0 0
RTPV (n=1) 0 0 0 0
Total (n = 157) 54 (34) 5(3.2) 1(0.6) 60 (38)

Values are given as n (%).
LSPV = left superior pulmonary vein; LIPV = left inferior pulmonary
vein; RSPV = right superior pulmonary vein; RIPV = right inferior
pulmonary vein; LCPV = left common pulmonary vein; RMPV = right
middle pulmonary vein; RCPV = right common pulmonary vein; RTPV =
right top pulmonary vein.

up. The atrial flutter resolved spontaneously in one patient
and was successfully cardioverted in the other patient. At the
last follow-up visit, the former had AF relapse and the latter
remained in sinus rhythm on antiarrhythmic drug.

PV Anatomic Patterns

The PV anatomy was visualized in each study patient.
There were 157 PVs in the 41 patients. Twenty-six patients
(63%) had a typical pattern of four PVs. A left common PV
and a right middle PV (RMPV) were observed in 12 patients
(29%) and 5 patients (12%), respectively. Two patients had
a right common PV (n = 1) or a right top PV (n = 1).15 PV
ostia were oval in shape with the SI diameter greater than the
AP diameter (Fig. 3).

Incidence and Characteristics of PV Stenosis Following
Anatomic PV Ablation

A PV stenosis, as defined as a detectable (>3 mm) reduc-
tion in PV diameter, was observed in 60 of 157 PVs (38%). It
is notable that in 19 of these 60 stenosed PVs (32%), the di-
agnosis of PV stenosis was solely based on narrowing of the
AP diameter. Table 1 summarizes the location and severity
of PV stenosis observed in this study. The degree of stenosis
was mild in 54 PVs (34%), moderate in 5 PVs (3.2%), and
severe in 1 PV (0.6%).

Shown in Figure 4 are representative examples of the dif-
ferent patterns of PV stenosis observed in this study. Figure
4A,B show examples of a concentric mild PV stenosis. It is
notable that all mild PV stenoses were concentric. Among
six PVs with moderate or severe stenosis, four (2 RIPVs, 1
RSPV, 1 RMPV) manifested as an eccentric stenosis. The
remaining two moderate or severe stenoses were concentric
(two left inferior PVs). Focal narrowing in PVs with eccen-
tric stenosis was centrically located (i.e., at the inferior wall
for superior PV and at the superior wall for inferior PV).
Figure 4C,D show examples of moderate PV stenosis, a
RSPV with focal narrowing at its inferior wall. Figure 4E,F
show the only severely stenosed PV (left inferior PV) ob-
served in this study, with a 72% ostial narrowing in conjunc-
tion with occlusion of the superior branch of the left inferior
PV.

When analyzed based on patients rather than PVs, 30 of
41 patients (73%) had >1 stenosed PV (range: 1-4). Twenty-
four patients (59%) had only mild PV stenosis, five (12%) had
moderate PV stenosis, and one (2.4%) had severe PV steno-
sis. Of note, none of the patients with PV stenosis required
therapy.

Predictors of PV Stenosis

In order to determine predictive factors of PV stenosis,
the potential predictors of PV stenosis listed in Table 2 were
included in a longitudinal logistic regression model. In the
univariable analysis, preablation PV diameter (larger) was
identified the predictor of PV stenosis and individual encir-
cling lesion had a borderline P value of 0.06. Multivariable
analysis revealed that both individual encircling lesion and
preablation PV diameter were the independent predictors of
PV stenosis following ablation procedure (Table 2). Creation
of an individual encircling lesion was associated with a 2.7-
fold higher risk of PV stenosis than a encircling in pairs le-
sion. In comparison to PVs with smaller diameter, PVs with
larger diameter were more likely to suffer from PV stenosis.
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Figure 4. Pulmonary vein stenosis following anatomic pulmonary vein ablation. Top, baseline magnetic resonance images. Bottom, follow-up magnetic
resonance images. See text for a further description. LIPV = left inferior pulmonary vein; RSPV = right superior pulmonary vein; RIPV = right inferior

pulmonary vein.

In a longitudinal linear regression model, both creation of an
individual encircling lesion (coefficient 2.1, P = 0.001) and
preablation PV diameter (larger) (coefficient 0.85, P < 0.001)
were found to be the predictors of percentage reduction of PV
diameter after adjusting for other potential predictors listed
in Table 2.

A relationship was also observed between the lesion set
and the incidence of moderate or severe PV stenosis. Moder-
ate or severe PV stenosis was observed in 6 of 94 PVs (6.4%)
in patients who underwent ablation using the individual en-
circling lesion as compared with none of the 63 PVs (0%) in
patients who underwent ablation using a encircling in pairs
lesion (P = 0.08). Similarly, the incidence of moderate or
severe PV stenosis was greater among patients having indi-
vidual encircling lesion than among those having encircling
in pairs lesion (6/24 [25%] vs 0/17 [0%], P = 0.03) (Fig. 5).
Due to very low incidence of moderate or severe PV stenosis,
no multivariable analysis could be performed to determine the
predictors for moderate or severe PV stenosis.

LA Volume Reduction

The longitudinal, AP and transversal diameters were
62 £ 8 mm, 36 £ 7.5 mm, and 57 £ 7.4 mm before
catheter ablation, respectively. After ablation procedures,
these diameters decreased to 58 & 7.8 mm, 35 &+ 8.5 mm,
and 54 £ 8.6 mm, respectively. Accordingly, the LA vol-
ume reduced from 103 + 36 mL to 89 + 42 mL. Sub-
group analysis revealed that significant LA volume reduc-
tion only occurred in patients who had a successful outcome
(Fig. 6).

Correlation Between PV Diameter and LA Volume
Reduction

Following anatomic PV ablation, the PV ostial diameter
in SI dimension and LA volume decreased by 6.4 + 13% and
15 £ 16%, respectively. Longitudinal linear regression anal-
ysis detected a correlation in percentage reduction between
PV ostial diameter and LA volume (P = 0.05).

TABLE 2
Predictors of Pulmonary Vein (PV) Stenosis Following Anatomic PV Ablation

Unadjusted Odds Ratio Adjusted Odds Ratio
(95% CI) P Value (95% CI) P Value
Age 1.02 (0.98-1.06) 0.43 1.00 (0.95-1.06) 0.90
Female 1.62 (0.71-3.71) 0.25 2.23 (0.71-7.00) 0.17
Individual encircling lesion 2.28 (0.98-5.33) 0.06 2.71 (1.08-6.83) 0.03
Preablation PV diameter 1.08 (1.01-1.16) 0.04 1.11 (1.02-1.20) 0.02
Structural heart disease 1.10 (0.50-2.40) 0.82 0.74 (0.31-1.77) 0.50
Paroxysmal AF 0.74 (0.32-1.72) 0.49 0.82 (0.25-2.76) 0.75

AF = atrial fibrillation; CI = confidence interval.
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Figure 5. Impact of lesion sets on moderate and severe pulmonary vein
(PV) stenosis.

Discussion

To the best of our knowledge, this study is the first to sys-
tematically evaluate the incidence of PV stenosis using either
CT or MR imaging following catheter ablation of AF using
the anatomic PV approach. There are two main findings in
this study. First, this study demonstrated that a detectable re-
duction in PV diameter is present in 38% of PVs following
anatomic PV ablation. Moderate and severe PV stenosis is
observed in 3.2% and 0.6% of PVs, respectively. No patient
developed main vessel occlusion and no patient had symp-
tomatic PV stenosis requiring treatment. And second, the use
of an individual encircling lesion set that requires RF abla-
tion between the ipsilateral PVs, and PV size were identified
as independent predictors of detectable PV narrowing. All
moderate and severe PV stenoses were associated with an
individual encircling lesion set.

Over the past decade, PV stenosis has emerged as a unique
and highly significant complication of catheter ablation of
AF>19719 Not only is PV stenosis difficult to diagnose and
often misdiagnosed for other conditions such as lung cancer
or pulmonary embolism, but PV stenosis may also be life
threatening and is difficult to treat.!®!82% In an attempt to
reduce the incidence of PV stenosis and improve the efficacy
of AF ablation, the ablation target of electrophysiologists
performing this procedure has moved from within the PVs
to the extraostial portion of the PVs or PV antrum.>7%-21-23
This has been facilitated both by the use of three-dimensional
electroanatomic mapping systems and by the use of in-
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Figure 6. Left atrium (LA) volume reduction following anatomic pulmonary
vein ablation.

tracardiac ultrasound.””*232> One of the most commonly
performed approaches today is anatomic PV ablation, de-
veloped by Pappone et al.””! This procedure involves the
use of a three-dimensional electroanatomic mapping system
(CARTO). The lesion set described by Pappone et al. involves
the creation of an individual encircling lesion around the two
left and two right PVs as well as the creation of additional lin-
ear lesions. Oral et al.?*> modified this technique slightly and
abandoned the lesion between the ipsilateral PVs, resulting
in two encircling in pairs lesions.

Despite a major shift in the approaches used for catheter
ablation of AF and the importance of PV stenosis, there have
been no systemic evaluations of incidence and severity of PV
stenosis following catheter ablation of AF using the anatomic
PV ablation approach with MR or CT imaging. Although
Pappone et al.'” reported that none of 589 patients who under-
went this procedure developed PV stenosis, the evaluation of
PV stenosis was limited to transesophageal echocardiograms.
With the use of paired MR imaging, in the current study we
found that a detectable (>3 mm) narrowing in PV diame-
ter is common following anatomic PV ablation, occurring
in 38% of PVs. Moderate (50-70%) and severe (>70%) PV
stenosis is observed in 3.2% and 0.6% of PVs, respectively.
In this series, no patient developed main vessel occlusion
and no patient developed symptomatic PV stenosis requiring
treatment. Independent predictors of detectable PV narrow-
ing were the individual encircling lesion set and the PV size
(larger).

The high incidence of PV stenosis, as defined as a de-
tectable (>3 mm) reduction in PV diameter, and the pres-
ence of any patients with moderate or severe PV stenosis
were surprising and unanticipated, as every effort was made
to deliver RF energy outside the PV ostia. There are sev-
eral potential explanations for these findings. First, although
PV angiography, electroanatomic mapping, and impedance
monitoring were utilized in an attempt to avoid delivery of
RF energy to the PV ostia or within the PVs, these tech-
niques are imperfect. Electroanatomic mapping, for exam-
ple, relies on the patient’s position remaining unchanged
throughout the procedure. With patient movement, the three-
dimensional electroanatomic reconstruction of the LA and
PVs may not accurately reflect true anatomy. Similarly, PV
angiography is typically performed immediately prior to the
start of PV ablation. Not only does this provide only a crude
two-dimensional representation of true PV anatomy, but pa-
tient movement later in the procedure may also result in mis-
alignment of the true PV anatomy with that reflected by the
PV angiograms. Although impedance monitoring provides
on line feedback to the location of the ablation catheter rela-
tive to the PV, a recent study found no significant difference
in impedance between PV ostial and LA sites.!2 Therefore, it
is possible for movement of the ablation catheter into the PV
ostia to be missed. Second, the RF lesions might be placed
indeed at the same location—PYV ostia, as in the PV isolation
approach because the incidence of significant PV stenosis
(>50%) after anatomic PV ablation observed in the current
study is similar to that after segmental PV isolation.’> The
high incidence of mild PV stenosis (defined as a reduction
in diameter of <50%), likely reflects PV reverse remodel-
ing rather than pathological PV stenosis. This hypothesis is
based on the observation that all of the mild PV stenoses
were concentric rather than eccentric. In contrast, four of six
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moderate or severe PV stenoses were eccentric. This expla-
nation is also supported by the finding that the degree of re-
duction in PV size correlated with the degree of LA volume
reduction. Moreover, the results of multivariate analysis of
detectable PV narrowing suggest that individual encircling
lesion set produces more pronounced effect on PV reverse
remodeling and larger PVs are more prone to PV reverse re-
modeling. Based on these results, we would propose that the
term “PV stenosis” be defined in the future as a detectable
eccentric PV narrowing and/or a reduction in PV diameter
of >50%.

We believe LA volume reduction following ablation ob-
served in the present study is due to the effect of sinus rhythm
enhanced reverse remodeling rather than atrial fibrosis caused
by ablation because significant atrial volume reduction was
only found in patients with a successful outcome.

A limitation of our study was that the follow-up MR imag-
ing was performed only 8—12 weeks following catheter ab-
lation. It has been well established that PV stenosis may
progress over time.>"® Therefore we cannot be certain that
the patients in our study with evidence of PV stenosis may
progress over time and ultimately develop symptomatic PV
stenosis requiring treatment. It will, therefore, be important
that follow-up studies are performed to address this important
topic.

There are several clinical implications to the results of
this study. First, it is clear that moderate or severe PV steno-
sis may occur following catheter ablation using the anatomic
PV ablation approach. This finding should compel physicians
performing this procedure to continue to obtain routine post
procedure MR or CT imaging, or at least to have a heightened
awareness of symptoms suggestive of PV stenosis. Second,
the fact that moderate or severe PV stenosis was only ob-
served following anatomic PV ablation using an individual
encircling lesion set suggests that an encircling in pairs le-
sion may be more appropriate. It is notable that Oral et al.?®
reported excellent efficacy of catheter ablation of AF using
the modified anatomic PV approach with this type of encir-
cling in pairs lesion. And finally, the results of this study
suggest that the term “PV stenosis” should be reserved for
patients who develop eccentric and/or significant (>50%) PV
narrowing.
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