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Abstract 

Background Anatomical characteristics of the left atrium and the pulmonary veins (PVs) may be relevant to the suc-
cess rate of cryoballoon (CB)-ablation for atrial fibrillation (AF). Cardiac computed tomography (CCT) is considered as 
the gold standard for preablation imaging. Recently, three-dimensional transesophageal echocardiography (3DTOE) 
has been proposed for preprocedural assessment of cardiac structures relevant to CB-ablation. The accuracy of 3DTOE 
has not been validated by other imaging modalities.

Objective We prospectively evaluated the feasibility and the accuracy of 3DTOE imaging for the assessment of left 
atrial and PV structures prior to pulmonary vein isolation (PVI). In addition, CCT was used to validate the measure-
ments obtained with 3DTOE.

Methods PV anatomy of 67 patients (59.7% men, mean age 58.5 ± 10.5 years) was assessed using both 3DTOE and 
CCT scan prior to PVI with the Arctic Front CB. The following parameters were measured bilaterally: PV ostium area 
(OA), the major and minor axis diameters of the ostium (a > b) and the width of the carina between the superior and 
the inferior PVs. In addition, the width of the left lateral ridge (LLR) between the left atrial appendage and the left 
superior PV. Evaluation of inter-technique agreement was based on linear regression with Pearson correlation coef-
ficient (PCC) and Bland–Altman analysis of biases and limits of agreement.

Results Moderate positive correlation (PCC 0.5–0.7) was demonstrated between the two imaging methods for the 
right superior PV’s OA and both axis diameters, the width of the LLR and left superior PV (LSPV) minor axis diameter 
(b) with limits of agreement ˂50% and no significant biases. Low positive or negligible correlation (PCC < 0.5) was 
found for both inferior PV parameters.

Conclusions Detailed assessment of the right superior PV parameters, LLR and LSPV b is feasible with 3DTOE prior to 
AF ablation. This 3DTOE measurements demonstrated a clinically acceptable inter-technique agreement with those 
obtained with CCT.
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Highlights 

Novel 3DTOE method for the assessment of PV parameters relevant to CB ablation.

The first direct comparison of pre-ablation measurements with 3DTOE and CCT imaging. 3DTOE measurements of 
RSPV, LLR and the LSPV’s minor axis diameter were validated by CCT.

Keywords Three-dimensional transesophageal echocardiography, Pulmonary vein imaging, Computed tomography, 
Cryoablation

Graphical Abstract

Introduction
Pulmonary vein isolation (PVI) is a cornerstone of tran-
catheter ablation procedures for atrial fibrillation (AF). 
Although focal radiofrequency (RF) ablation guided 
by electroanatomical mapping has been considered 
as the „gold standard” technique for PVI, cryoballoon 
(CB) ablation has also gained popularity through recent 
years and has become the preferred technique in many 
centers. With either technology, precise information 
on left atrial (LA) and pulmonary vein (PV) anatomy 
before the ablation might be useful in planning the pro-
cedure including the selection of the most appropriate 
ablation technology. Because PV variants are common, 
the role of preablation imaging of PV and LA structures 

is controversial. This is the preferred approach in many 
centers arguing that a detailed knowledge of PVs and 
LA anatomy helps to determine the ablation strategy 
[1]. However, the results of other authors could not 
confirm that preablation CCT imaging would result in 
better outcome either with CB or RF ablation [2].

Cardiac computed tomography (CCT) or cardiac 
magnetic resonance (CMR) imaging are used rutinely 
for preablation evaluation of patients in many centers. 
The number of PVs, the size and geometry of the ostia, 
the width of the carina between the ipsilateral PVs and 
the width of the left lateral ridge (LLR) between the left 
atrial appandage (LAA) and the left sided PVs are con-
sidered significant predictors of successful isolation. 
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Preprocedural assessment might provide especially 
useful information when PVI is planned with the CB, 
as the spherical balloon has potential limitations to 
accomodate to structures of different size and shape 
which may lead to incomplete occlusion, partial tissue 
contact and thereby isolation gaps along the PV perim-
eter [3–7]. Although these advanced three-dimensional 
(3D) imaging modalities are very useful for preablation 
evaluation, obvious drawbacks have to be considered 
related to their cost, the need for additional time and 
pre-arrangements and the radiation exposure in case of 
a CCT exam.

A potential alternative to preprocedural CCT imaging 
could be the use of intraprocedural intracardiac echocar-
diography (ICE). In this case the ablation technique could 
be selected based on the results of ICE used as the initial 
step of the invasive procedure. This approach could help 
to avoid the unfavorable outcome due to the anatomical 
features of the PVs. [8]. In order to further reduce the use 
of contrast material and fluoroscopic time, some authors 
recommend only ICE with color Doppler to confirm the 
first CB positioning [9].

PVs could also be visualised with transesophageal 
echocardiography ( TOE) in 90–100% of the cases in 
different prospective studies [10, 11]. Indeed, TOE has 
been used by several investigators [12–18] to guide the 
ablation procedure by providing real-time information 
on relavant cardiac structures and the relative position 
of the ablation device. Variable success rates have been 
reported and safety issues related to esophageal injury 
have also been raised by some of these studies [19–22] 
rendering the intraprocedural use of TOE a less preferred 
technique. However, TOE remains a potential option for 
preprocedural evaluation of PVs and related anatomy 
especially with recent progress in 3D reconstruction 
of TEE images ( 3DTOE). TOE is still routinely used by 
many centers to exlude the presence of an LAA thrombus 
prior to ablation, thereby it could be a reasonable sub-
stitute for CCT/CMR with no additional time and cost 
required.

Kettering et  al. reported on the utilisation of 3DTOE 
in 30 patients [23], who, had undergone a first ablation 
with CB and were scheduled for a redo PVI. In another 
study by the same group, 3DTOE was used in 50 patiens 
[24] undergoing an initial PVI with RF or with CB tech-
nology. Excellent image quality was demonstrated in 
these investigations in the majority of the cases provid-
ing relevant anatomical information which facilitated 
the procedures with both ablation methods. Importantly, 
no direct comparison between the results obtained with 
3DTOE versus with another 3D imaging modalities has 
been reported.

Herein, we prospectively evaluated the feasibility and 
the accuracy of 3DTOE for the assessment of the relevant 
LA and PV structures prior to PVI with the 2nd genera-
tion Arctic Front CB. In addition, CCT, considered the 
gold standard of cardiac imaging was also used in these 
patients in order to validate the measurements obtained 
with 3DTOE.

Methods
Study population
67 patients undergoing PVI with the 2nd generation 
CB for paroxysmal or persistent AF were included in 
the study. All patients had a CCT exam within 14 days 
and a 3DTOE exam within 24  h before the ablation 
procedure. All patients gave a written informed con-
sent to the study, to both imaging methods and to CB 
ablation.

CCT imaging
CCT was performed with GE Lightspeed VCT (GE 
Healthcare, USA, HU1008CT03) Single Source 
64-detector computed tomography device. Retrospec-
tive electrocardiogram-triggered mode was applied at 
acquisition, tube current set at 300-750mAs (tissue den-
sity adjusted, peak current at 75% R-R interval), tube 
voltage at 100  kV. Omnipaque 350  mg/ml (GE Health-
care, USA) contrast solution at a dose of 50–60 ml with 
a rate of 5 ml/sec was administered, followed by 40 ml 
normal saline chaser at the same rate. Reconstruction 
and postprocessing were performed with 0.625 mm slice 
thickness using standard filter at the end of the T-wave, 
window settings at central 40/window 400, with slight 
adjustments if needed. Measurements were executed 
offline in multiplanar reconstruction mode with 3D 
viewer program (Volume Viewer™ 15.0 Ext.2). Data col-
lection was performed when the best „en face” view was 
reached.

3DTOE examination and evaluation
Technical aspects
Our local protocol for visualization of the PV’s by 3DTOE 
has been reported [25]. Briefly, patients after a minimum 
4-h fasting were examined in the left lateral decubitus 
position. Mild sedation was administrated using intra-
venous midazolam (2,5–5  mg). Philips EPIQ 7C echo 
scanner (Philips Healthcare, Andover, MA 01,810 USA) 
was used with X7-2t or X8-2t 3DTOE transducers. All 
studies were performed by two cardiologists (CsJ, LTN) 
with experience in echocardiography including 2D and 
3DTOE.

First, LAA was visualized in 2D with upper (or mid) 
transoesophageal probe position at 20–45°, and the 
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presence of an LA thrombus was excluded. The image 
was then centralized with a slight clockwise rotation 
to 60–80° to display the LAA together with the left 
superior PV (LSPV). 3D visualization was activated 
thereafter to allow recording of the LLR for offline 
measurements. In 2D mode, the probe angulation was 
changed to around 120° and then turned slightly coun-
terclockwise in an anteflexion position from the LAA 
to visualize the branching of the left PVs. 3D mode was 
activated again to acquire the ostium of the LSPV and 
the left inferior PV (LIPV) as well as the left carina 
(LC) in between. To visualize the branching of the right 
PVs, the image was centered again at 45° in 2D mode, 
and the probe head was rotated clockwise maintain-
ing the anteflexion position. After activation of the 3D 
mode, the right superior (RSPV) and the right inferior 
PV (RIPV) branches with the right carina (RC) were 
brought into sight and recorded. Slight changes in the 
patient’s left lateral decubitus position were allowed 
together with the rotation and the flexion of the probe 
during the examination if needed to improve the vis-
ibility of the PVs.

Effort was made to record multiple loops. Each loop 
contained two cardiac cycles. Figure  1 illustrates how 
the 3D dataset of PVs were acquired. The recorded 3D 
images were analyzed with QLab software (Philips 
Medical Systems) offline. The software was suitable for 
3D multiplanar reconstruction (multiplanar review—
MPR) capable of cutting full volume 3D datasets in any 
different plane. All measurements were done using an 
„en-face” view of the structure selecting a frame at the 
end of T wave. Recorded images were then evaluated 

and graded as to their suitability for further analysis as 
follows:

Grade I: The whole cross-sectional "en face" view of 
the PV could be visualized on the reconstructed 3D 
image.
Grade II: One third of the PV was missing on the 
reconstructed 3D cross-section image.
Grade III: At least the half of the PV could not be dis-
played on the reconstructed 3D cross-section image.

Only grade I images were considered suitable for 
detailed PV measurements.

Measured parameters of LA structures

1. PV ostium parameters (Fig. 2):

– the major axis diameter of the PV ostium (a).
– the minor axis diameter of the PV ostium perpen-

dicular to „a” (b).
– ostium area (OA) measured with planimetry.

 

2. Width of the LLR and the carina (Fig. 3):

Detection of anatomical PV variants
Effort was made to detect the following anatomical vari-
ants with both imaging modalities: 1, common trunks 

Fig. 1 Acquisition of 3D dataset of right PVs. 3D (Three-dimensional), PV (Pulmonary vein)
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including on the left (LCPV) and on the right side; 2, 
more than two (supernumerary) veins on either the left 
or on the right side (Figs. 4, 5).

Statistical analysis
For statistical analysis, we used IBM SPSS Statistics 26 
program and MedCalc software version 13.3.3.0. All cat-
egorical variables were summarised as proportions and 
continuous variables as mean ± standard deviation (SD).

We selected randomly 17 patients in which 2 different 
operators (LTN, RU) performed separately and in blind 
manner a set of PV measurements both for 3DTOE and 
CCT. Interobserver reproducibility at 95% confidence 
interval (CI) was determined from the intraclass corre-
lation coefficient (ICC) together with its corresponding 
p-value.

Inter-technique agreement between the two imag-
ing methods was evaluated using linear regression with 

Fig. 2 Measurement of PV ostium parameters. 2a left: Measurement of major (a, green line) and minor axis (b, yellow line) PV diameters as well 
as planimetric measurement of OA (blue line) from the „en face” 2D plane of a CCT image in case of a circular PV ostium. 2b middle: Measurement 
of the same parameters on a CCT image in case of an elliptic ostium. 2c right: Measurement of the same parameters on a 3DTOE image. PV 
(Pulmonary vein), a (The major axis diameter of the PV ostium), b (The minor axis diameter of the PV ostium perpendicular to „a”), OA (Ostium area), 
2D (Two-dimensional), CCT  (Cardiac computed tomography), 3DTOE (Three-dimensional transesophageal echocardiography)

Fig. 3 Measurement of the shortest distance (yellow line) perpendicular to the longitudinal axis (red line) of the LLR and the carina. Upper panel: 
Measurement of LLR width between the LSPV and the LAA from CCT (3a left) and from 3DTOE (3b right) images. Lower panel: Measurement 
of carina width between the RSPV and the RIPV from CCT (3c left) and from 3DTOE (3d right) images. LLR (Left lateral ridge), LSPV (Left superior 
PV), LIPV (Left inferior PV), LAA (Left atrial appendage), CCT  (Cardiac computed tomography), 3DTOE (Three-dimensional transesophageal 
echocardiography), RSPV (Right superior PV), RIPV (Right inferior PV)
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Pearson’s correlation. The following rule of thumb for 
interpreting the size of the Pearson correlation coef-
ficient (PCC) was used: 0.90 to 1.00- very high positive 
correlation, 0.70 to 0.90—high positive correlation, 0.50 
to 0.70—moderate positive correlation, 0.30 to 0.50—low 
positive correlation, 0.00 to 0.30- negligible correlation 
[26, 27].

PV anatomical parameters with a value of PCC > 0.5 
were further tested to determine the biases and limits of 
agreement using Bland–Altman plot [28–30].

Results
Baseline patient characteristics
67 patients (age: 58.5 ± 10.5  years; 59.7% man) under-
going AF ablation were enrolled. Baseline clinical 
parameters of the patients are listed in Table  1. The 
majority of patients (97%) had paroxysmal AF. The 
most common comorbidities included hypertension 
(53.7%), diabetes mellitus (16.4%) and peripheral vas-
cular disease (10.4%). The mean  CHA2DS2-VASc score 
was 1.8 ± 1.2.

Fig. 4 LCPV imaging. 4a left: LCPV detected by CCT in 2D longitudinal plane. 4b right: the same LCPV is not obvious on 3DTOE (full volume image, 
en face display). LCPV (Left common PV), CCT  (Cardiac computed tomography), 2D (Two-dimensional), 3DTOE (Three-dimensional transesophageal 
echocardiography), LSPV (Left superior PV), LIPV (Left inferior PV), LAA (Left atrial appendage), RSPV (Right superior PV), RIPV (Right inferior PV)

Fig. 5 Supernumerary PV imaging. Supernumerary (right middle*) PV detected by CCT in 2D longitudinal plane (5a left) and by 3DTOE (full volume 
image, en face display; 5b right). PV (Pulmonary vein), CCT  (Cardiac computed tomography), 2D (Two-dimensional), 3DTOE (Three-dimensional 
transesophageal echocardiography), RSPV (Right superior PV), RIPV (Right inferior PV)

Table 1 Baseline characteristics of the study population

AF Atrial fibrillation, SD Standard deviation, CHA2DS2-Vasc score C- Congestive 
heart failure, H Hypertension > 140/90 mmHg, A Age ≥ 75 years, D Diabetes 
mellitus, S Stroke, V Vascular disease, A Age 65–74 years, Sc Sex category

n (%)

Patients included 67

Female/Male 40/27 (59.7/41.3)

AF Paroxysmal/Persistent 65/2 (97/3)

Mean (± SD) of 
characteristics

Age (years) 58.5 ± 10.5

Ejection fraction (%) 55.4 ± 7.6

CHA2DS2-VASc score 1.8 ± 1.2

Table 2 Grading of 3DTOE PV image quality

Grade I: The whole cross-sectional "en face" view of the PV could be visualized 
on the reconstructed 3D image, Grade II: One third of the PV was missing on the 
reconstructed 3D cross-section image, Grade III: At least the half of the PV could 
not be displayed on the reconstructed 3D cross-section image

3D Three-dimensional, 3DTOE Three-dimensional transesophageal 
echocardiography, PV Pulmonary vein, LSPV Left superior PV, LIPV Left inferior 
PV, RSPV Right superior PV, RIPV Right inferior PV

LSPV LIPV RSPV RIPV

n (%)
Grade I 64 (95.5) 56 (83.6) 67 (100) 62 (92.5)

Grade II 1 (1.5) 4 (6.0) 0 (0) 2 (3.0)

Grade III 2 (3.0) 7 (10.4) 0 (0) 3 (4.5)
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Grading of 3DTOE PV imaging
Fifty-six out of 67 patients (83.6%) were in sinus 
rhythm during 3DTOE exam. Image quality obtained 
for the different PVs according to our grading system 
are displayed in Table 2. The highest ratio of the opti-
mal image quality was obtained for RSPV (100%), while 
the lowest (83.6%) for LIPV.

Determination of interobserver agreement for 3DTOE 
and CCT PV measurements
For all PV measurements, the ICC ranges of the inter-
observer evaluations were 0.87–0.99 with p = 0.001. 

For 3DTOE measurements the highest ICC was cal-
culated for RSPV  OA (ICC = 0.99,  95% CI: 0.97–0.99, 
p = 0.001), while the lowest ICCs were obtained for 
LIPV OA (ICC = 0.88, 95% CI:0.69–0.96, p = 0.001) 
and for LC (ICC = 0.88,  95% CI:0.71–0.95, p = 0.001). 
For CCT measurements the highest ICCs were dem-
onstrated for LSPV b (ICC = 0.98, 95% CI: 0.94–0.99, 
p = 0.001), for RSPV  OA (ICC = 0.98,  95% CI: 0.95–
0.99, p = 0.001) and for RSPV  b  (ICC = 0.98,  95% 
CI: 0.95–0.99, p = 0.001). The lowest ICC value was 
found for LIPV  a  (ICC = 0.87,  95% CI:0.68–0.95, 
p = 0.001).

Table 3 Measurements related to the PV anatomy with PCC and associated p values

PV Pulmonary vein, CCT  Cardiac computed tomography, 3DTOE Three-dimensional transesophageal echocardiography, a The major axis diameter of the PV ostium, 
b The minor axis diameter of the PV ostium perpendicular to „a”, OA Ostium area, LC Left carina, RC Right carina, LLR Left lateral ridge, LSPV Left superior PV, LIPV Left 
inferior PV, RSPV Right superior PV, RIPV Right inferior PV, LCPV Left common PV, PCC Pearson correlation coefficient, SD Standard deviation
a Values are presented as mean ± SD
b In the absence of LCPV and left supernumerary PV
c In the absence of right supernumerary PV
d In the case of PCC 0.50–0.90, the measurements were considered to have a moderate to high positive correlation
e p value of the PCC considered statistically significant if < 0.001

Variable n CCT measurementa 3DTOE measurementa PCCd pe

LCb (mm) 48 5.71 ± 2.89 5.23 ± 2.48 0.878  < 0.001

RCc (mm) 46 6.24 ± 2.09 6.64 ± 2.02 0.748  < 0.001

LLR (mm) 61 4.39 ± 1.32 4.40 ± 1.18 0.645  < 0.001

RSPV
 a (mm) 67 23.78 ± 3.40 23.79 ± 3.46 0.609  < 0.001

 b (mm) 67 19.71 ± 3.30 19.86 ± 3.28 0.574  < 0.001

 OA (cm2) 67 3.75 ± 1.06 3.63 ± 1.10 0.691  < 0.001

LSPV
 a (mm) 64 21.12 ± 2.74 20.08 ± 2.79 0.556  < 0.001

 b (mm) 62 15.18 ± 2.20 15.38 ± 2.59 0.503  < 0.001

 OA (cm2) 64 2.50 ± 0.55 2.32 ± 0.65 0.545  < 0.001

RIPV
 a (mm) 62 20.10 ± 2.83 23.01 ± 3.36 0.290 0.022

 b (mm) 62 16.84 ± 2.78 15.54 ± 2.72 0.403 0.001

 OA (cm2) 62 2.71 ± 0.80 2.57 ± 0.67 0.466  < 0.001

LIPV
 a (mm) 54 18.39 ± 1.93 17.94 ± 3.02 0.367 0.006

 b (mm) 54 13.36 ± 3.11 12.25 ± 2.56 0.364 0.007

 OA (cm2) 54 1.89 ± 0.54 1.56 ± 0.51 0.497  < 0.001

(See figure on next page.)
Fig. 6 Pearson’s linear regressions of PV parameters with a value of PCC > 0.5 together Bland–Altman plots with limits of agreement < 50% and no 
significant biases. The consecutive graphs (6 a, b, c, d, e) represent the Pearson’s correlation and Bland–Altman analysis of the PV parameters for 
which our clinically acceptable moderate inter-technique agreement criteria were met. Bland–Altman plots of differences between 3DTOE and CCT, 
expressed as percentages of the values on the axis [(3DTOE – CCT) /average %)], vs. the mean of the two measurements. Areas between continuous 
lines present CI limits for agreement limits. Area between dashed lines presents CI limits for mean limits. The bias is not significant because the 
zero line is within the CI limits for mean limits. The 95% limits of agreement are presented as ± 1.96 SD. 3DTOE (Three-dimensional transesophageal 
echocardiography), CCT  (Cardiac computed tomography), PV (Pulmonary vein), a (The major axis diameter of the PV ostium), b (The minor axis 
diameter of the PV ostium perpendicular to „a”), OA (Ostium area), LLR (Left lateral ridge), LSPV (Left superior PV), RSPV (Right superior PV), PCC 
(Pearson correlation coefficient), CI (Confidence interval), SD (Standard deviation)
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Fig. 6 (See legend on previous page.)
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Evaluation of the agreement between the two imaging 
techniques
Our definition of a clinically acceptable inter-technique 
agreement between the two imaging methods was a 
PCC > 0.5 together with limits of agreement < 50% and no 
significant biases.

Pearson’s linear regression
Measurements related to the PV anatomy with PCC 
and p values are displayed in Table  3. A high positive 
correlation (PCC 0.7–0.9) was demonstrated in the 
absence of anatomical variants for the width of both 
carinas. A moderate positive correlation (PCC 0.5–0.7) 
was found for OA, a and b values of both superior PVs 
and for the LLR width. However RIPV OA, RIPV b 
and all LIPV parameters showed a low positive (PCC 
0.3–0.5), while RIPV a a negligible (PCC 0.0–0.3) 
correlation.

Bland–Altman analysis
PV anatomical parameters with a value of PCC > 0.5 were 
further tested by Bland–Altman analysis. Bland–Altman 
plots demonstrated limits of agreement < 50% and no sig-
nificant biases for the following PV parameters: RSPV 
OA, RSPV a, RSPV b, LSPV b and LLR. Figure 6 shows 
the Pearson’s correlation and Bland–Altman analysis of 
PV parameters fulfilling our inter-technique agreement 
criteria.

3DTOE imaging of anatomical variants of the PVs
Anatomical variants of the PVs were detected with the 
CCT, which is considered the gold standard. With echo-
cardiography, right supernumerary PVs were correctly 
identified in 37.5%, while LCPVs were identified in only 
8.3% of the cases (Table 4).

Discussion
Main findings
This is the first prospective direct comparison of pre-
procedural 3DTOE and CCT for visualisation and 

numerical characterisation of PV anatomy by meas-
uring multiple parameters potentially relevant to 
the success of PVI with CB. We also tested the TOE 
acquisiton technique developed by our group specifi-
cally for the optimal 3DTOE image acquisition and vis-
ualisation of the PV structures. Based on the fact that 
clinically acceptable inter-technique agreement was 
demonstrated for all RSPV, LSPV b and LLR param-
eters, 3DTOE provides reliable data on anatomical 
features of superior PVs that may be important for CB 
ablation. However the accuracy of 3DTOE in the pres-
ence of anatomical variants and for the assessment of 
both inferior PVs was not acceptable.

Methodological considerations for preprocedural PV imaging
The ROTEA study prospectively compared different PV 
measurements obtained with 2DTOE versus with CCT 
[31] before and after AF ablation. 2DTOE consistently 
underestimated the maximum ostial dimensions com-
pared with CCT, especially for the inferior PVs, likely 
due to the limited field of view resulting from the close 
proximity of the TOE probe to these cardiac struc-
tures. Further, LCPVs revealed by CCT were identified 
with TOE in only 54% of the cases. This could also be 
explained by the near-field view limiting a clear defini-
tion of the PV-LA junction [32, 33].

In our research, 3D reconstruction obtained in the 
left lateral decubitus position yielded excellent (grade 
I) image quality in 100%, 95.5%, 92.5% and 83.6% for 
RSPV, LSPV, RIPV and LIPV, respectively (Table  2). 
Anatomical variants on the right side could be visual-
ised at a low, but still significantly higher rate (37.5%) 
than on the left (7.7%; Table  4). These observations 
are in line with the findings of Faletra et  al. [12], who 
considered the distance between the esophagus and 
the ipsilateral PVs as a major limiting factor of proper 
visualisation.

In recent years, advances in electronic and transducer 
technology have allowed the development and success-
ful implementation of real-time 3D ICE. This tool could 
overcome the limitations mentioned above by displaying 
PV structures more precisely even in the case of complex 
anatomy [34].

Potential clinical applications
3DTOE PV assessment with the technique described in 
this study can be performed as part of the routine preab-
lation TOE exam to exclude LAA thrombus. Incorpora-
tion of 3DTOE data in 3D electroanatomical mapping 
systems would further expand the use of this approach as 
a cheaper and simpler method for preablation evaluation 
of patients.

Table 4 Visualization of PV anatomic variations with the two 
imaging techniques

PV Pulmonary vein, 3DTOE Three-dimensional transesophageal 
echocardiography, CCT  Cardiac computed tomography, LCPV Left common PV

3DTOE (n) CCT (n) assessed 
with 3DTOE 
(%)

Anatomic variations
LCPV 1 12 8.3

Left supernumerary PV 0 1 0

Right supernumerary PV 3 8 37.5
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Limitations
This was a single-center study with a relatively small 
number of patients.

Conclusion
Detailed assessment of the RSPV parameters, LSPV b and 
LLR is feasible with 3DTOE prior to AF ablation. This 
3DTOE measurements demonstrated a clinically acceptable 
moderate inter-technique agreement with those obtained 
with CCT. Prospective studies are required to assess the 
predictive value of preablation 3DTOE PV measurements 
validated by CCT for the clinical outcome of CB ablation.

Abbreviations
2D  Two-dimensional
3D  Three-dimensional
3DTOE  Three-dimensional transesophageal echocardiography
a  Major axis diameter of the PV ostium
AF  Atrial fibrillation
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CB  Cryoballoon
CCT   Cardiac computed tomography
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CMR  Cardiac magnetic resonance
ICC  Intraclass correlation coefficient
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LCPV  Left common PV
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LLR  Left lateral ridge
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PCC  Pearson correlation coefficient
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RF  Radiofrequency
RIPV  Right inferior PV
RSPV  Right superior PV
SD  Standard deviation
TOE  Transesophageal echocardiography

Authors’ contributions
All authors commented on successive drafts of the manuscript and approved 
the final version.

Funding
Open access funding provided by University of Debrecen. This work was sup-
ported by the GINOP-2.3.2–15-2016–00043 project. The project is co-financed 
by the European Union and the European Regional Development Fund.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on request.

Declarations

Ethics approval and consent to participate
The Regional and National Medical Research Council approved the study. All 
patients gave written consent for the study as well as for procedures of TOE, 
CCT and PV cryoablation.
Our study was conducted in accordance with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Cardiology, Faculty of Medicine, University of Debrecen, 22 
Zsigmond Moricz Boulevard, Debrecen 4032, Hungary. 2 Department of Radiol-
ogy, Faculty of Medicine, University of Debrecen, Debrecen, Hungary. 

Received: 16 November 2022   Accepted: 6 April 2023

References
 1. Chen J, Yang ZG, Xu HY, Shi K, Long QH, Guo YK. Assessments of pulmo-

nary vein and left atrial anatomical variants in atrial fibrillation patients for 
catheter ablation with cardiac CT. Eur Radiol. 2017;27(2):660–70. https:// 
doi. org/ 10. 1007/ s00330- 016- 4411-6.

 2. Khoueiry Z, Albenque JP, Providencia R, Combes S, Combes N, Jourda F, 
et al. Outcomes after cryoablation vs. radiofrequency in patients with par-
oxysmal atrial fibrillation: impact of pulmonary veins anatomy. Europace. 
2016;18(9):1343–51. https:// doi. org/ 10. 1093/ europ ace/ euv419.

 3. Güler E, Güler GB, Demir GG, Kizilirmak F, Güneş HM, Barutçu I, et al. Effect 
of pulmonary vein anatomy and pulmonary vein diameters on outcome 
of cryoballoon catheter ablation for atrial fibrillation. Pacing Clin Electro-
physiol. 2015;38(8):989–96. https:// doi. org/ 10. 1111/ pace. 12660.

 4. Baran J, Piotrowski R, Sikorska A, Kowalik I, Kryński T, Sebastian S, et al. 
Impact of pulmonary vein ostia anatomy on efficacy of cryoballoon abla-
tion for atrial fibrillation. Heart Beat J. 2016;1:65–70. https:// doi. org/ 10. 
24255/ hbj/ 68162.

 5. Knecht S, Kühne M, Altmann D, Ammann P, Schaer B, Osswald S, et al. 
Anatomical predictors for acute and mid-term success of cryoballoon 
ablation of atrial fibrillation using the 28 mm balloon. J Cardiovasc Elec-
trophysiol. 2013;24(2):132–8. https:// doi. org/ 10. 1111/ jce. 12003.

 6. McLellan AJA, Ling LH, Ruggiero D, Wong MCG, Walters TE, Nisbet A, et al. 
Pulmonary vein isolation: the impact of pulmonary venous anatomy on 
long-term outcome of catheter ablation for paroxysmal atrial fibrillation. 
Heart Rhythm. 2014;11(4):549–56. https:// doi. org/ 10. 1016/j. hrthm. 2013. 
12. 025.

 7. Mansour M, Refaat M, Heist EK, Mela T, Cury R, Holmvang G, et al. Three-
dimensional anatomy of the left atrium by magnetic resonance angiogra-
phy: implications for catheter ablation for atrial fibrillation. J Cardiovasc 
Electrophysiol. 2006;17(7):719–23. https:// doi. org/ 10. 1111/j. 1540- 8167. 
2006. 00491.x.

 8. Schmidt M, Daccarett M, Marschang H, Ritscher G, Turschner O, Brach-
mann J, et al. Intracardiac echocardiography improves. J Cardiovasc 
Electrophysiol. 2010;21(11):1202–7. https:// doi. org/ 10. 1111/j. 1540- 8167. 
2010. 01796.x.

 9. Rubesch-Kütemeyer V, Molatta S, Vogt J, Gutleben KJ, Horstkotte D, 
Nölker G. Reduction of radiation exposure in cryoballoon ablation proce-
dures: a single-centre study applying intracardiac echocardiography and 
other radioprotective measures. Europace. 2017;19(6):947–53. https:// doi. 
org/ 10. 1093/ europ ace/ euw139.

 10. Toffanin G, Scarabeo V, Verlato R, De Conti F, Zampiero AA, Piovesana 
P. Transoesophageal echocardiographic evaluation of pulmonary vein 
anatomy in patients undergoing ostial radiofrequency catheter ablation 
for atrial fibrillation: a comparison with magnetic resonance angiography. 
J Cardiovasc Med (Hagerstown). 2006;7(10):748–52. https:// doi. org/ 10. 
2459/ 01. JCM. 00002 47322. 57536. 04.

 11. Stavrakis S, Madden G, Pokharel D, Po SS, Nakagawa H, Jackman WM, 
et al. Transesophageal echocardiographic assessment of pulmonary veins 
and left atrium in patients undergoing atrial fibrillation ablation. Echocar-
diography. 2011;28(7):775–81. https:// doi. org/ 10. 1111/j. 1540- 8175. 2011. 
01431.x.

 12. Faletra FF, Nucifora G, Regoli F, Ho SY, Moccetti T, Auricchio A. Anatomy 
of pulmonary veins by real-time 3D TEE: implications for catheter-based 
pulmonary vein ablation. JACC Cardiovasc Imaging. 2012;5(4):456–62. 
https:// doi. org/ 10. 1016/j. jcmg. 2011. 10. 009.

https://doi.org/10.1007/s00330-016-4411-6
https://doi.org/10.1007/s00330-016-4411-6
https://doi.org/10.1093/europace/euv419
https://doi.org/10.1111/pace.12660
https://doi.org/10.24255/hbj/68162
https://doi.org/10.24255/hbj/68162
https://doi.org/10.1111/jce.12003
https://doi.org/10.1016/j.hrthm.2013.12.025
https://doi.org/10.1016/j.hrthm.2013.12.025
https://doi.org/10.1111/j.1540-8167.2006.00491.x
https://doi.org/10.1111/j.1540-8167.2006.00491.x
https://doi.org/10.1111/j.1540-8167.2010.01796.x
https://doi.org/10.1111/j.1540-8167.2010.01796.x
https://doi.org/10.1093/europace/euw139
https://doi.org/10.1093/europace/euw139
https://doi.org/10.2459/01.JCM.0000247322.57536.04
https://doi.org/10.2459/01.JCM.0000247322.57536.04
https://doi.org/10.1111/j.1540-8175.2011.01431.x
https://doi.org/10.1111/j.1540-8175.2011.01431.x
https://doi.org/10.1016/j.jcmg.2011.10.009


Page 11 of 11Nagy et al. Cardiovascular Ultrasound            (2023) 21:6  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 13. Faletra FF, Regoli F, Acena M, Auricchio A. Value of real-time transesopha-
geal 3-dimensional echocardiography in guiding ablation of 
isthmus-dependent atrial flutter and pulmonary vein isolation. Circ J. 
2012;76(1):5–14. https:// doi. org/ 10. 1253/ circj. cj- 11- 1040.

 14. Faletra FF, Ho SY, Regoli F, Acena M, Auricchio A. Real-time three 
dimensional transoesophageal echocardiography in imaging key 
anatomical structures of the left atrium: potential role during atrial fibril-
lation ablation. Heart. 2013;99(2):133–42. https:// doi. org/ 10. 1136/ heart 
jnl- 2011- 301336.

 15. Ottaviano L, Chierchia GB, Bregasi A, Bruno N, Antonelli A, Alsheraei ATA, 
et al. Cryoballoon ablation for atrial fibrillation guided by real-time three-
dimensional transoesophageal echocardiography: a feasibility study. EP 
Europace. 2013;15(7):944–50. https:// doi. org/ 10. 1093/ europ ace/ eus431.

 16. Acena M, Regoli F, Faletra FF, Tritto M, Klersy C, Murzilli R, et al. 3D real-
time TEE during pulmonary vein isolation in atrial fibrillation. Vol. 7, JACC. 
Cardiovascular imaging. United States; 2014. p. 737–8. https:// doi. org/ 10. 
1016/j. jcmg. 2013. 12. 019

 17. Sun YJ, Yin XM, Cong T, Gao LJ, Chang D, Xiao XJ, et al. Comparison of 
cryoballoon ablation for atrial fibrillation guided by real-time three-
dimensional transesophageal echocardiography vs. contrast agent injec-
tion. Chin Med J (Engl). 2019;132(3):285–93. https:// doi. org/ 10. 1097/ CM9. 
00000 00000 000076.

 18. Kerut EK, Hanawalt C, McKinnie J. Transesophageal echocardiography 
during pulmonary vein cryoballoon ablation for atrial fibrillation. Echocar-
diography. 2015;32(2):281–90. https:// doi. org/ 10. 1111/ echo. 12620.

 19. Ren JF, Lin D, Marchlinski FE, Callans DJ, Patel V. Esophageal imaging and 
strategies for avoiding injury during left atrial ablation for atrial fibrillation. 
Heart Rhythm. 2006;3(10):1156–61. https:// doi. org/ 10. 1016/j. hrthm. 2006. 
06. 006.

 20. Ren JF, Callans DJ. Consideration of patient safety using real-time 3D TEE 
during LA pulmonary vein ablation. Vol. 5, JACC. Cardiovascular imaging. 
United States; 2012. p. 763–4; author reply 764. https:// doi. org/ 10. 1016/j. 
jcmg. 2012. 05. 002

 21. Bhat T, Baydoun H, Asti D, Rijal J, Teli S, Tantray M, et al. Major complica-
tions of cryoballoon catheter ablation for atrial fibrillation and their 
management. Expert Rev Cardiovasc Ther. 2014;12(9):1111–8. https:// doi. 
org/ 10. 1586/ 14779 072. 2014. 925802.

 22. John RM, Kapur S, Ellenbogen KA, Koneru JN. Atrioesophageal fistula 
formation with cryoballoon ablation is most commonly related to the left 
inferior pulmonary vein. Heart Rhythm. 2017;14(2):184–9. https:// doi. org/ 
10. 1016/j. hrthm. 2016. 10. 018.

 23. Kettering K, Gramley F. Catheter ablation of atrial fibrillation: Radiofre-
quency catheter ablation for redo procedures after cryoablation. World J 
Cardiol. 2013;5(8):280–7. https:// doi. org/ 10. 4330/ wjc. v5. i8. 280.

 24. Kettering K, Gramley F, Bardeleben S. Catheter Ablation of atrial fibrilla-
tion: three-dimensional transesophageal echocardiography provides an 
excellent overview over the pulmonary vein anatomy facilitating radiofre-
quency and cryoablation procedures. Cardiol Angiology. 2017;6(2):1–18. 
https:// doi. org/ 10. 9734/ CA/ 2017/ 34273.

 25. Jenei C, Nagy L, Urbancsek R, Czuriga D, Csanadi Z. Three-Dimensional 
Echocardiographic Method for the Visualization and Assessment of 
Specific Parameters of the Pulmonary Veins. J Vis Exp. 2020;(164). https:// 
doi. org/ 10. 3791/ 61215-v

 26. Mukaka MM. Statistics Corner: A guide to appropriate use of Correlation 
coefficient in medical research. Vol. 24, Malawi Medical Journal. 2012. 
Available from: www. mmj. medcol. mw

 27. Akoglu, H. User’s guide to correlation coefficients. Vol. 18, Turkish Journal 
of Emergency Medicine. Emergency Medicine Association of Turkey; 
2018. 91–3. https:// doi. org/ 10. 1016/j. tjem. 2018. 08. 001

 28. Bland JM, Altman DG. Measuring agreement in method comparison 
studies. Stat Methods Med Res. 1999;8(2):135–60. https:// doi. org/ 10. 
1177/ 09622 80299 00800 204.

 29. Hanneman SK. Design, analysis, and interpretation of method-compar-
ison studies. AACN Adv Crit Care. 2008;19(2):223–34. https:// doi. org/ 10. 
1097/ 01. AACN. 00003 18125. 41512. a3.

 30 Giavarina D. Understanding Bland Altman analysis. Biochemia Medica. 
2015;25(2):141–51. https:// doi. org/ 10. 11613/ BM. 2015. 015.

 31. To ACY, Gabriel RS, Park M, Lowe BS, Curtin RJ, Sigurdsson G, et al. Role of 
transesophageal echocardiography compared to computed tomography 
in evaluation of pulmonary vein ablation for atrial fibrillation (ROTEA 

study). J Am Soc Echocardiogr. 2011;24(9):1046–55. https:// doi. org/ 10. 
1016/j. echo. 2011. 05. 014.

 32. Kautzner J, Peichl P. The role of imaging to support catheter ablation 
of atrial fibrillation. Cor Vasa. 2012;54:375–85. https:// doi. org/ 10. 1016/j. 
crvasa. 2012. 11. 009.

 33. Ohana M, Bakouboula B, Labani A, Jeung MY, el Ghannudi S, Jesel-Morel 
L, et al. Imaging before and after catheter ablation of atrial fibrillation. Vol. 
96, Diagnostic and Interventional Imaging. Elsevier Masson SAS; 2015. p. 
1113–23. https:// doi. org/ 10. 1016/j. diii. 2014. 12. 011

 34. Gianni C, Della Rocca DG, Horton RP, Burkhardt JD, Natale A, Al-Ahmad A. 
Real-time 3D intracardiac echocardiography. Cardiac Electrophysiology 
Clinics. 2021;13(2):419–26. https:// doi. org/ 10. 1016/j. ccep. 2021. 03. 006.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1253/circj.cj-11-1040
https://doi.org/10.1136/heartjnl-2011-301336
https://doi.org/10.1136/heartjnl-2011-301336
https://doi.org/10.1093/europace/eus431
https://doi.org/10.1016/j.jcmg.2013.12.019
https://doi.org/10.1016/j.jcmg.2013.12.019
https://doi.org/10.1097/CM9.0000000000000076
https://doi.org/10.1097/CM9.0000000000000076
https://doi.org/10.1111/echo.12620
https://doi.org/10.1016/j.hrthm.2006.06.006
https://doi.org/10.1016/j.hrthm.2006.06.006
https://doi.org/10.1016/j.jcmg.2012.05.002
https://doi.org/10.1016/j.jcmg.2012.05.002
https://doi.org/10.1586/14779072.2014.925802
https://doi.org/10.1586/14779072.2014.925802
https://doi.org/10.1016/j.hrthm.2016.10.018
https://doi.org/10.1016/j.hrthm.2016.10.018
https://doi.org/10.4330/wjc.v5.i8.280
https://doi.org/10.9734/CA/2017/34273
https://doi.org/10.3791/61215-v
https://doi.org/10.3791/61215-v
http://www.mmj.medcol.mw
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1177/096228029900800204
https://doi.org/10.1177/096228029900800204
https://doi.org/10.1097/01.AACN.0000318125.41512.a3
https://doi.org/10.1097/01.AACN.0000318125.41512.a3
https://doi.org/10.11613/BM.2015.015
https://doi.org/10.1016/j.echo.2011.05.014
https://doi.org/10.1016/j.echo.2011.05.014
https://doi.org/10.1016/j.crvasa.2012.11.009
https://doi.org/10.1016/j.crvasa.2012.11.009
https://doi.org/10.1016/j.diii.2014.12.011
https://doi.org/10.1016/j.ccep.2021.03.006

	Three-dimensional transesophageal echocardiographic evaluation of pulmonary vein anatomy prior to cryoablation: validation with cardiac CT scan
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Highlights 
	Introduction
	Methods
	Study population
	CCT imaging
	3DTOE examination and evaluation
	Technical aspects
	Measured parameters of LA structures
	Detection of anatomical PV variants
	Statistical analysis


	Results
	Baseline patient characteristics
	Grading of 3DTOE PV imaging
	Determination of interobserver agreement for 3DTOE and CCT PV measurements
	Evaluation of the agreement between the two imaging techniques

	Pearson’s linear regression
	Bland–Altman analysis
	3DTOE imaging of anatomical variants of the PVs


	Discussion
	Main findings
	Methodological considerations for preprocedural PV imaging
	Potential clinical applications

	Limitations
	Conclusion
	References


