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3D electroanatomical mapping is less
sensitive to atrial remodeling in estimation
of true left atrial volume than
echocardiography
Zdenka Fingrova1, Josef Marek1, Stepan Havranek1* , Lukas Lambert2, Petr Kuchynka1 and Ales Linhart1

Abstract

Background: Left atrial (LA) enlargement has been identified as a predictor of worse clinical outcome after catheter
ablation for atrial fibrillation (AF). We investigated the correspondence of LA size parameters assessed by
echocardiography, CT and 3D electroanatomical mapping in patients with AF treated by catheter ablation.

Methods: We analyzed echocardiographic LA volume measurements by disc summation method (LAVDISC),
computed tomography (LAVCT) and 3D electroanatomical mapping (LAVCARTO) in 100 pts. (71% males; aged 63 ±
8 years; paroxysmal AF in 55% of patients).

Results: Mean LAVDISC was 83 ± 25 ml (median: 115; IQR: 98–140 ml), mean LAVCT was 120 ± 34 ml (median: 115;
IQR: 98–140 ml) and mean LAVCARTO was 123 ± 36 ml (median: 118; IQR: 99–132 ml). Pearson’s correlation
coefficient between LAVDISC a LAVCT was 0.6 (p < 0.0001) and between LAVCARTO and LAVCT was 0.79 (p < 0.0001).
There was a significant difference between the two correlation coefficients (p < 0.004). The absolute difference
between LAVCARTO and LAVCT (3.5 (95% CI -42 – 43) ml) was significantly lower (p < 0.0001) as compared to LAVDISC
and LAVCT (− 39 (95% CI -102 – 24) ml). In opposite to LAVDISC, the bias between LAV obtained by CT and CARTO
did not differentiate according to presence of spherical remodeling (1.7 ± 28 vs. vs. 5.1 ± 31 ml). Only presence of
sinus rhythm was significant and independent covariate of the difference between CARTO and CT-derived LAVs by
multivariate regression analysis.

Conclusions: Even though LA volumes evaluated by 3D-electroanatomical mapping have quite good accuracy, the
precision is low. For volumes estimated by echocardiography, both precision and accuracy are low.
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Background
Catheter ablation has been established as an effective
therapy in selected patients with atrial fibrillation (AF)
[1, 2]. Electroanatomical mapping and 3D reconstruction
of the left atrium (LA) has been introduced as routine
method for navigation during catheter ablation for AF.
Evaluation of LA size, which has been detected as a pre-
dictor of catheter ablation outcome [3, 4], is substantial.

In everyday practice echocardiography is the most
dominant method in estimation of LA size. However its
predictive value in estimation of real LA volume (LAV)
is not optimal [5–10]. Different methods for the assess-
ment of LAV by use of 2D-echocardiography (ECHO)
(e.g. area-length, prolate-ellipsoid method or disc
method in single or biplane variant) have been intro-
duced [5–7, 11, 12]. Despite these methods are more ac-
curate in estimation of true LA size than isolated LA
diameter [5–7, 11, 12], they still systematically underesti-
mate volumes obtained by 3D-ECHO, CT or MRI [5–10].
Two more studies have shown the substantial disagree-
ment between 2D-ECHO-based LAV and LAV obtained
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by 3D electroanatomic mapping and clinical covariates in-
fluencing this discrepancies in patients with non-valvular
AF [13, 14].
In contrast to 2D-ECHO indices, some reports have

demonstrated high degree of agreement between LA
electroanatomical map and CT-assessed LA anatomy
[15–17] or 3D echocardiography [18].
There are only limited data about factors that influ-

ence the relationship between LAV obtained by electroa-
natomical mapping and CT. Moreover, previous studies
demonstrating correspondence of morphology of LA
assessed by 3D electroanatomical mapping and CT angi-
ography, have not compared LAV directly [15–17]. We
hypothesized that LAV obtained by electroanatomic 3D
reconstruction would assess LAV in better agreement
with CT than 2D-echocardiography. We also hypothe-
sized that some clinical or morphological characteristics
of LA influencing this variance could be detected. We
investigated this hypothesis in real-world population of
patients with non-valvular AF scheduled for catheter ab-
lation in whom electroanatomic 3D reconstruction and
CT angiography of the LA was performed.

Methods
Consecutive patients, who were scheduled for first cath-
eter ablation for AF with CT registration and had
complete echocardiographical evaluation of LA size at
one cardiology center between May 2013 and December
2015, were included to retrospective analysis. The data
were collected in a dedicated registry. The study was ap-
proved by the local ethic committee. All patients gave
their written informed consent to participate in the
study.

Computed tomography
Computed tomography (CT) was performed in supine
position at end-inspiration on a 256-slice CT scanner
(Brilliance iCT, Philips Healthcare, Best, The Netherlands)
as a prospective ECG-triggered axial (step & shoot)
end-diastolic (78% of the R-R interval) acquisition. The
scan was initiated by bolus tracking with a 180HU thresh-
old in a region of interest placed in LA during injection of
65 ml of iodinated contrast material (Iomeron 350, Bracco
Imaging Deutschland, Germany) at a flow rate of 4.0 ml/s
followed by 60 ml saline chaser at 4.0 ml/s. The acquisi-
tion parameters were: tube voltage, 120 kV; tube current,
708 mA; collimation, 128 × 0.625 mm; rotation time,
0.27 s. The images were reconstructed in 0.9 mm thin sec-
tions with 50% overlap using reconstruction algorithm
XCA and iterative reconstruction technique (iDOSE4,
level 4). Raw data were processed by use of dedicated Phi-
lips Intelli Space portal. CT LAlong and CT LAshort were
LA diameters measured in apical four chamber projection.
LA was then centered on all three cutting planes and CT

LAcranio-caudal, CT LAantero-posterior and CT LAtransversal di-
ameters were measured. The diameters were obtained as
the largest diameter in given projection. LAVCT was de-
rived from segmented LA cavity without inclusion of left
atrial appendage. Index of sphericity (IS) was calculated
with following equation: IS = (1 - coefficient of variation of
sphere) * 100. Coefficient of variation of sphere was defined
as average radius standard deviation divided by average ra-
dius. Average radius was calculated as mean of radius in
three dimensions: antero-posterior, cranio-caudal and
transversal [19]. IS was used as marker of atrial remodeling,
when data were dichotomized according to median of IS.

3D Electroanatomical mapping
3D electroanatomical mapping of LA was completed in
standardized manner at the beginning of whole ablation
procedure. We have applied protocol described in previ-
ous study [13]. A 3D electroanatomic mapping system
(CARTO 3, Biosense-Webster Inc., Diamond Bar, CA,
USA) and manual catheter navigation was used for 3D
reconstruction of the LA cavity. Uniformly distributed
mapping points at end-diastolic phase (time interval
from -150 ms to -10 ms before QRS complex) were ac-
quired at sites with stable endocardial contact. No map-
ping points behind pulmonary vein ostia were included
to the map. Attention was paid to precise delineation of
the mitral annulus. The orifice and proximal part of LA
appendage was always mapped. Intracardiac echocardi-
ography was used to identify and mark the critical struc-
tures. A 3D virtual map of the LA was constructed by
software interpolations over the co-ordinates of multiple
endocardial tags. LAVCARTO was calculated using a built-in
computational function of the Biosense software prior to
merging CARTO and CT reconstruction of atrium.

Echocardiographic examination
Transthoracic echocardiographic examinations were indi-
cated prior to the catheter ablation according to the guide-
lines of American Society of Echocardiography 2005 valid at
the time of initiation of data collection [12, 20]. The protocol
was analogous to previously published methodology [13].
The LA diameter (LAD) was obtained in M-mode and de-
fined as antero-posterior, end-systolic linear dimension in the
parasternal long-axis projection using 2D guidance. The
LAVELLIPSOID was calculated by the prolate-ellipsoid method,
which used three LA orthogonal diameters in ventricular
end-systole / atrial diastole (LAD and two orthogonal diame-
ters in the apical 4-chamber view). A standardized biplane
disc method (in apical 4-chamber and apical 2-chamber
view) was applied to assess LAVDISC. The tracing of LA
cavity was performed without including of pulmonary vein
and left atrial appendage.
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Statistical analysis
Continuous variables were expressed as means with stand-
ard deviations after testing for normality (Shapiro-Wilk’s
test) and compared by the 2-tailed t-test for independent
samples. Not normally distributed variables or ordinary
data were expressed as medians, interquartile ranges and
compared by two-tailed Mann-Whitney U test. Categor-
ical variables were expressed as percentages and compared
by χ2–test. Pearson’s correlation, Bland-Altman analysis
and multivariate linear regression (for all univariately dif-
ferent variables with p ≤ 0.2) were used to analyze the rela-
tionship between 2D-ECHO-based LAV indices or
LAVCARTO (together with other clinical covariates) as in-
dependent variables and LAVCT as dependent variable.
The difference between correlation coefficients was com-
puted using the r-to-Fisher-z transformation. A p-value <
0.05 was considered significant. All analyses were per-
formed using the STATISTICA vers.12 software (Statsoft,
Inc., Tulsa, USA).

Results
One hundred thirty-six patients ablated for AF and had
undergone CT prior to intervention were screened to the
study. 36 patients were excluded for insufficient echocar-
diographical data (missing or low quality of recordings). A
total 100 patients (aged 63 ± 8 years; 71% males) were ana-
lyzed. Paroxysmal AF was manifested in 55 (55%) patients.
Rest of subjects (45%) had persistent or long-standing per-
sistent AF, respectively. Baseline characteristics of the total
population are shown in Table 1. Females were signifi-
cantly older than males 66 ± 8 vs. (62 ± 8 years, p = 0.03).
Out of all AF classified as non-paroxysmal, only 38 (84%)
were in AF. All patients with AF during CT scan had AF
also when ECHO or electroanatomical mapping were ob-
tained. AF initiated during electroanatomical mapping in
3 (5%) subjects with SR during CT and ECHO. The distri-
butions of LAV indices are illustrated in Fig. 1.
The results of simple regression between ECHO-based

LAV parameters, CARTO based LAV and LAVCT are
shown in Fig. 2. There was a more positive correlation be-
tween LAVCARTO and LAVCT compared to LAVDISC

LAVCT. (p < 0.05). The correlation coefficient of LAVELLIP-

SOID and LAVCT did not differ from coefficient between
LAVCARTO and LAVCT or LAVDISC and LAVCT. LAVELLIP-

SOID and LAVDISC underestimated LAVCT with an abso-
lute bias (± 1.96 standard deviation) of − 55 (− 108; − 2)
ml and − 39 (− 102; + 24) ml, respectively. LAVCARTO was
even more comparable to LAVCT with an absolute bias
3.5 (− 42; + 43) ml; p < 0.001 for difference between indi-
ces based on 2D-ECHO LAV and based on LAVCARTO.As
depicted in Fig. 3, the bias between LAVDISC and LAVCT

differ according to presence of spherical remodeling of LA
(defined as IS above / below median). This sensitivity to

atrial remodeling was not recognized in LAVELLIPSOID or
LAVCARTO.
The differences between LAV derived from CARTO

and CT were significantly larger in males, patients with-
out paroxysmal AF and subjects without SR during CT
scan in univariate manner (Table 2 and Fig. 4). Other
tested clinical parameters (age > 65 years, arterial hyper-
tension, diabetes, presence of structural heart disease)
were not statistically significant. Only presence of SR
was significant and independent covariate of the differ-
ence between CARTO and CT-derived LAVs by multi-
variate regression analysis, when all significant and near
to significant parameters (p ≤ 0.2) in univariate analysis
were included (Table 2).

Discussion
The analysis realized in a real-world population of pa-
tients with non-valvular AF verified better agreement be-
tween CARTO derived LAV and reference LAV assessed
by CT than between 2D-ECHO-based LAV indices and
the same reference. The major outcome of the study is

Table 1 Baseline characteristics
N = 100 Mean ± SD

or n (%)
Median IQR

Age (years) 63 ± 8 – –

Males 71 (71%) – –

Paroxysmal AF 55 (55%) – –

Present sinus rhythm 62 (62%) – –

Hypertension 71 (71%) – –

Diabetes mellitus 13 (13%) – –

Structural heart disease 23 (23%) – –

Congenital heart disease 0 (0%)

CHADS2 score – 1 1; 2

CHA2DS2-VASc score – 2 1; 3

LV EF (%) – 62 56; 66

LAVi (ml/m2) 40 ± 11 – –

CARTO mapping points 135 ± 66 – –

ECHO LAD (PLAX) (mm) 46 ± 6 – –

ECHO LAlong (A4C) (mm) 58 ± 8 – –

ECHO LAshort (A4C) (mm) 47 ± 7 – –

CT LAlong (A4C) (mm) 52 ± 8 – –

CT LAshort (A4C) (mm) 43 ± 6 – –

CT LACranio-caudal (mm) 61 ± 7 – –

CT LAAntero-posterior (mm) 52 ± 7 – –

CT LATransversal (mm) 69 ± 7 – –

LA Sphericity index 81 ± 7 – –

AF atrial fibrillation; LV EF left ventricular ejection fraction; LAVi left atrial
volume indexed to body surface area; CT computed tomography; LAD left
atrial diameter in parasternal long-axis view (PLAX); LA – left atrium; A4C –
Apical four chamber view. SD standard deviation; IQR interquartile range
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Fig. 1 Distribution of left atrial volumes. Abbreviations: SD – standard deviation; IQR – interquartile range; LAVELLIPSOID – left atrial volume (LAV)
assessed by the prolate-ellipsoid method; LAVDISC – LAV assessed by the biplane disc method; LAVCARTO – CARTO-derived LAV; LAVCT – LAV
assessed by computed tomography

Fig. 2 Correlation and agreement between 2D-ECHO-based, CARTO-derived and CT-derived left atrial volumes. Caption: Upper row: Pearson’s
correlation. Lower row: scatterplots for absolute differences between 2D-ECHO-based or CARTO-derived LAV versus CT-derived LAV. Abbreviations
as in Fig. 1. Upper raw: Dotted line – identity line; full line – regression line. Bottom raw: Full line – bias; dashed line – limits of agreement (±1.96
standard deviation). Significance of difference in relationship of 2D-ECHO-based and CARTO-derived to CT-derived volumes is highlighted
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that, in contrast to 2D-ECHO-based LAV obtained by
disc biplane method, the bias between LAVCARTO and
LAVCT was less sensitive for spherical remodeling. How-
ever, despite smaller bias between LAV obtained by
CARTO and CT, LA size can be still over- or underesti-
mated by the CARTO. Presence of SR during CT scan
was identified as independent covariate in prediction of
difference between CARTO and CT derived LAV.
The discrepancy between LA size obtained by various

methods has been observed previously. As CT, MRI or
3D-ECHO rectified insight of the LA anatomy as an asym-
metrical 3D structure [7–10], the sphericity simplification
of echocardiographic methods results in underestimation of

the LAV by 2D-ECHO [5, 6, 9, 12], especially in enlarged
atria [6, 13]. Atrial remodeling is associated with a change
of LA shape, which caused the standard geometric models
even more inaccurate. Such variances include, for example,
a trapezoidal LA shape [21], dilatation of the pulmonary
vein antrum area [22], LA roof re-shaping [23], enlarge-
ment of the anterior portion of the LA [24], and spherical
remodeling of the LA [19]. Even the well-validated biplane
2D-based methods, including biplane LAVDISC method,
systematically underestimated LAV when compared with
3D-ECHO, MRI, CT or CARTO [9, 10, 13, 14].
Even though biplane disc method was allowed in estima-

tion of LAV by previous guidelines [12], the correspondence

Fig. 3 Differences between 2D-ECHO-based, CARTO-derived and CT-derived left atrial volumes according to remodeling of left atrium. Caption:
Left atrium remodeling was defined according to sphericity index obtained from CT. Atrias were dichotomized according to median of sphericity
index. The points and whiskers represent mean and ± standard deviation. Abbreviations as in Fig. 1

Table 2 Univariate and stepwise forward multivariate regression analysis of determinants of discrepancy between left atrial volume
obtained by computed tomography and 3D electroanatomical mapping

Univariate analysis Multivariate analysis

YES (ml) NO (ml) p value Regression coefficient (95% CI) p value

Intercept – – – 7 (−3; 18) 0.16

Male gender 6.4 ± 23 −3.8 ± 19 0.04 5 (− 1; 18) 0.08

Paroxysmal AF −1.4 ± 22 9.4 ± 22 0.02 −5 (− 16; 6) 0.34

Age > 65 years − 0.8 ± 22 6.0 ± 23 0.15 −0.1 (− 0.7; 0.4) 0.67

Arterial hypertension 1.6 ± 23 8.1 ± 21 0.20 −5 (− 15; 6) 0.36

Diabetes mellitus −3.5 ± 22 4.9 ± 21 0.18 8 (−6; 21) 0.27

Structural heart disease −3.6 ± 28 5.7 ± 20 0.09 −9 (−20; 2) 0.09

SR during CT −1.1 ± 23 11.3 ± 20 0.008 −12 (−21; − 3) 0.008

Values are in format mean ± SD. In multivariate analysis YES = 1; NO = 0. LAVCARTO left atrial volume obtained by electroanatomical mapping; SR sinus rhythm; CI
confidence interval
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of LAVDISC to LAVCT had been low and still dependent on
spherical remodeling demonstrated by simplified IS. It re-
sponds to expectation that the missing of constant propor-
tions between the orthogonal axes in remodeled and
spherically deformed LA more likely affect LA size parame-
ters based on geometrical models (including 2D-ECHO de-
rived methods) instead of direct measurement.
In contrast to disc biplane method, bias between

LAVELLIPSOID and LAVCT was not changed significantly
when LA atrium was spherically remodeled. This
phenomenon stays in parallel to our previously pub-
lished data, where the prolate-ellipsoid method based on
composition of three linear dimensions provided mod-
estly better correlation with LAV obtained by electroana-
tomical mapping (i.e. CARTO) and, consequently, better
prediction of LA enlargement than LAV based on plan-
imetry [13]. However, an ellipsoid model demonstrated
still low accuracy (large underestimation) of LAVCT.
This finding stays in agreement with previous studies
systematically identifying smaller LAV obtained by the
prolate-ellipsoid method compared with 3D-ECHO or
CARTO [6, 13, 25, 26].
High level of concordance between CT-assessed LA

anatomy and LA CARTO maps has been already identi-
fied [15, 16]. LA shape assessment by electroanatomic
mapping has also been shown to have acceptable corres-
pondence to LAV assessed by intra-procedural 3D
cone-beam CT angiogram [17]. In contrast to our data, all
previously published studies have evaluated the relation-
ships between linear dimensions [15] or surface-to-point

distance [16, 17], instead to direct comparison of mea-
sured atrial volumes. Since LAV has been introduced as
preferred parameter in LA size estimation, reevaluation of
accuracy and precision of different methods of LAV as-
sessment had become to be more relevant. Even though
our study had found strong correlation (r = 0.8) between
CARTO and the CT-derived LAV, the error reached rela-
tive range ~ 30%. The existence of wide range of agree-
ment between LAV derived by CARTO and CT is novel
finding. Moreover, in patients without SR during CT scan
and electroanatomical mapping, overestimation of LAVCT is
more likely present. On the other hand, 3D electroanatomi-
cal reconstruction was insensitive to spherical deformation,
when compared to biplane disc echocardiographic method.
In purposed study, dense, point-by-point electroanato-

mic LA reconstructions were built. All electroanatomical
LA maps were created by experienced physicians. In
case of high-density mapping, isolated inaccuracies in lo-
cation of single points are usually mutually nullified, so
high level of reproducibility would be presented. How-
ever, the volume of CARTO map is still dependent on
how considerable segment of pulmonary vein antra, left
atrial appendage, atrial region closed to mitral annulus is
included to 3D reconstruction and how much stretch is
applied on mobile interatrial septum leading to increase
atrial volume. We speculate, that in case of advanced
type of AF, especially when arrhythmia is ongoing, the
3D electroanatomical map is created more precisely in
intention to identify more proarrhythmogenic substrate.
This could be the most likely explanation for overestimation

Fig. 4 Differences between CARTO-derived and CT-derived left atrial volumes according to clinical covariates. Caption: The points and whiskers
represent mean and ± standard deviation. Abbreviations as in Fig. 1
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of LAVCT by LAVCARTO in case of absence of SR. This is in
discrepancy with one previous small study showing that the
heart rhythm has not influenced accuracy of fusion between
CTand 3D electroanatomical map [16].
More indices describing LA shape remodeling have

been introduced as predictors of effectiveness of catheter
ablation [19, 27] or arrhythmia recurrence after DC car-
dioversion [28]. Site to IS, the asymmetry index describ-
ing ratio between volume of anterior portion of LA and
total LAV has been proved as better prognostic tool
[27]. For purpose of this technical study IS was chosen
as marker of atrial remodeling as more simple method
with high level of reproducibility.
The results of purposed study were partially presented

as conference abstract at Euro Heart Care 2017 [29].

Study limitations
The study has several limitations. First, it was retrospect-
ively designed. The data collection was not independ-
ently monitored. Second, the study was single center
study. Third, the time lag between imaging procedure
and electroanatomical mapping was from one to three
days in our study. However, it has been shown, that time
lag less than 4 days from CT to electroanatomical map-
ping was the most likely not the factor responsible for
integration error [17]. Only 3 patients manifested differ-
ent rhythms among modalities. Fourth, LAV was ac-
quired in different phase among the modalities. Both CT
and CARTO obtained data in end-diastole. In contrast,
ECHO used ventricular end-systole. Since diameters and
planimetry are measured just before opening of mitral
valve, atrial size should be maximal at this phase. We
therefore speculate that underestimation of LAV by
ECHO is not given by differences of time span of data
acquisition. If the same phase of the heart cycle was used,
underestimation of LAV with echocardiography would in-
crease. If CT and CARTO were performed in systole their
values would be larger than in diastole and hence bias
would increase compared to echocardiography.
Finally, the results are valid in patients with non-valvular

AF and cannot be probably converted to general population
as well as to patients with valvular AF (severe mitral regur-
gitation or stenosis, presence of mitral valve prosthesis).

Conclusions
Even though LA volumes evaluated by electroanatomical
mapping have quite good accuracy, the precision is low.
For volumes estimated by echocardiography, both precision
and accuracy are low. The electroanatomical mapping is
less sensitive to inaccuracy of LAV estimation predomin-
antly driven by the magnitude of LA spherical remodeling.
Referred bias between CT and CARTO-derived volumes is
related to existence of sinus rhythm.
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Abstract

Background
Left atrial (LA) enlargement is a predictor of worse outcome after catheter ablation for atrial
fibrillation (AF). Widely used two-dimensional (2D)-echocardiography is inaccurate and
underestimates real LA volume (LAV). We hypothesized that baseline clinical characteris-
tics of patients can be used to adjust 2D-ECHO indices of LAV in order to minimize this
disagreement.

Methods
The study enrolled 535 patients (59 ± 9 years; 67%males; 43% paroxysmal AF) who under-
went catheter ablation for AF in three specialized centers. We investigated multivariately
the relationship between 2D-echocardiographic indices of LA size, specifically LA diameter
in M-mode in the parasternal long-axis view (LAD), LAV assessed by the prolate-ellipsoid
method (LAVEllipsoid), LAV by the planimetric method (LAVPlanimetry), and LAV derived from
3D-electroanatomic mapping (LAVCARTO).

Results
Cubed LAD of 106 ± 45 ml, LAVEllipsoid of 72 ± 24 ml and LAVPlanimetry of 88 ± 30 ml corre-
lated only modestly (r = 0.60, 0.69, and 0.53, respectively) with LAVCARTO of 137 ± 46 ml,
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which was significantly underestimated with a bias (±1.96 standard deviation) of -31 (-111;
+49) ml, -64 (-132; +2) ml, and -49 (-125; +27) ml, respectively; p < 0.0001 for their mutual
difference. LA enlargement itself, age, gender, type of AF, and the presence of structural
heart disease were independent confounders of measurement error of 2D-echocardio-
graphic LAV.

Conclusion
Accuracy and precision of all 2D-echocardiographic LAV indices are poor. Their agreement
with true LAV can be significantly improved by multivariate adjustment to clinical character-
istics of patients.

Introduction
Catheter ablation for atrial fibrillation (AF) is an established therapy in selected patients [1].
Assessment of left atrial (LA) size, which has been identified as a predictor of catheter ablation
efficacy [2, 3], is essential when this treatment is considered. Despite advances in quantification
of LA anatomy, the simplest echocardiographic index—antero-posterior LA diameter (LAD)
from parasternal long-axis view—has been predominantly used for risk stratification of AF
recurrence in numerous ablation studies as reflected by a recent meta-analysis [4].

It has long been known, however, that LAD poorly correlates with LA volume (LAV) [5–8],
which has lead to the introduction of various complex methods for the calculation of LAV by
use of 2D-echocardiography (ECHO) (e.g. prolate-ellipsoid method, area-length or disc
method in single or biplane modification) [5–9]. While providing a more accurate assessment
of LA size than LAD [5–9], they still systematically underestimate LAV assessed by 3D-ECHO,
CT or MRI [7–12]. There is limited data on confounders of inaccuracy of 2D-ECHO indices.
To the best of our knowledge, only single study reported LA enlargement to be associated with
poor correspondence between LA diameters and 3D-ECHO LAV [8].

We hypothesized that other simple clinical characteristics of patients influencing this dis-
crepancy could be identified in larger population and subsequently used for appropriate adjust-
ment of 2D-ECHO indices. We investigated this hypothesis in real-world population of
patients with non-valvular AF scheduled for catheter ablation in whom electroanatomic 3D
reconstruction of the LA can be performed [13] and LAV can be assessed without geometric
assumptions [14, 15].

Methods
Patients
Consecutive patients, who underwent catheter ablation for AF at three cardiology centers
between May 2007 and December 2013, were analyzed. The data were retrieved from a dedi-
cated registry that was shared by the centers. The study was approved by the local ethics com-
mittees at all three institutions involved (General University Hospital in Prague, Hospital
Ceske Budejovice, Hospital Podlesi in Trinec) and all patients gave written informed consent.

3DMapping and CT Image Integration
LA mapping was performed in standardized way prior to the ablation procedure. A 3D electro-
anatomic mapping system (CARTO XP or CARTO 3, Biosense-Webster Inc., Diamond Bar,
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CA, USA) and manual catheter navigation was used for reconstruction of the LA endocardial
surface. Uniformly distributed mapping points were acquired at sites with stable endocardial
contact. Special attention was paid not to include mapping points behind the pulmonary vein
ostia. The orifice and proximal part of LA appendage was always mapped. Precise delineation
of the mitral annulus was performed in all cases. Intracardiac echocardiography was used to
visualize and tag the critical structures. A 3D virtual shell of the LA was built by software inter-
polations over the co-ordinates of multiple endocardial points. When multi-detector CT recon-
struction of LA was available, the CT image was registered to the CARTOmap by an algorithm
that minimizes the distance between the mapping points and the surface of CT image. A
merged display of the CT image and electroanatomic map was used to eliminate incidental
internalized and/or externalized mapping points in order to improve the quality of integration.
Finally, LAVCARTO was assessed using a built-in computation function of the Biosense system.

Echocardiographic examination
Transthoracic echocardiographic examinations were performed prior to the ablation procedure
according to the recommendations of American Society of Echocardiography [6, 7, 16]. In case
of irregular rhythm, the echocardiographic parameters were measured over ten beats to avoid
bias given by beat-to-beat variability. The LAD was defined as end-systolic, M-mode, antero-
posterior linear dimension in the parasternal long-axis view using 2D guidance for positioning
of the cursor. The measurement was cubed (LAD3) in order to be comparable to other volume
measures. The LAVEllipsoid was assessed by the prolate-ellipsoid method, which requires three
LA orthogonal diameters in end-systole (LAD and two diameters in the apical 4-chamber
view). A standardized planimetric method in a single-plane (apical 4-chamber view) was used
to obtain LAVPlanimetry.

Statistical analysis
Continuous variables were expressed as means with standard deviations and compared by the
2-tailed t-test for independent samples. Categorical variables were expressed as percentages
and compared by χ2–test. Pearson’s correlation and multivariate linear regression were used to
analyze the relationship between LAD3, LAVEllipsoid, and LAVPlanimetry (together with other
clinical covariates) as independent variables and LAVCARTO as dependent variable. Obtained
regression coefficients were used for simple and multivariate adjustment of individual ECHO-
based indices. Predictive characteristics of 2D-ECHO-based LAV for above-median LAVCARTO

were assessed for raw echocardiographic measurements as well as for the values after multivari-
ate adjustment for the clinical characteristics of patients. A p-value< 0.05 was considered sig-
nificant. All analyses were performed using the STATISTICA vers.12 software (Statsoft, Inc.,
Tulsa, USA).

Results
A total 535 patients (aged 59 ± 9 years; 67% males; 43% paroxysmal AF) were analyzed. Base-
line characteristics of the total population and subgroups by type of AF are shown in Table 1.
Males were significantly younger than females (58 ± 10 vs. 62 ± 8 years, p< 0.0001). The distri-
butions of LAV indices are illustrated in Fig 1.

The results of simple regression between 2D-ECHO-based LAV indices and LAVCARTO are
shown in Table 2 and Fig 2. The differences between correlation coefficients were significant
(p< 0.05). LAD3, LAVEllipsoid, and LAVPlanimetry underestimated LAVCARTO with an absolute
bias (± 1.96 standard deviation) of -31 (-111; +49) ml, -64 (-132; +2) ml, and -49 (-125; +27)
ml, and a relative bias of -20% (-73%; +32%), -45% (-73%; -17%), and -33% (-78%; +12%),
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respectively; p< 0.0001 for their mutual difference (Fig 2). For all 2D-ECHO-based LAV indi-
ces, the underestimation was significantly (p< 0.0001) more pronounced in patients with
above-median (>130 ml) LAVCARTO (Fig 3).

Age, gender, type of AF, and presence of structural heart disease (SHD) were significant and
independent covariates of the difference between 2D-ECHO-based and CARTO-derived LAV
by multivariate regression analysis (Table 3). The most pronounced underestimation was
found in elderly males with dilated LA, non-paroxysmal AF, and SHD. Overestimation was
quite rare and limited namely to young females with non-dilated LA, paroxysmal AF, and
absence of SHD. The Fig 4 shows how 2D-ECHO-based LAV indices correspond to CARTO-
derived LAV after simple linear and multivariate adjustment.

The poor ability of LAD3, LAVEllipsoid, and LAVPlanimetry to predict LAVCARTO > 130 ml is
demonstrated by receiver operating characteristics with mutually different (p< 0.01) areas
under the curve (AUC) of 0.80, 0.84, and 0.74, respectively (Fig 5A). Predictive power was
improved only modestly (AUC = 0.86, 0.89, and 0.86) after adjustment for clinical covariates
(Fig 5B). The AUC for LAVEllipsoid remained the highest and differed significantly from those
for LAD3 and LAVPlanimetry (p< 0.01 for both comparisons).

Discussion
The study performed in a relatively large, real-world population of patients with non-valvular
AF confirmed substantial disagreement between LAV assessed by 2D-ECHOmethods and ref-
erence LAV obtained by 3D electroanatomic mapping. The major finding of the study is that
this disagreement was influenced by LA enlargement itself, gender, age, type of AF, and pres-
ence of SHD. Moreover, the impact of these factors was consistent for all 2D-ECHO-based
LAV indices. Corresponding adjustment of echocardiographic indices resulted in improve-
ment of their accuracy and precision. LAVEllipsoid had the largest systematic deviation from

Table 1. Baseline characteristics.

Total population (n = 535) Paroxysmal AF (n = 230) Non-paroxysmal AF (n = 305) p value

Age (years) 59 ± 9 59 ± 10 60 ± 9 0.60

Males 358 (67%) 141 (61%) 217 (71%) 0.02

Hypertension 335 (63%) 128 (56%) 207 (68%) 0.005

Diabetes mellitus 74 (14%) 30 (13%) 44 (14%) 0.74

Structural heart disease 112 (21%) 22 (10%) 90 (30%) < 0.0001

Coronary artery disease 45 (8%) 16 (7%) 29 (10%) 0.22

CHADS2 1.01 ± 0.87 0.83 ± 0.83 1.15 ± 0.89 < 0.0001

CHA2DS2-VASc 1.71 ± 1.33 1.59 ± 1.32 1.79 ± 1.33 0.07

LV EF (%) 61 ± 10 64 ± 8 57 ± 11 < 0.0001

LAD (mm) 46 ± 6 44 ± 6 48 ± 6 < 0.0001

LAD3 (ml) 106 ± 45 89 ± 37 119 ± 45 < 0.0001

LAVEllipsoid (ml) 72 ± 24 62 ± 20 79 ± 24 < 0.0001

LAVPlanimetry (ml) 88 ± 30 81 ± 29 92 ± 30 < 0.0001

CARTO mapping points 190 ± 65 177 ± 60 201 ± 67 < 0.0001

CT image integration 408 (76%) 168 (73%) 240 (79%) 0.11

LAVCARTO (ml) 137 ± 46 107 ± 32 159 ± 43 < 0.0001

AF—atrial fibrillation; CT—computer tomography; LAD—left atrial diameter in parasternal long-axis view; LAD3 –cubed LAD; LAVEllipsoid−left atrial volume
(LAV) assessed by the ellipsoid model; LAVPlanimetry−LAV assessed by the planimetric method; LAVCARTO−CARTO-derived LAV; LV EF—left ventricular
ejection fraction. Values represent mean ± standard deviation or number (percentage).

doi:10.1371/journal.pone.0152553.t001
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LAVCARTO but offered the narrowest limits of agreement and, consequently, provided the best
concordance with LAVCARTO either after simple or multivariate adjustment.

The disagreement between LA size measures by different methods is not a novel observa-
tion. As CT, MRI or 3D-ECHO has improved understanding of the LA as an asymmetrically
shaped 3D structure [9–12], the sphericity assumption in echocardiographic measurements

Fig 1. Distribution of left atrial atrial size indices.
Abbreviations: IQR—interquartile range; LAD3 –cubed left atrial diameter in parasternal long-axis view; LAVEllipsoid−left atrial volume (LAV) assessed by the
prolate-ellipsoid method; LAVPlanimetry−LAV assessed by the planimetric method; LAVCARTO−CARTO-derived LAV.

doi:10.1371/journal.pone.0152553.g001

Table 2. Univariate regression between individual 2D-ECHO-based LAV indices and LAVCARTO (dependent variable).

LA size parameter LAD3 LAVEllipsoid LAVPlanimetry

Correlation coefficient 0.60 0.69 0.53

p value <0.0001 <0.0001 <0.0001

Intercept (95% CI) 68 (61; 74) 42 (35; 49) 66 (56; 76)

Regression coefficient (95% CI) 0.62 (0.56; 0.68) 1.32 (1.22; 1.42) 0.81 (0.70; 0.92)

CI—confidence interval; other abbreviations as in Table 1.

doi:10.1371/journal.pone.0152553.t002
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results in underestimation of true the LAV by M-mode or 2D-ECHO estimates of LA size [6–
8, 11], especially when atria are enlarged [8]. Apart from dilatation, atrial remodelling in
patients with persistent AF or SHD is associated with a change of LA shape, which renders the
standard geometric models even more inadequate. Such changes include, for example, a trape-
zoidal LA shape [17], enlargement of the pulmonary vein antrum dimension [18], LA roof re-
shaping [19], dilatation of the anterior part of the LA [20], and spherical deformation of the LA
[21]. Age and gender may also play a role in the degree of atrial remodelling leading to inaccu-
racy of standard geometric models. For example, the LAD measured in M-mode progressively
increased with age, but was not followed by a change in echocardiographically assessed LAV
until the age of 80 years [22], providing evidence that the LA changes shape during life [23].
The LAD was smaller in women than in men, but sex-related differences in any indices of LA
morphology [22] or indexed LAV [23] were not identified.

Fig 2. Correlation and agreement between 2D-ECHO-based and CARTO-derived LAV.
Upper row: Pearson’s correlation. Middle row: scatterplots for absolute differences between 2D-ECHO-based and CARTO-derived LAV versus CARTO-
derived LAV. Lower row: scatterplots for relative differences between 2D-ECHO-based and CARTO-derived LAV versus CARTO-derived LAV. Red line—
identity line; black line—regression line; blue line—bias; green line—limits of agreement (±1.96 standard deviation). Abbreviations as in Fig 1.

doi:10.1371/journal.pone.0152553.g002
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Fig 3. Absolute and relative agreement between 2D-ECHO-based and CARTO-derived LAV in categories by LA size.
Absolute and relative differences are shown in upper and lower row of graphs, respectively. Data are dichotomized by median of LAVCARTO (130 ml). The
points and whiskers represent mean and ±1.96 standard deviation. Abbreviations as in Fig 1.

doi:10.1371/journal.pone.0152553.g003

Table 3. Stepwise forwardmultivariate regression analysis of determinants of LAVCARTO.

Model A LA size = LAD3 (R = 0.74,
P<0.0001)

Model B LA size = LAVEllipsoid
(R = 0.78, P<0.0001)

Model C LA size = LAVPlanimetry
(R = 0.74, P<0.0001)

Regression coefficient
(95% CI)

p value Regression coefficient
(95% CI)

p value Regression coefficient
(95% CI)

p value

Intercept 67 (47; 87) < 0.0001 49 (30; 68) < 0.0001 64 (44; 84) < 0.0001

LA size (ml) 0.42 (0.36; 0.49) < 0.0001 0.98 (0.87; 1.10) < 0.0001 0.60 (0.51; 0.69) < 0.0001

Male gender (YES = 1 / NO = 0) 15 (9; 21) < 0.0001 12 (7; 18) < 0.0001 18 (12; 24) < 0.0001

Age (years) 0.44 (0.14; 0.74) 0.004 0.34 (0.06; 0.61) 0.02 0.38 (0.08; 0.68) 0.01

Non-paroxysmal AF (YES = 1 /
NO = 0)

34 (28; 40) < 0.0001 32 (26; 37) < 0.0001 40 (35; 46) < 0.0001

Structural heart disease
(YES = 1 / NO = 0)

14 (8; 21) < 0.001 10 (4; 17) 0.001 14 (7; 20) < 0.0001

LA—left atrium; CI—confidence interval; other abbreviations as in Table 1.

doi:10.1371/journal.pone.0152553.t003
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It could be expected that the lack of constant proportion between the major axes in remod-
elled and enlarged LA more likely affects LA size parameters based on single-dimensional mea-
surement, i.e. M-mode antero-posterior diameter. Our data, however, showed that none of
analyzed parameters was associated with clearly superior agreement with CARTO-derived
LAV. Although the prolate-ellipsoid method based on composition of three linear dimensions
provided modestly higher precision (better correlation with LAVCARTO and, consequently, bet-
ter prediction of LA enlargement) than LAVPlanimetry and LAD

3, the LAVEllipsoid demonstrated
the lowest accuracy (the largest underestimation) of LAVCARTO. This is in agreement with

Fig 4. Correlation of raw and adjusted 2D-ECHO-based LAV with CARTO-derived LAV.
Upper row: raw values. Middle row: simple linear adjustment. Lower row: multivariate adjustment for clinical covariates. Regression coefficients from Tables
2 and 3 were used for the simple and multivariate adjustment, respectively. Specifically, adjusted LAV was calculated as:
68 + 0.62 LAD3;
42 + 1.32 LAVEllipsoid;
66 + 0.81 LAVPlanimetry;
67 + 0.42 LAD3 + 15 (if male) + 0.44 Age + 34 (if persistent AF) + 14 (if SHD);
49 + 0.98 LAVEllipsoid + 12 (if male) + 0.34 Age + 32 (if persistent AF) + 10 (if SHD);
64 + 0.60 LAVPlanimetry + 18 (if male) + 0.38 Age + 40 (if persistent AF) + 14 (if SHD).
Red line–identity line; black line–regression line. Adj = adjusted. Other abbreviations as in Fig 1.

doi:10.1371/journal.pone.0152553.g004
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previous studies systematically reporting smaller LAV assessed by the prolate-ellipsoid method
compared with 2D-ECHO planimetry or 3D-ECHO [8, 22, 24]. The novel chamber quantifica-
tion guidelines discuss different methods available for measurement of LA volumes [7]. The
document recommends the disk summation algorithm for LA size estimation, which was not
used in our study. The biplane area-length method provided small additional accuracy com-
pared to the single plane method in a 3D-ECHO study [8]. Moreover, strong correlations and
negligible bias were found between LAV measured by single-plane area-length method in the
apical 4-chamber view and the biplane method (r = 0.97) [5]. Single-plane apical four chamber
LA volumes were smaller than biplane volumes by 2 to 4 mL only [7]. Even the well-validated
biplane 2D-based methods systematically underestimated LAV when compared with
3D-ECHO, MRI or CT [11, 12]. We therefore speculate that biplane LAV assessment would
not likely improve the correspondence between 2D-ECHO indices and CARTO-derived LAV
in our study significantly. Previous study reported excellent correlation (r = 0.9) between
CARTO-derived and the biplane disc-method LAV which was systematically smaller (by 20–
30%) than 2D-ECHO [14]. This was, however, a single center study in a relatively small num-
ber of patients with paroxysmal AF only. Our three-center study included a larger population
with clinical characteristics better corresponding to contemporary patients undergoing cathe-
ter ablation for AF; in particular, our patients had a considerably wider range of LA size. It is
likely that not only different methods for 2D-ECHO LAV assessment, but also dissimilar study
design are responsible for the differences between the results of this and our study.

We considered a CARTO-derived LAV instead of CT as the reference LAV measure in our
study because CT imaging was not available in 24% of patients. High level of correspondence
between LA CARTO map and CT-assessed LA anatomy was already demonstrated [13]. LAV
assessment by electroanatomic mapping has also been shown to have reasonable agreement
with LAV assessed by intra-procedural 3D cone-beam CT angiogram [25] in one small study.

Fig 5. Receiver operating characteristics (ROC) for the prediction of CARTO-derived LAV > 130ml.
ROC curves are plotted for LAD3 (in blue), LAVEllipsoid (in red) and (3) LAVPlanimetry (in green). Panel A: ROC for raw 2D-ECHO-based LAV. Panel B: ROC for
multivariately adjusted 2D-ECHO-based LAV (the adjustment was the same as in Fig 4). Points corresponding to 2D-ECHO-based LAV > 130 ml are
indicated by arrows. AUC—area under the curve; other abbreviations as in Fig 1.

doi:10.1371/journal.pone.0152553.g005
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In our study, high-density, point-by point electroanatomic maps were created by experienced
operators. When CT image integration was performed (76%), it invariably exhibited excellent
spatial agreement between CARTOmaps and CT images. This warrants the utility of 3D-
mapping-derived LAV as a reference measure. In case of high-density 3D electroanatomic
mapping, individual inaccuracies in the location of individual points due to respiration or
irregular heart rhythm are mutually cancelled.

On the other hand, echocardiographic assessment is patient-dependent (for example, poor
window) and observer-dependent, with the need for appropriate angulation and gain adjust-
ment for clear visualization of the LA endocardium including pulmonary vein confluences and
the LA appendage, proper end-systolic timing for diameter measurement and correct identifi-
cation of the long axis view [5, 24]. For asymmetrical structures, the feasible view for the diam-
eter or area reading does not necessarily correspond to the optimum plane. Limited resolution
of 2D-ECHO, precision of border detection and the ability to include trabeculae might contrib-
ute to low accuracy of 2D-ECHO in comparison to 3D methods. For all of these reasons, we
believe that the disagreement between methods of LAV assessment is predominantly due to
inherent inaccuracy of 2D-ECHO methods.

The 3D-echocardiography was not easily available at the time when data collection for this
study had been initiated. Such advanced echocardiographic technology might improve the
accuracy of LAV readings. Despite advantages in 3D-ECHO, however, the lack of a standard-
ized methodology and limited normative data prevent 3D-ECHO from the routine use for LA
size quantification [7]. Moreover, an underestimation of CARTO-derived LAV by 3D-ECHO
has been also demonstrated [15].

Study limitations
The study has several limitations. First, it was not prospectively designed and the data collec-
tion was not independently monitored. Second, centers did not contribute equally to the total
study population and some imbalance in patients characteristics also appeared among centers.
Third, biplane-disc methods were not used in our study, so we could not analyze the potential
benefit from biplane compared to single plane assessment of LAV in terms of accuracy and
precision. Fourth, proposed equations for adjustment of ECHO-based LAV were not validated
in independent population. Finally, the results cannot be probably translated to general popu-
lation of cardiac patients as well as to patients with valvular AF.

Conclusions
The substantial disagreement between 2D-ECHO-based LAV and LAV obtained by 3D elec-
troanatomic mapping in patients with non-valvular AF was confirmed. The disagreement can
be attributed to both non-spherical LA shape and echocardiographic measurement error. Inac-
curacy of 2D-ECHO-based LAV is predominantly driven by the magnitude of LA enlargement.
Precision can be improved by adjustment for simple clinical covariates. Because considerable
disagreement still exists even after multivariate confounders are taken into account, the rele-
vance of 2D-ECHO-based LA size indices for selection of suitable catheter ablation candidates
should be considered with caution. Especially in patients with dilated LA, unadjusted
2D-ECHO-based LAV significantly underestimated the true LAV.
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Summary 
Left atrial (LA) volume (LAV) is used for the selection of patients 
with atrial fibrillation (AF) to rhythm control strategies. 
Calculation of LAV from the LA diameters and areas by  
two-dimensional (2D) echocardiography may result in significant 
error. Accuracy of atrial volume assessment has never been 
studied in patients with long-standing persistent AF (LSPAF) and 
significant atrial remodeling. This study investigated correlation 
and agreement between 2D echocardiographic (Simpson 
method) and electroanatomic (CARTO, Biosense Webster) left 
and right atrial (RA) volumes (LAVECHO vs. LAVCARTO and RAVECHO 
vs. RAVCARTO) in patients undergoing catheter ablation for LSPAF. 
The study enrolled 173 consecutive subjects (females: 21 %, 
age: 59±9 years). There was only modest correlation between 
LAVECHO (92±31 ml) and LAVCARTO (178±37 ml) (R=0.57), and 
RAVECHO (71±29 ml) and RAVCARTO (173±34 ml) (R=0.42), 
respectively. LAVECHO and RAVECHO underestimated LAVCARTO and 
RAVCARTO with the absolute bias (±1.96 standard deviation)  
of -85 (-148; -22) ml and -102 (-169; -35) ml, respectively, and 
with the relative bias of -48 (-75; -21) % and -59 (-88; -30) %, 
respectively (all P<0.000001 for their mutual difference). 
Significant confounders of this difference were not identified. 
In patients with LSPAF, 2D echocardiography significantly 
underestimated both LA and RA volumes as compared with 
electroanatomic reference. This disagreement was independent 
of clinical, echocardiographic and mapping characteristics. 
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Long-standing atrial fibrillation • Echocardiography • Atrial 
volume • Electroanatomic mapping  
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Introduction 
 

Atrial fibrillation (AF) is frequently associated 
with left atrial (LA) enlargement which is also  
an acknowledged marker of resistance to 
pharmacological and non-pharmacological treatment of 
AF (Berruezo et al. 2007, Hof et al. 2009b, Montefusco 
et al. 2010, Von Bary et al. 2012, Zhuang et al. 2012). 
Although LA antero-posterior diameter in long-axis 
parasternal (PLAX) view has been largely used as  
a simple index of the LA size, its correlation with the  
LA volume (LAV) was poor in multiple prior studies 
(Lester et al. 1999, Pritchett et al. 2003, Badano et al. 
2008, Hof et al. 2009a). Three-dimensional (3D) 
echocardiography, computed tomography (CT) or 
magnetic resonance (MR) imaging are not commonly 
used in routine clinical practice for more accurate 
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assessment of LAV (Russo et al. 2010, Miyasaka et al. 
2011, Mor-Avi et al. 2012, Shimada and Shiota 2012, 
Koka et al. 2012, Patel et al. 2003, Müller et al. 2010, 
Vandenberg et al. 1995, Rodevan et al. 1999, Maceira et 
al. 2010, Abhayaratna et al. 2006, Lang et al. 2005, 
Havranek et al. 2016). On the other hand, routinely 
employed automated algorithms for calculation of LAV 
from the LA diameters and areas by two-dimensional 
(2D) echocardiography may result in significant error.  

Electroanatomic mapping in patients undergoing 
catheter ablation for AF offers an alternative tool of  
3D atrial reconstruction and volume assessment 
independent of geometric assumptions (Patel et al. 2003, 
Müller et al. 2010). The LAV derived from 
electroanatomic mapping (LAVCARTO) poorly 
corresponded with 2D-echocardiographic LAV 
(LAVECHO) in patients ablated for predominantly 
paroxysmal AF in prior studies (Patel et al. 2003, 
Havranek et al. 2016). However, no prior study compared 
LAVCARTO and LAVECHO in the subjects with long-
standing persistent AF (LSPAF), the most difficult-to-
ablate AF type because of extensive LA remodeling. In 
addition, although arrhythmogenic substrate of LSPAF 
involves RA in up to 30 % of cases (Rostock et al. 2008, 
Narayan et al. 2012, Haissaguerre et al. 2014), RA is not 
routinely mapped during AF ablation and correspondence 
between 2D echocardiographic and electroanatomic RA 
volumes (RAVECHO and RAVCARTO) is generally 
unknown. 

This study aimed at investigating the 
relationship between the 2D echocardiographic LAVECHO 
and RAVECHO calculated by the Simpson method and 
the LAVCARTO and RAVCARTO derived from 3D electro-
anatomic mapping in patients undergoing catheter 
ablation for LSPAF. 
 
Methods 
 
Study population 

The study included 173 consecutive patients 
who underwent their first ablation for LSPAF between 
August 2007 and December 2011 and met the following 
criteria: 1) age 18-80 years; 2) symptomatic LSPAF 
lasting >12 months without intervening sinus rhythm; 
3) refractory to oral amiodarone; 4) resistant to electrical 
cardioversion or recurring within 7 days after. Ethical 
approval was obtained for the study protocol, and all 
patients gave written informed consent.  

 
 

Electroanatomic mapping 
Electroanatomic LA and RA maps (CARTO, 

Biosense Webster, Diamond Bar, CA, USA) were 
acquired during AF by mapping/ablation catheter with 
a 3.5-mm irrigated-tip electrode (NaviStar ThermoCool, 
Biosense Webster, Diamond Bar, CA, USA). The maps 
were based on 3D virtual LA/RA shells reconstructed by 
software interpolations over the co-ordinates of multiple 
endocardial points. Efforts were made to obtain high-
density maps consisting of evenly distributed contact 
points. Transition of the tubular segment of pulmonary 
vein (PV) into the PV antrum was identified by combined 
information obtained from fluoroscopy, recording of PV 
and LA potentials, and impedance drop. Intracardiac 
echocardiography assisted in visualization of critical 
atrial structures in a majority of cases. The LAVCARTO 
and RAVCARTO were automatically derived from 3D 
electroanatomic maps that comprised broader PV antra 
and entire appendages. The CT image was registered in 
the electroanatomic map by an automated algorithm that 
minimizes the distance between mapping points and the 
CT surface. The match between both merged maps was 
optimized by eliminating inner and outer electroanatomic 
points due to inadequate contact or excessive pressure 
against the atrial wall as well as respiration-related shifts. 
LAVCARTO and RAVCARTO were automatically provided 
by a built-in computation function of the Biosense 
system. In addition to volume assessment, the proportions 
of mapping points arbitrarily divided into 3 groups 
exhibiting voltage <0.2 mV (severe interstitial fibrosis), 
0.2-1.0 mV, and >1 mV (normal atrial myocardium) were 
obtained as described previously (Fiala et al. 2010). 

 
Echocardiographic examination 

Transthoracic echocardiography using  
an echocardiograph iE 33 (Phillips, Bothell, WA, USA) 
were completed by 3 experienced physicians prior to the 
ablation according to the guidelines (Pritchett et al. 2003, 
Abhayaratna et al. 2006, Lang et al. 2005). Left ventricular 
diameters were measured in PLAX view using M-mode 
when possible, or 2D echocardiography if more accurate. 
Antero-posterior LA diameter in PLAX view, and LA and 
RA long- and short-axis diameters in apical four-chamber 
(A4CH) and apical two chamber (A2CH) views were 
measured as the maximum end-systolic linear dimensions 
not including venous ostia or appendages. Atrial volumes 
were automatically obtained by biplane (A2CH and 
A4CH) and single-plane (A4CH) modified Simpson 
method for LAVECHO and RAVECHO, respectively (Lang et 
al. 2005).  
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Statistical analysis  
Continuous variables were expressed as a mean 

with standard deviation and compared by 2-tailed t-test for 
independent samples. Categorical variables were expressed 
as a percentage and compared by χ2-test. Pearson’s 
correlation and multivariate linear regression were used to 
analyze the relationship between LAVECHO and RAVECHO 
together with other clinical covariates as independent 
variables and LAVCARTO and RAVCARTO as dependent 
variable. Stepwise forward method was used for all 
variables with univariate relationship of P≤0.20. The 
agreement between atrial volumes was analyzed using the 
modified method of Bland-Altman assuming that 
LAVCARTO and RAVCARTO are substantially more accurate 
than LAVECHO and RAVECHO. P-value <0.05 was consi-
dered significant. All analyses were performed using the 
STATISTICA vers.12 software (Statsoft, Inc., Tulsa, USA). 
 
Results 
 

Baseline characteristics of the study population 
are shown in Table 1. Pre-ablation LAVECHO and 
LAVCARTO were compared in all 173 patients;  
comparison of RAVECHO and RAVCARTO was available in 
169 patients. Echocardiographic and electroanatomic 
mapping parameters are summarized in Tables 2 and 3. 
The distribution of LAVECHO (92±31 ml) / RAVECHO 
(71±29 ml) and LAVCARTO (178±37 ml) / RAVCARTO 
(173±34 ml) is shown in Figure 1.  

There was only modest correlation between 
LAVECHO and LAVCARTO (R=0.57), and RAVECHO and 
RAVCARTO (R=0.42), respectively (P<0.0001 for both 
coefficients) (Fig. 2). LAVECHO and RAVECHO under-
estimated LAVCARTO and RAVCARTO with the absolute 
bias (±1.96 standard deviation) of -85 (-148; -22) ml  
and -102 (-169; -35) ml, respectively, and with  
the relative bias of -48 (-75; -21) % and -59 (-88; -30) %, 
respectively (all P<0.000001 for their mutual difference) 
(Fig. 3). The proportions of patients exhibiting difference 
between echocardiographic and electroanatomic LAV 
and RAV that exceeded predefined level of error are 
shown in Table 4. No significant and independent 
covariates of the difference between LAVECHO and 
LAVCARTO and between RAVECHO and RAVCARTO were 
identified by multivariate regression analysis. 
 
Discussion 
 

This study demonstrated that the LAV derived 
from electroanatomic endocardial map was 

approximately twofold larger than that assessed by the 
2D echocardiographic Simpson method and, importantly, 
that the limits of agreement were considerably wide. Such 
disagreement was for the first time shown in patients with 
intractable LSPAF and significant left atrial enlargement. 
This is also the first study that revealed similarly poor 
correspondence between electroanatomic and 
echocardiographic RAV.  
 
 
Table 1. Baseline characteristics. 
 

Age (years) 59±9 (32-79) 
Females 37 (21 %) 

Total AF history (months) 
median 60,  

IQR 31-93 (13-504) 

Persistent AF duration (months) 
median 26,  

IQR 17-48 (13-254) 
Arterial hypertension 107 (62 %) 
Diabetes mellitus 20 (12 %) 
Stroke/TIA 22 (13 %) 
Coronary artery disease 13 (8 %) 
Pulmonary disease 21 (12 %) 
History of heart failure 34 (19 %) 
LVEF ≤40 % before ablation 28 (16 %) 
Hypothyroidism 13 (8 %) 
CHADS2 1.2±1.0 (0-4) 
CHA2DS2VASC 1.7±1.4 (0-6) 
Body mass index (kg/m2) 31±4 (19-44) 
LV end-diastolic diameter (mm) 52±7 (37-79) 
LV end-systolic diameter (mm) 37±8 (21-67) 

LVEF (%) 
median 58,  

IQR 51-60 (25-67) 
 
Data shown as mean ± standard deviation (range) or median 
with interquartile range (IQR) (range) or count (percentage).  
AF – atrial fibrillation, LV – left ventricular, LVEF – left ventricular 
ejection fraction, TIA – transitory ischemic attack. 
 
 
Table 2. Left and right atrial echocardiographic parameters. 
 

LA antero-posterior diameter (mm) 48±5 
LA long-axis diameter (mm) 68±6 
LA short axis diameter (mm) 47±6 
RA long-axis diameter (mm) 61±6 
RA short axis diameter (mm) 44±8 
LAVECHO (ml) 92±31 
RAVECHO (ml) 71±29 

 
Data shown as mean ± standard deviation (range). LA – left 
atrial, RA – right atrial, LAVECHO, RAVECHO – left and right atrial 
volumes assessed by 2D echocardiography (Simpson method). 



244   Škňouřil et al. Vol. 66 
 
 
Table 3. Left and right atrial electroanatomic mapping 
parameters. 
 

LA mapping points 222±39 
RA mapping points 177±29 
LA points <0.2 mV (%) 24±18 
LA points >1.0 mV (%) 19±11 
RA points <0.2 mV (%) 17±11 
RA points >1.0 mV (%) 35±16 
LA maximum voltage (mV) 5.5±2.4 
RA maximum voltage (mV) 6.2±2.5 
LAVCARTO (ml) 178±37 
RAVCARTO (ml) 173±34 

 
Data shown as mean ± standard deviation (range). LA – left 
atrial, RA – right atrial, LAVCARTO, RAVCARTO – left and right atrial 
volumes derived from electroanatomic mapping. 

Table 4. Proportions of subjects with relative deviation of 
echocardiographic from electroanatomic atrial volume. 
 

 LAVECHO vs. 
LAVCARTO 

RAVECHO vs. 
RAVCARTO 

Magnitude of error >10 % 99 % 97 % 
Magnitude of error >20 % 95 % 97 % 
Magnitude of error >30 % 92 % 93 % 
Magnitude of error >50 % 46 % 73 % 

 
Results are shown for 4 categories defined by lower limit of error. 
LAVECHO, RAVECHO – left and right atrial volumes automatically 
assessed by 2D echocardiography (Simpson method), LAVCARTO, 
RAVCARTO – left and right atrial volumes assessed by 
electroanatomic mapping. 

 
 

 
 
 

 
 
Fig. 1. Distribution of left and right atrial volumes. LAVECHO, RAVECHO – left and right atrial volume assessed by 2D echocardiography 
(Simpson method), LAVCARTO, RAVCARTO – left and right atrial volumes derived from electroanatomic mapping. 
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Fig. 2. Pearson’s correlation between two-dimensional echocardiographic and electroanatomic volumes. Correlation of left atrial 
volumes (A) and right atrial volumes (B). Abbreviations as in Figure 1. 
 
 
 

 
 
Fig. 3. Agreement between two-dimensional echocardiographic and electroanatomic atrial volumes. Scatterplots for absolute (A and B) 
and relative (C and D) differences between left atrial (A and C) and right atrial (B and D) volumes obtained by 2D echocardiography 
and electroanatomic mapping. Dashed line – identity line, solid line – bias, dotted line – limits of agreement (±1.96 standard deviation). 
Abbreviations as in Figure 1.  
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The present study corroborated previously 
reported systematic underestimation (by ~30 %) of LAV 
assessed by 2D echocardiography when compared with 
the assessment by CT or MR (Koka et al. 2012, Rodevan 
et al. 1999). LAV obtained by echocardiographic biplane 
Simpson method was also lower by 20-30 % when 
compared with electroanatomic LAV; this study reported 
excellent correlation (r=0.9) between electroanatomic and 
echocardiographic LAV; however, it included a relatively 
small number of patients with only paroxysmal AF  
(Patel et al. 2003). Our concurrent analysis of a larger 
population with all AF types showed an increasing scatter 
of differences between LAVECHO and LAVCARTO as well 
as trend to greater both absolute and relative 
underestimation of true LA size in patients with excessive 
LA enlargement (Havranek et al. 2016).  

Electroanatomic instead of CT atrial volumes 
were used in our study. We are convinced that they can 
be used promiscuously because excellent match between 
high-density electroanatomic map and CT image can be 
invariantly achieved during AF ablation procedures.  
This is supported by prior study which showed that 
electroanatomic reconstruction could display true LA 3D 
anatomy as defined by the CT with high accuracy in most 
of the LA regions (Piorkowski et al. 2006). Recently, the 
LAV derived from electroanatomic mapping correlated 
and agreed well with the LAV calculated by MR (Rabbat 
et al. 2015). 

Inaccuracy of LAV/RAVECHO may be influenced 
by availability of suitable echocardiographic window, 
observer-dependent adjustment of angulation and gain for 
endocardial contour visualization, and correct timing of 
measurement at the end of ventricular systole (Lester et 
al. 1999, Ujino et al. 2006). The image quality and 
anatomically correct projection are frequently competing 
factors, so that the planes may not be aligned to 
geometric centre of the chamber in order to achieve 
maximum cross-sectional area, and biplane assessments 
may not be strictly orthogonal. Thus, the disparity 
between the methods might results from: i) failure  
of simple geometric assumptions applied by  
2D echocardiography to assess adequately the true 
volume of complex atrial shape (Cozma et al. 2007) 
and/or ii) failure to acquire the proper images for biplane 
assessment in terms of orthogonality and nice endocardial 
contour. Although the Simpson method is less dependent 
on simple geometric assumption (like, for example, 
prolate ellipsoid method), we believe that both are 
important sources of error. One can easily imagine that 

non-spherical structure is prone to either overestimation 
or underestimation, while more spherical structure is 
prone to underestimation only. Therefore, bidirectional 
deviations are mutually cancelled in small, non-spherical 
atria in patients with paroxysmal AF while unidirectional 
deviations aggregate in significantly remodeled and more 
spherically shaped atria in patients with LSPAF. Besides 
spherical remodeling of the LA (Bisbal et al. 2013), other 
factors may also play a role: enlargement of the funnel-
shaped PV antra (Tsao et al. 2001), LA roof reshaping 
(Kurotobi et al. 2011), and dilation of the anterior LA 
including the LA appendage (Nedios et al. 2011). 

The results of our study are clearly biased by the 
volume of LA appendage that was mapped, i.e. included 
into the LAVCARTO. Biplane 2D echocardiography does 
not display LA appendage that was, therefore, principally 
excluded from the LAVECHO calculation. LA appendage 
volume ranges between 10-30 ml according to different 
studies, so that the sizeable difference between 
LAVCARTO and LAVECHO in our study would hardly have 
been eliminated if electroanatomic maps had been edited 
in this respect. 

Importantly, there is also bias in the opposite 
direction that relates to the timing of LAV/RAV 
assessment. While echocardiographic readings are 
performed at the end-systolic maximum of atrial volume, 
the electroanatomic mapping is triggered by the QRS 
complexes, i.e. points are acquired at the end-diastolic 
phase when atrial volume is consistently lower by 
approximately 20-30 ml, which may offset the bias 
related to the LA appendage (see above).  

The difference between LAVCARTO and 
LAVECHO was substantially greater than in prior studies 
and we were not able to find any clinical or 
morphological variables responsible for this disagreement 
as in our previous study (Havranek et al. 2016). 
However, this study investigated a significantly larger 
and more heterogeneous population of AF patients and 
consequently was more powered to identify individual 
confounders. 

 
Limitations 

Because of retrospective nature of our 
investigation, the study has several limitations: 

Readings of CT-derived atrial volumes were not 
available. We have no centre-specific data on within- and 
inter-examiner reproducibility of 2D echocardiographic 
LAV/RAV. The same applies for LAV/RAV assessed by 
means of electroanatomic mapping which was performed 
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only once per patient by single experienced operator.  
Finally, despite limitations of 2D echocardio-

graphy for the assessment of atrial volume, the vast 
majority of prognostic data is derived from this method. 
Therefore, before adoption of other imaging methods into 
clinical practice, their prognostic value should be 
assumed as unknown. 

 
Conclusions 

 
In patients with LSPAF and significant atrial 

remodeling, the 2D echocardiography with the use  
of single/biplane Simpson method significantly 
underestimated the atrial size compared to the 

electroanatomic reference. Therefore, the results of this 
method should be interpreted with caution, especially 
when used for selection of suitable candidates for rhythm 
control strategies including catheter ablation. More 
focused studies are needed to disclose the main source of 
inaccuracy in atrial volume assessment by 2D echo-
cardiography in patients with severe atrial dilation. 
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The left atrial substrate plays a significant
role in the development of complex atrial
tachycardia in patients with precapillary
pulmonary hypertension
Zdenka Fingrova1,2, Stepan Havranek1,2* , David Ambroz1,2, Pavel Jansa1,2 and Ales Linhart1,2

Abstract

Background: Atrial fibrillation (AF) and related atrial tachyarrhythmias (AT), including type I atrial flutter (AFL) are
frequently observed in patients with pulmonary hypertension (PH). Their relationship to hemodynamic changes,
atrial size, and ventricular function are still not fully verified.

Methods: We retrospectively studied hemodynamic data, echocardiographic findings and arrhythmia incidence in
814 patients with invasively diagnosed precapillary PH (aged 59 ± 14 years; 46% males). Patients with combined or
post-capillary PH were excluded.

Results: AF / AT were identified in 225 (28%) of all the study population. Compared to the subgroup without
arrhythmia, patients with AF / AT had elevated right atrial pressure (11 ± 5 vs. 9 ± 5mmHg), wedge pressure (11 ± 3 vs.
10 ± 3), a more enlarged right atrium (50 ± 12 vs. 47 ± 11mm) and an increased left atrial diameter in the parasternal
long axis projection, p < 0.05 for all comparisons. In the multivariate model, the left atrial size, patient age, arterial
hypertension, diabetes and type of PH were associated with AF / AT occurrence, p < 0.05. Patients with type I AFL
were more frequently male (39 (80%) vs. 62 (42%)), were younger (61 ± 11 vs. 67 ± 10 years), had increased pulmonary
artery mean pressure (50 ± 12 vs. 45 ± 12mmHg), less advanced left atrial dilatation (38 ± 10 vs. 42 ± 7mm), and a
more enlarged right atrium (56 ± 12 vs. 48 ± 11) as compared to subjects with AF or other AT, p < 0.05.

Conclusions: The evidence of elevated wedge pressure and the enlargement of the left atrium especially in patients
with AF suggest a parallel involvement of the left atrial substrate in arrhythmia formation despite invasively confirmed
evidence of purely isolated precapillary PH. Substantial differences were noticed between patients with type I AFL and
the remaining patients with other arrhythmia types.

Keywords: Pulmonary hypertension, Atrial fibrillation, Atrial tachycardia, Atrial flutter

Background
Pulmonary hypertension (PH) is a pathophysiological dis-
order characterized by an elevated pulmonary artery mean
pressure (PAMP) ≥ 25mmHg [1]. Hemodynamic parame-
ters evaluated by a right heart catheterization defined the
precapillary PH, isolated postcapillary or combined post-

and precapillary PH [1, 2]. Despite advances in the manage-
ment of patients with PH, most treatment strategies relieve
symptoms and functional status while evidence of prognos-
tic improvements and survival is limited [1].
Supraventricular tachycardias has been frequently (range

of cumulative incidence 10–25%) observed in patients with
idiopathic pulmonary arterial hypertension (PAH) [3 ], in
all types of PH [4–6 ], inoperable chronic thromboembolic
pulmonary hypertension (CTEPH) [4 , 6 ] or Eisenmenger
syndrome [7 ]. Atrial tachyarrhythmias leads to clinical
deterioration and may be associated with an increased risk
of death [3 , 4 , 6 , 8 ]. Out of all types of supraventricular
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tachycardias in the PH population, atrial fibrillation (AF)
and related atrial tachyarrhythmias (AT), including type I
atrial flutter (AFL) are the most frequently observed [3–7 ].
It is k nown that there is a relationship between right

atrium (RA) enlargement in patients with PH and the
increased prevalence of supraventricular arrhythmia [9],
however, limited data is available on the arrhythmogenic
substrate for complex ATs including AF in patients with
precapillary PH. Although some studies in patients with
PH or respiratory disease suggested that substrate for
AF / AT could be predominantly situated in the RA
[10–13 ], the role of the arrhythmogenic substrate in the
left atrium (LA) and left atrial pressure in patients with
precapillary PH is generally unk nown.
In order to further evaluate the role of the left and right

atrial substrate in the development of AF / AT in patients
with precapillary PH, we conducted a retrospective ana-
lysis of records focused on left and right cardiac morph-
ology and haemodynamics in patients with precapillary
PH and AF / AT.

Methods
Consecutive unselected patients, who were diagnosed
and treated for PH at a single centre between 20 0 3 and
2017 , were enrolled in the retrospective analysis. Patient
data was retrieved from a dedicated registry. The study
was performed according to good clinical practice and in
compliance with the Helsink i declaration. An individual
written consent was obtained from each patient. The
study was approved by the local Ethics committee.
All patients have undergone a complete routine baseline

in-hospital work -up according to contemporary standards
[1, 10 , 11] including a medical history assessment, con-
comitant diseases, clinical severity, functional capacity,
complete laboratory tests, echocardiography, and other
noninvasive and invasive methods. All included patients
underwent a right heart catheterization demonstrating PH
with a pulmonary artery mean pressure (PAMP) ≥ 25
mmHg. Only patients with precapillary PH with a pul-
monary artery wedge pressure (PAWP) ≤ 15mmHg were
included in the current analysis. The classification of PH
and patient management was done according to current
European Society of Cardiology guidelines [2]. Patients
with PAH, PH due to lung diseases and/or hypoxia,
CTEPH and a group of PH with unclear and/or multifac-
torial mechanisms were enrolled in the study.
For patients with CTEPH, assessment of operability

included perfusion scintigraphy and pulmonary angiog-
raphy and when eligible, pulmonary endarterectomy
(PEA) was indicated.
All patients were regularly seen at 1 to 6 monthly in-

tervals, or whenever clinically indicated, in an outpatient
clinic. Standard 12-lead ECG were obtained as part of a
regular follow-up program.

Prevalent AF / AT (common, type I AFL included) was
defined as the presence of arrhythmia on 12-lead surface
ECGs, 24 -h ECG monitors and / or during invasive elec-
trophysiology testing and / or as indicated by a diagnosis
found in the medical records, hospitalization or ambula-
tory databases. The diagnosis of AF / AT was confirmed
by an experienced cardiologist.
Based on clinical experiences and referred guidelines,

rhythm control, i.e. the restoration of the sinus rhythm was
usually attempted in all patients with symptomatic or
clinically significant tachycardia which was not previously
classified as permanent, irrespective of the heart rate and
underlying conditions. Patients with previously docu-
mented, k nown paroxysmal or persistent AF or other AT
than type I AFL were treated with electrical cardioversion,
if the sinus rhythm was not restored spontaneously or after
initial antiarrhythmic therapy or in cases of heart failure
symptoms. When symptomatic recurrent AF / AT was
manifested, a catheter ablation (CA) was scheduled. In
cases of type I AFL, the primary strategy was to restore the
sinus rhythm with an early CA and whatever seemed ap-
propriate in the given clinical context. Electro-anatomical
mapping (CARTO 3 , Biosense-Webster Inc., Diamond Bar,
CA, USA) was used in several cases when a more complex
arrhythmia or arrhythmogenic substrate was predicted. In
that case, manual catheter navigation was used for recon-
struction of the atrial endocardial surface. Uniformly
distributed mapping points were acquired at sites with
stable endocardial contact. Special attention was paid to
mak e sure mapping points were not included behind the
pulmonary vein ostia. The orifice and proximal part of LA /
RA appendage was always mapped. Precise delineation of
the mitral annulus was performed in all cases. Intracardiac
echocardiography was used to visualize and tag critical
structures. 3D dense bipolar voltage maps of the atria were
built (> 10 0 points). Low-voltage regions were defined
as bipolar voltage < 0 .1 mV. The size of low-voltage
areas was rated as a proportion of the surface area with
reduced bipolar voltages from the whole atrial surface
(mitral and tricuspidal annuli were excluded). Atrial
volume was assessed using a built-in computation func-
tion of the Biosense system.

Statistical analysis
Continuous variables were expressed as means with stand-
ard deviations after testing for normality (Shapiro-Wilk ’s
test) and compared with the 2-tailed t-test for independ-
ent samples or advanced ANOVA tests. Categorical vari-
ables were expressed as percentages and compared with
the χ2–test or Krusk al-Wallis test when appropriate.
Multivariate analysis was used to identify independent
predictors of mortality. P-value < 0 .0 5 was considered sig-
nificant. All analyses were performed using the STATIS-
TICA vers.12 software (Statsoft, Inc., Tulsa, USA).
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Results
A total of 8 14 patients (aged 59 ± 14 years; 4 6% males)
were analysed. Baseline characteristics of the total popula-
tion and subgroups are shown in Table 1. Arrhythmia was
documented in 225 (28%) of the subjects. Patients with a
history of AF / AT were older, had more frequently arter-
ial hypertension, diabetes mellitus and were treated with a
specific therapy. Out of all patients with arrhythmia, AF
was manifested in 149 (6 6%) and AT in 7 6 (3 4%) subjects,
respectively. Type I AFL was diagnosed in 49 patients
(6 4% of all subjects with AT). An excessive prevalence of
AF / AT was noticed among patients with CTEPH (AF: 4 9
(55%), AFL: 28 (31%), other AT: 11 (12%)), and more spe-
cifically when patients were treated by PEA (AF: 25 (6 4%),
AFL: 20 (4 0%), other AT: 6 (12%)).
Patients with a history of AF / AT had significantly larger

LA diameters, end-diastolic left ventricular (LV) diameter
and RA short diameter estimated with 2D echocardiog-
raphy. In the same group, the PAWP and RA pressure
(RAP) were also elevated as compared to patients without
arrhythmias, Table 2 and Fig. 1. In contrast, there was no
significant difference in right ventricular (RV) diameters,
tricuspid annular plane systolic excursion (TAPSE) and LV
ejection fraction when patients with and without AF / AT
were compared. For more details see Table 2. When com-
paring patients who already had existing arrhythmia at the
time of the PH diagnosis of PH with those with new-onset
of AF / AT during a follow-up, no significant difference in
the LA diameter was recognized (4 6 ± 8 vs. 4 4 ± 8 mm; p =
0 .3 ). Patients with paroxysmal forms and persistent /

permanent forms of arrhythmia had LA diameters without
any variance (4 6 ± 7 vs. 4 8 ± 8 mm; p = 0 .1).
In a multivariate model of the LA diameter in a para-

sternal long axis projection; age, arterial hypertension,
diabetes and type of PH were associated with the occur-
rence of AF / AT (Table 3 ).
Out of all patients with arrhythmia, 4 9 (22%) subjects

manifested type I AFL. When compared to patients with

Table 1 Baseline clinical and demographical data
Total (n = 814) Arrhythmia YES

(n = 225)
Arrhythmia NO
(n = 589)

p

Age (years) 59 ± 14 65 ± 11 57 ± 15 < 0.001

Males 378 (46%) 113 (50%) 265 (45%) NS

Group 1 PH: PAH 334 (41%) 87 (39%) 247 (41%) NS

Group 3 PH: Lung diseases 140 (17%) 23 (10%) 117 (20%) 0.0007

Group 4 PH: CTEPH 303 (37%) 106 (47%) 197 (33%) 0.0002

Group 5 PH: Other types of PH 37 (5%) 9 (4%) 28 (5%) NS

Arterial hypertension 470 (58%) 160 (71%) 310 (53%) < 0.0001

Diabetes mellitus 204 (25%) 74 (33%) 130 (22%) 0.03

Coronary artery disease 168 (21%) 49 (22%) 119 (20%) NS

Chronic obstructive pulmonary
disease / obstructive sleep apnea

195 (23%) / 49 (6%) 62 (28%) / 10 (4%) 133 (22%) / 39 (7%) NS

Specific therapy 416 (51%) 109 (48%) 307 (52%) < 0.01

PEA in CTEPH 173 (21%) 68 (30%) 105 (18%) 0.0002

NYHA 2.69 ± 0.79 2.66 ± 0.81 2.71 ± 0.78 NS

6-min walking test (m) 341 ± 129 329 ± 127 346 ± 129 NS

Mortality 379 140 (49%) 320 (48%) NS

Legend: Values are expressed as Mean ± SD or n (%). PH Pulmonary hypertension, PAH Pulmonary arterial hypertension, CTEPH Chronic thrombembolic pulmonary
hypertension, PEA Pulmonary endarterectomy

Table 2 Echocardiographical and heamodynamical data
Arrhythmia Arrhythmia p

YES NO

(n = 225) (n = 589)

LA diameter / PLAX (mm) 44 ± 8 40 ± 10 < 0.001

LA long / A4C (mm) 55 ± 9 50 ± 8 < 0.0001

LA short / A4C (mm) 40 ± 8 36 ± 8 < 0.0001

RA short / A4C (mm) 50 ± 12 47 ± 11 < 0.01

RV short / A4C (mm) 46 ± 10 45 ± 10 NS

TAPSE (mm) 18 ± 5 18 ± 5 NS

LV enddiastolic diameter (mm) 47 ± 8 44 ± 8 < 0.01

LV EF (%) 62 ± 9 63 ± 8 NS

PAMP (mm Hg) 47 ± 13 49 ± 16 NS

RAP (mm Hg) 10.5 ± 5.1 9.3 ± 5.1 < 0.01

PAWP (mm Hg) 11.4 ± 2.8 10.2 ± 3.1 < 0.01

Legend: Values are expressed as mean ± SD. LA Left atrium, RA Right atrium,
RV Right ventricle, LV Left ventricle, TAPSE Tricuspid annular plane systolic
excursion, EF Ejection fraction, PAMP Pulmonary artery mean pressure, RAP
Right atrial pressure, PAWP Pulmonary artery wedge pressure, PLAX Parasternal
long axis projection, A4C Apical four chamber projection
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type I AFL, subjects with AF or other AT were more fre-
quently female, had more prevalent diabetes, were older,
manifested more reduced 6 -min walk ing test distance,
lower PAMP values, advanced LA dilatation, smaller RA
and RV diameters and better TAPSE. More details are
shown in Fig. 2. In addition, patients with AFL mani-
fested higher values of RAP then patients with AF (12 ±
6 vs. 9 ± 5 mmHg; p = 0 .0 1). After excluding AFL pa-
tients, the differences in RAP between AF patients and
patients without arrhythmia are nonsignificant (9 ± 5 vs.
10 ± 5 mmHg; p = 0 .1). The PAWP values were compar-
able between AFL and AF patients (11 ± 3 vs. 12 ± 3
mmHg, p = 0 .15).
Out of 4 5 patients treated with CA, electro-

anatomical mapping was used in 11 (24%) cases. Over-
all 9 patients (20%) manifested common AFL as a clin-
ical diagnosis. One patient had both AFL and a non-
specified AT. One patient manifested AF and a different
AT. And 1 patient had AF. In all patients an electro-
anatomical map of RA was performed. In three cases

Fig. 1 Distribution of right atrial pressure and pulmonary artery wedge pressure in relation to arrhythmia manifestation. PAWP – pulmonary artery
wedge pressure; RAP – right atrial pressure

Table 3 Multivariate analysis. Prediction of arrhythmia
occurrence
Parameter F p

Age (years) 5.1 0.02

Arterial hypertension 6.0 0.015

Diabetes mellitus 7.1 0.01

Occurrence of PAH 5.1 0.0001

Specific therapy 3.0 NS

LA diameter in PLAX (mm) 5.1 0.02

RA diameter in A4C (mm) 0.8 NS

LV enddiastolic diameter (mm) 2.5 NS

RA pressure (mmHg) 0.02 NS

PAWP (mmHg) 0.1 NS

Legend: Significant variables from Tables 1 and 2 were included. PH
Pulmonary hypertension, LA Left atrium, RA Right atrium, LV Left ventricle,
PAWP Pulmonary artery wedge pressure, PLAX Parasternal long axis projection,
A4C Apical four chamber projection
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left atrial mapping was performed as well. More details
are listed in Table 4 and Fig. 3 .

Discussion
The major finding of our study is that in addition to
right atrial dilatation, the left atrial substrate is very
lik ely to be involved in the pathogenesis of AF / AT in
patients with invasively confirmed isolated precapillary
PH. Our data indicates that a different arrhythmogenic
mechanism is probably involved in typical right atrial
arrhythmia such as type I AFL as compared to AF or
other types of AT.

Pathophysiological mechanism of AF / AT in precapillary
PH
Apart from the clear mechanisms of supraventricular
tachycardias (i.e. atrio-ventricular nodal reentry tachy-
cardia or atrio-ventricular reentry tachycardia), an ar-
rhythmogenic substrate for complex atrial arrhythmias

including AF or AT in PH patients remains unclear.
However, there is emerging evidence indicating a right
sided substrate for complex atrial arrhythmia: PH leads
to an increased afterload of the RV, resulting in RV
hypertrophy and dilatation as well as upstream enlarge-
ment of the RA [14 ]. Long-standing PH is frequently as-
sociated with decreased conduction and tissue voltage in
some cases with regions of “electrical silence” in both
the RA and RV [15]. In addition, modulations of the
autonomic system may trigger and perpetuate related
arrhythmia [16 , 17 ].
The mechanisms of arrhythmia have been suggested

as most lik ely different and more similar to proar-
rhythmogenic substrate in left heart disease when a
post-capillary component is present [8 ]. In cases of
left heart disease, elevated end-diastolic left ventricu-
lar pressure is a well-k nown mechanism leading to
LA structural remodeling with proarrhythmogenic ef-
fect. Left atrial remodeling, particularly LA dilatation

Fig. 2 Clinical, demographical, haemodynamic and echocardiographic data in patients with atrial fibrillation and flutter. Values are expressed as
mean ± standard deviation or as n (%). AF – atrial fibrillation; AFL – atrial flutter; 6MWT – six-minute walking test; PAMP – pulmonary arterial mean
pressure; PAWP – pulmonary arterial wedge pressure; LA – left atrium; RA – right atrium; RV – right ventricle; TAPSE – tricuspid annular plane
systolic excursion
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Fig. 3 An example of RA and LA arrhythmogenic substrate. Example of 3D electro-anatomical bipolar voltage maps of both right and left atrium
(see Table 4 for more individual details). Red colour represents areas with reduced bipolar voltage (< 0.1 mV). LA – left atrium; RA – right atrium

Table 4 Pilot data of LA / RA morphology in some patients after catheter ablation with the use of electro-anatomical mapping
# Case Gender Age

(years)
Type
of PH

Type of
arrhythmia

RAP
(mm Hg)

RA
short (mm)

PAWP
(mm Hg)

LA v PLAX
(mm) / LAVi
(ml/m2)

RA CARTO
volume (ml)

RA surface /
low voltage
surface (cm2)

LACARTO
volume
(ml)

LA surface /
low voltage
surface
(cm2)

1 M 73 CTEPH AFL 6 63 8 55 / 41 180 196 / 1 – –

2 M 81 CTEPH AFL 9 40 12 54 / 41 151 166 / 20 – –

3 F 72 CTEPH AFL 8 45 13 43 / 44 183 175 / 1 – –

4 M 75 Hypoxic AFL 8 54 3 41 / 22 242 228 / 31 – –

5 F 81 CTEPH AF / AT 6 38 13 38 / 30 191 198 / 9 – –

6 F 74 Hypoxic AFL 9 66 11 56 / 47 184 198 / 38 – –

7 M 59 PAH AFL 20 77 9 52 / 30 276 267 / 2 – –

8 M 74 CTEPH AFL 19 51 12 53 / 35 206 202 / 5 180 182 / 2

9 M 61 CTEPH AFL 14 56 10 40 / 52 217 228 / 33 – –

10 M 46 PAH AFL / AT 13 77 6 40 / 12 395 296 / 26 90 123 / 0

11 M 87 CTEPH AF 6 64 14 56 / 73 324 174 / 16 173 169 / 18

Legend: M Male, F Female, RAP Right atrial pressure, RA Right atrium, PAWP Pulmonary artery wedge pressure, LA Left atrium, PLAX Parasternal long axis
projection, LAVi Indexed left atrial volume, CTEPH Chronic thromboembolic pulmonary hypertension, AFL Atrial flutter type I, AF Atrial fibrillation, AT Atrial
tachycardia, PAH Pulmonary arterial hypertension
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is a well-documented risk factor for the development
of AF [18 , 19].
Despite the inclusion of only precapillary PH patients,

increased LA diameters, LV end-diastolic diameter and
higher PAWP in combination with increased RA size and
elevated RAP were detected in patients with arrhythmia in
our study. In addition the only change in the LA diameter
in PLAX was associated with an occurrence of AF / AT in
a multivariate analysis, and not with right atrial parameters.
We, therefore, speculate that the left atrial substrate plays a
role in arrhythmogenesis of more complex atrial tachycar-
dias even in the presence of purely precapillary PH.
One factor possibly explaining the involvement of the left

heart in the pathogenesis of AF / AT in PAH patients may
be due to the definition of precapillary PH itself. PAH diag-
nosis is based uniquely on resting invasive pulmonary pres-
sure measurements. In addition, the PAWP limit is set
relatively high, above the limits of presumed true physio-
logical values. This may lead to a diagnosis of purely preca-
pillary PAH in a group of patients, in whom pulmonary
hypertension is actually a combined one (combined post-
capillary and precapillary PH). It has been repeatedly
shown [20 , 21] that a fluid challenge or exercise can un-
mask a postcapillary component in a large number of pa-
tients. This hypothesis would be supported by the fact, that
in our study diabetes and arterial hypertension – frequent
risk factors for left heart involvement with diastolic dys-
function - predicted the development of arrhythmias. As
suggested by Opitz [22], these cases represent a borderline
category of patients with “atypical idiopathic PAH” in
whom left heart involvement remains silent under resting
conditions. Finally, in borderline PAWP cases, the meas-
urement method of PAWP may lead to an underestimation
(using a digitized mean value) or overestimation (using
end-expiratory values) of PAWP [23 ]. Our data supports
the hypothesis of the participation of the truly elevated LA
pressure on the development of LA substrate and its
arrhythmogenity. The distribution of PAWP had negative
sk ewness and a significant proportion of AT / AF patients
contained values close to the threshold limit.
On the other hand, the high burden paroxysmal, persist-

ent or permanent arrhythmia may be a cause of LA
remodeling itself [18 , 19]. Decreased atrial contraction,
atrio-ventricular asynchrony, and a rapid heart rate with a
reduction of diastolic filling are potential factors of left
atrial remodeling. Moreover, it has been found that AF
itself causes electrophysiological changes of the atrial
myocardium which explains the progressive character of
arrhythmia [24 ]. Since the LA diameter has not been sig-
nificantly different according to the type of arrhythmia
and is not dependent on time of onset of AT / AF, the im-
pact of pure arrhythmia’s burden to atrial remodeling is
not a simple explanation of LA enlargement in our study
population. However, aging and external stressors such as

arterial hypertension or diabetes, associated in our study
with the presence of AF / AT were identified in our data.
All those conditions are also well k nown factors influen-
cing atrial electrophysiological and structural remodeling
of the LA, which can be associated with the initiation of
AF in the general population [25, 26 ] and also in the PH
population [15]. These facts are well in line with our data
and warrant a hypothesis of the existence of some left
sided proarrhythmogenic substrate among patients with
arrhythmia and precapillary PH.
Incidental findings of reduced bipolar voltages on some

electro-anatomical maps of the LA support the hypothesis
of the cooperation of both the left and right atrium in the
pathogenesis of AF / AT in a given population. LA scar-
ring can be detected by late enhancement magnetic reson-
ance imaging and can be correlated well with reduced
electrogram amplitudes as recorded by endocardial volt-
age maps [27 , 28 ]. Atrial structural remodeling involving
atrial fibrosis and scarring is a well-recognized factor in
AF pathogenesis.

Comparison of patients with AF and AFL
Our data shows substantial differences between patients
with typical right sided arrhythmia i.e. type I AFL and AF
in clinical, echocardiographic and hemodynamic variables.
Patients with AFL were more lik ely to be male, demon-
strated an enlarged RA and RV, reduced RV systolic func-
tion and higher PAMP and RAP values. These cases are
probably representing the consequence of true typical
IPAH. Structural remodeling of the RA relating to long-
standing PH with right ventricular overload and increased
RV filling pressures would be prone to provok e reentry
arrhythmia in the dilated RA [13 , 14 , 29]. Our data is in
line with this observation, higher levels of RAP in patients
with arrhythmia is given by higher RAP values in patient
with AFL. After the exclusion of those patient with AFL,
RAP is comparable between the rest of the arrhythmia
group and patients without any rhythm disorder. We
speculate, that the reduction of the 6 -min walk ing test dis-
tance in the AFL subgroup is more lik ely a result from
more advanced RA and RV dysfunction.

Prevalence of arrhythmia in precapillary PH
The prevalence of AF / AT in our PH population was
higher than in a majority of published reports. Most
retrospective and prospective studies have reported a cu-
mulative incidence of supraventricular arrhythmia ran-
ging from 10 to 25% in patients with PAH or inoperable
CTEPH [5, 6 , 8 ]. Only one retrospective study showed a
similar (29%) cumulative incidence of arrhythmias com-
parable to our data in a subgroup of patients with PAH
[8 ]. The higher prevalence of arrhythmia in the overall
PH groups in our cohort is more lik ely given to the in-
clusion criteria and systematic long-lasting follow-ups
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for patients. According to our protocol, all patients with
a detected AF / AT in their entire personal history were
tak en into account. Thus, our data refers to a cumulative
prevalence of cases as a baseline and new case inci-
dences together.
We detected an excessive proportion of CTEPH pa-

tients in the arrhythmia group. This prevalence is most
lik ely given, by the high prevalence of type I AFL. An ex-
cessive proportion of AFL was detected in the CTEPH
subgroup treated with PEA. Two more explanations for
the increased prevalence of AFL in that group may be
offered. Both advanced RA scarring resulting from RA
cannulation or incision and spontaneous RA remodeling
might be a plausible explanation for right sided macro-
reentrant tachycardia such as AFL.

Limitations
We must admit several limitations of our study of which
the most limiting is its retrospective design. Despite a
meticulous and systematic follow-up, some arrhythmias
may have been missed. Our data was based on standard
electrocardiograms and carefully gathered patient histor-
ies. However, due to a lack of other means of rhythm
monitoring, it is lik ely that some self-terminating, clinic-
ally silent AF episodes might have been missed. More-
over, our hemodynamic investigation was based on a
standard resting right heart catheterization which is un-
able to detect cases of atypical forms of PAH in whom
PCWP may steeply rise during the exertion of a fluid
challenge, unmask ing the postcapillary component.

Conclusion
Our study supports the role of the LA substrate in
arrhythmogenesis of complex atrial arrhythmias, espe-
cially AF, despite the evidence of pure precapillary PH as
diagnosed by right heart catheterization at rest. Con-
versely, our data suggest that the mechanism of type I
AFL is more lik ely dependent on right atrial remodeling.
An existence of both left and right atrial substrate was
incidentally detected in some cases ablated with use of
electro-anatomical mapping.
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A B S T R A C T

Objective: Catheter ablation (CA) is an established therapy for selected patients with atrial fibrillation (AF), but
predictors of CA ablation outcome are still not fully elucidated. The aim of the study was to identify structural
and morphological parameters from computed tomography (CT) as predictors of successful CA of AF in a single
center prospective cohort.
Methods: An analysis of CT scans dedicated to LA evaluation was performed in 99 patients (63 ± 8 years old,
70% males, 59% paroxysmal AF) scheduled for CA of AF. Survival free of atrial fibrillation/flutter/tachycardia at
1- and 3-years was assessed.
Results: In overall study population, both 1- and 3-year responders had smaller distance to the first division in
left superior pulmonary vein (16.3 ± 5.42mm vs. 19.1 ± 7.0mm and 14.9 ± 3.6mm vs. 18.7 ± 7.0mm;
p < 0.05). One-year responders had larger ostium area of left inferior pulmonary vein (median 236mm2

[IQR=97] vs. 222mm2 [IQR=71]; p= 0.03) and less acute angle between the interatrial septum and the right
superior pulmonary vein (102 ± 20° vs. 95 ± 10°; p=0.03). Three-years' responders had smaller ostium area
of the right superior pulmonary vein (248 ± 94mm2 vs. 364 ± 282mm2; p= 0.02). Multivariate Cox re-
gression analysis identified different predictors in paroxysmal and non-paroxysmal AF. For patients with par-
oxysmal AF, the predictors were angle to right superior pulmonary vein and left superior/inferior pulmonary
veins carina thickness with hazard ratios of 0.965 (95%CI 0.939 to 0.992, p= 0.010) and 0.747 (95%CI 0.591 to
0.944, p= 0.015). In patients with persistent AF, the predictors were gender and NYHA stage with hazard ratios
of 4.9 (95%CI 1.758 to 13.579, p= 0.002) and 0.365 (95%CI 0.148 to 0.899, p= 0.028) respectively.
Conclusions: The anatomy of LA, especially morphology of pulmonary veins, seems to be one of the predictors of
clinical outcome after CA for paroxysmal AF. In non-paroxysmal AF LA anatomy is less relevant in prediction of
clinical outcome.

1. Introduction

Atrial fibrillation (AF) is the most common supraventricular ta-
chyarrhythmia affecting 4% of patients aged 60–70 years with in-
creasing prevalence in developed countries.1 Patients with AF have a 5-
fold risk of stroke and a 2-fold risk of death.1,2

Catheter ablation (CA) for AF is an established therapy in selected
patients with paroxysmal AF where pulmonary vein isolation (PVI) is
the main ablation target.2,3 The use of CA in patients with persistent AF,
where adjuvant therapy to PVI is often needed, remains controversial.
One-year arrhythmia-free survival rates after single CA of both

paroxysmal and non-paroxysmal AF (50–75%) are significantly better
than the 10–30% in patients treated by antiarrhythmic drugs only.4,5

However, nearly half of the patients require a repeated touch-up pro-
cedure that increases the success rate about two-fold.6–8 Eventually,
percutaneous or surgical ablation techniques result in a long-term ar-
rhythmia control for about one-third of the patients with all types of
AF.4,8,9

Previous studies that focused on identification of predictors of
successful CA have reached different conclusions. Candidate predictors
included the type of AF, concomitant structural heart disease, arterial
hypertension, obesity, hyperlipidemia or tall stature.8,10 The size of the
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left atrium (LA) has been identified as a strong predictor in several
small studies11–13 and contradicted in a study with a larger cohort.14 LA
anatomy itself including the arrangement and diameter of PV and
thickness of LA wall have been previously reported as well.15,16

In the present study, we aimed to identify structural and morpho-
logical parameters from computed tomography (CT) as predictors of
successful CA of AF in a single center prospective cohort.

2. Methods

This prospective study was performed in accordance with the
Helsinki Declaration and approved by the local Institutional Review
Board. Written informed consent was obtained from all participants.
The inclusion criteria were: age above 18 years, documented sympto-
matic paroxysmal or persistent AF despite antiarrhythmic drug therapy
scheduled for CA with CT registration and no previous CA or surgical

ablation therapy.2 The exclusion criteria were contraindication of ad-
ministration of contrast agent or incomplete catheter ablation due to
periprocedural complication.

Between 2012 and 2016, altogether 99 patients were enrolled.
Initial baseline characteristics were recorded, all patients underwent
clinical examination, 12-lead ECG, 24 h-ECG Holter. CT of the LA was
performed 2–7 days before the CA procedure.

2.1. CT of the LA

CT of the LA was performed on a 256-slice CT scanner (Brilliance
iCT, Philips Healthcare, Best, The Netherlands) as a breath-hold ar-
terial-phase prospective axial step-and-shoot ECG-gated (78% of RR
interval) diastolic acquisition triggered by bolus tracking in the LA
(threshold, +100HU above the ROI density) with the following para-
meters: peak tube voltage, 100 kV; tube current, 425 mA; rotation-time,

List of abbreviations in text

AF Atrial fibrillation
CA Catheter ablation
CT Computed tomography
LA Left atrium

LAA Left atrial appendage
LIPV Left inferior pulmonary vein
LSPV Left superior pulmonary vein
PV Pulmonary vein
PVI Pulmonary vein isolation
RSPV Right superior pulmonary vein

Fig. 1. Measurement of CT parameters: LA anterior wall thickness (A), LA roof angle (B), LSPV/LIPV ridge thickness (C), LA roof thickness (D), angle to ostium of
RSPV (E), RSPV ostium area (F).
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0.27s; collimation, 128 × 0.625 mm; slice thickness, 0.9 mm with 50%
overlap; reconstruction algorithm, XCB with iterative reconstruction
iDOSE4 at level 3. Injection of 70ml iodinated contrast material (Io-
meron 350, Bracco Imaging, Germany, Konstanz) at a flow rate of
4.5 ml/s followed by 60ml of saline chaser at 4.5 ml/s was adminis-
tered by a dual head power injector (Stellant SCT, Medrad, Indianola,
PA).

The images were analyzed by two blinded reviewers (3 and 5 years’
experience in cardiovascular imaging) on a multimodality workstation
(Intellispace Portal, Philips Healthcare, Best, The Netherlands). The
measurements were performed in a similar way as in some previous
studies.15,17–19 For volumetry of the heart dedicated software for car-
diac analysis (Comprehensive Cardiac package) with automated seg-
mentation of the heart was used. The LA appendage (LAA) was

segmented manually. Linear and planar measurements were performed
using the line or spline tool after adjustment of the section plane
(Fig. 1). The angle of the LA roof was measured as the angle between its
left and right half. The LA roof thickness was measured at the same
level. Anterior wall thickness was measured as the minimum distance
between the LA and aorta at the level of the posterior aortic sinus of
Valsalva. Left superior pulmonary vein (LSPV) ridge thickness was
measured as the maximum thickness between the LAA and the pul-
monary vein (PV). One blinded reviewer remeasured dimensions of the
LA in randomly selected 20 patients to assess interobserver agreement.

PVs were assessed separately. A common pulmonary trunk was
described when the superior and inferior PVs entered the LA by
common orifice.15 In each PV, we performed planimetry of the ostium
and measured the distance from the ostium to the first division. Finally,

Fig. 2. Kaplan-Meyer plot showing success of catheter ablation of atrial fibrillation based on LSPV/LIPV fold thickness with a cut-off value of 4.5 mm in patients with
paroxysmal and persistent atrial fibrillation.
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we measured angle between an axis intersecting interatrial septum and
the ostium. LAA-PV ridge thickness was defined as the smallest thick-
ness between the left common trunk or the LSPV. The presence of ac-
cessory veins was noted.

2.2. Catheter ablation of the LA

The procedure was performed by two senior cardiologists with>10
years' experience in performing CA. The CA was performed in fasting
status under mild sedation with midazolam and analgesia with fen-
tanyl. The CA was performed with guidance using electroanatomic
mapping (CARTO™ system, Biosense-Webster, Diamond Bar, CA, USA)
and intracardiac echocardiography (10 F AcuNav™ catheter, Siemens-
Acuson, Inc., Mountain View, CA, USA). After double transseptal
puncture, a single 20-electrode bipolar-type circular catheter (Lasso™,
Biosense-Webster, Diamond Bar, CA, USA) was placed at the ostia of
PVs to record PV potentials. An LA reconstruction was achieved by
point-by-point electroanatomic mapping with an open irrigation 3.5-
mm-tip ablation catheter (NaviStar Thermocool, Biosense-Webster,
Diamond Bar, CA, USA). The PV ostia were outlined by tagging it on the
electroanatomic map under the control of intracardiac echocardio-
graphy. PVI was performed in all patients. Irrigated radiofrequency
current (generator Stockert EP Shuttle, Biosense-Webster Inc., Diamond
Bar, CA, USA) was delivered in the power-control mode at 20–30W
with an irrigation flow rate of 20ml/min with care taken to limit the
temperature to< 42 °C. The ipsilateral PVs were encircled as a single
unit. The duration time of radiofrequency energy delivery was limited
to 30 s at each application point. The end-point of the PVI was defined
as the disappearance or dissociation of all PV potentials recorded from
Lasso catheter (entrance block) as well as the loss of capture of the LA
by circumferential pacing from all PVs (exit block). Additional ablation
lesions were made at the discretion of the operators.

2.3. Follow-up

Follow-up examinations were scheduled one week after the three-
month blanking period and then every three months, unless required
earlier by the patient.2 During each visit patient's symptoms, heart rate,
12-lead ECG, neurological events (stroke or transient ischemic attack)
and medication were recorded. A 24-h Holter ECG was performed at the
12-month's visit. Patients without recurrence of atrial fibrillation,
flutter, or atrial tachycardia (duration≥ 30 s) following a blanking
period of 3 months were marked as responders regardless of con-
comitant antiarrhythmic therapy. The use of antiarrhythmic and

anticoagulant therapy was at the discretion of the clinician on a per-
patient basis. One year success and long-term success were defined as
freedom from atrial fibrillation, flutter, or atrial tachycardia from the
end of the blanking period to 12 and 36 months' follow-up.2

2.4. Statistical analysis

Statistical analysis was performed in SPSS 19 (IBM Corp., Armonk,
NY) and R (R Foundation for Statistical Computing, Vienna, Austria).
Normality of the data was tested using D'Agostino's K2 test. To test for
statistical significance, the t-test, Mann-Whitney U test, Fischer F-test,
or χ2 were used as appropriate. Multivariable analysis was performed
by Cox proportional hazard regression models using the forward like-
lihood ratio method (entry probability, 0.05; removal probability,
0.10). Kaplan-Meier plots were constructed for cut-off values calculated
by maximally selected rank statistics (maxstat package in R) and plotted
using the survival library in R. Interobserver agreement was assessed
using intraclass correlation coefficient. Two-tailed p values below 0.05
were considered significant.

3. Results

The patients were 63 ± 8 years old, 69 (70%) were males.
Paroxysmal AF was present in 58 (59%) and median CHA2DS2-VASc
score was 2.0 (IQR=2). Out of all patients with non-paroxysmal AF, in
31 (76%) subjects adjuvant substrate modification over PVI was per-
formed. One-year success was achieved in 64 of 99 patients (65%)
patients and three-year success in 18 of 61 patients (30%), as illustrated
in Fig. 2. Neither stroke or transient ischemic attack was noticed during
entire follow-up. There was a greater proportion of men (n=50; 78%)
among the 1-year responders compared to non-responders (n= 19;
54%, n=0.021). Patient characteristics are listed in Table 1.

From parameters derived from the CT examination, there was no
significant difference between responders and non-responders in LA
size, LA roof angle, LA roof thickness, LAA-PV ridge thickness, or the
morphology of the LAA (Table 2). The analysis of PVs showed that both
1- and 3-year responders had a smaller distance to the first division in
LSPV. One-year responders had larger ostium area of the left inferior
pulmonary vein (LIPV) and less acute angle between the interatrial
septum and the right superior pulmonary vein (RSPV). Three-years’
responders had smaller ostium area of RSPV (Tables 2 and 3). In pa-
tients with paroxysmal AF, one year's responders had greater thickness
of the anterior LA wall, larger ostium of LIPV, and less acute angle to
RSPV, and three-years’ responders had thicker LIPV/LSPV fold

Table 1
Patients' characteristics grouped by success at 1 and 3 years.

1-year success 3-years success test

Yes n= 64 No n=35 P Yes n= 18 No n=43 p

Age (years) 63 ± 8 63 ± 9 0.83 62 ± 8 63 ± 8 0.85 t
Gender (females) 14 (22%) 16 (46%) 0.02 4 (22%) 18 (42%) 0.24 F
Height (cm) 176 ± 7 174 ± 9 0.11 178 ± 6 174 ± 8 0.05 t
Weight (cm) 91 ± 15 92 ± 17 0.62 90 ± 14 92 ± 17 0.66 t
BMI (kg/m2) 29.0 ± 4.1 30.7 ± 5.5 0.14 28.4 ± 3.2 30.4 ± 5.2 0.07 t
BSA (m2) 2.1 ± 0.2 2.1 ± 0.2 0.81 2.1 ± 0.2 2.1 ± 0.2 0.72 t
AF paroxysmal 39 (61%) 19 (54%) 0.53 9 (50%) 24 (56%) 0.78 F
AF non- paroxysmal 25 of 64 (39%) 16 of 35 (46%) – 9 (50%) 19 (44%) F
Hypertension 45 (70%) 23 (66%) 0.66 13 (72%) 29 (67%) 0.77 F
Diabetes mellitus 9 (14%) 6 (17%) 0.77 2 (11%) 9 (21%) 0.48 F
Stroke or TIA 3 (5%) 3 (9%) 0.66 0 (0%) 3 (7%) 0.55 F
Coronary artery disease 7 (11%) 6 (17%) 0.53 3 (17%) 7 (16%) 1.0 F
Mitral disease 2 (3%) 0 (0%) 0.54 1 (6%) 0 (0%) 0.30 F
LV EF (%) 52 ± 6 52 ± 6 0.59 59 ± 10 60 ± 7 0.69 T
CHA2DS2-VASc 2.00 (IQR=2.00) 2.00 (IQR=2.75) 0.35 1.50 (IQR=1.00) 2.00 (IQR=2.00) 0.79 MW

AF – atrial fibrillation; BMI – body mass index; BSA – body surface area; EF – ejection fraction; F – Fisher's exact test LV – left ventricle; MW – Mann-Whitney U test; T
– t-test; TIA – transient ischemic attack. Values in bold indicate significant differences.
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(Table 4). In patients with persistent AF, there were fewer women
among one year's responders and three-years’ responders had higher
stature, thicker roof of LA and small distance of the first branching of
LSPV (Table 4).

The median follow-up was 584 days. Multivariate Cox regression
analysis identified two predictors for overall success: Female gender
and ostium area of LSPV with hazard ratios of 2.4 (95%CI 1.306–4.426,
p=0.005) and 1.07 (95%CI 1.019–1.125, p=0.007) with model sig-
nificance of p= 0.002. Specifically, for patients with paroxysmal AF,
the predictors were the angle to RSPV and LSPV/LIPV fold thickness
with hazard ratios of 0.965 (95%CI 0.939 to 0.992, p=0.010), and
0.747 (95%CI 0.591 to 0.944, p=0.015) respectively with model
significance of p=0.006 (Fig. 2). In patients with persistent AF, the
predictors were gender and NYHA stage with hazard ratios of 4.9
(95%CI 1.758 to 13.579, p=0.002) and 0.365 (95%CI 0.148 to 0.899,
p=0.028) respectively with model significance of p=0.004.

The interobserver agreement expressed as intraclass correlation
coefficient was 0.73, 0.65, 0.85, 0.69, 0.90, 0.87 for LA area, LA latero-
lateral diameter, LA roof angle, LA roof thickness, LA anterior wall

thickness, and LIPV/LSPV fold thickness, respectively.

4. Discussion

In this prospective study including 99 patients we reported 1- and 3-
years success rates in a mixed cohort of patients with paroxysmal and
persistent AF after a single CA procedure. We further identified para-
meters predictive of successful CA. The predictors of 3-year success rate
were identified despite the fact that only two thirds of patients com-
pleted follow-up.

The success rate in our cohort at 1-year after a single procedure was
65% and 3-years 30%. These results are comparable with those re-
ported in a meta-analysis by Calkins et al. which even included younger
patients and allowed repeated CA procedures.2 In our study, there were
41% of patients with persistent AF. The 1-year efficacy of CA in per-
sistent AF regardless of individualized strategy is smaller, about
50%.10,20 To improve outcomes, ablation targeting the substrate that
maintains AF is often added to PVI.21 However, no conclusive data
about the strategy of CA in persistent AF exist. The STAR AF II study

Table 2
Measurements and morphology characteristics of the heart including left atrium derived from CT examination grouped by success at 1 and 3 years.

1-year success 3-years success test

Yes n= 64 No n=35 p Yes n= 18 No n=43 P

CT volumetry
LV volume (ml) 140 ± 42 133 ± 38 0.38 143 ± 38 132 ± 37 0.29 T
RV volume (ml) 162 ± 40 155 ± 53 0.49 153 ± 26 156 ± 53 0.78 T
LV mass (ml) 153 ± 38 137 ± 39 0.05 142 ± 28 144 ± 42 0.80 T
RA volume (ml) 120 ± 37 117 ± 39 0.68 119 ± 32 119 ± 37 1.0 T
LA volume (ml) 119 ± 35 117 ± 29 0.81 115 ± 22 119 ± 29 0.60 T

CT - left atrium
LA area 4D (mm2) 2003 ± 465 1992 ± 447 0.91 1910 ± 329 2030 ± 481 0.27 T
LA latero-lateral diameter (mm) 69 ± 8 69 ± 6 0.97 68 ± 5 70 ± 6 0.09 T
LA roof angle (°) 187 ± 28 191 ± 25 0.40 183 ± 32 190 ± 25 0.43 T
LA roof thickness (mm) 2.5 (IQR=0.6) 2.2 (IQR=0.7) 0.14 2.7 (IQR=0.6) 2.2 (IQR=0.7) 0.93 MW
LA anterior wall thickness - aortic cusp level (mm) 2.5 ± 0.7 2.3 ± 0.6 0.19 2.5 ± 0.6 2.3 ± 0.65 0.16 T
LIPV/LSPV fold thickness (mm) 5.9 ± 2.4 5.5 ± 2.1 0.34 6.2 ± 2.2 5.4 ± 2.1 0.21 T

LA – left atrium; LV – left ventricle; MW- Mann Whitney U test, RA – right atrium; RV – right ventricle; T – t-test.

Table 3
Analysis of pulmonary veins from CT examination grouped by success at 1 and 3 years.

1-year success 3-years success test

Yes n= 64 No n=35 p Yes n= 18 No n=43 P

LEFT PV
Left common 19 (30%) 13 (37%) 0.50 6 (33%) 15 (35%) 1.0 f
Left accessory 2 (3%) 1 (3%) 1 0 (0%) 1 (2%) 1.0 f
- LSPV
distance of first branching (mm) 16.3 ± 5.42 19.1 ± 7.0 0.04 14.9 ± 3.6 18.7 ± 7.0 0.01 t
ostium area (mm2) 263 ± 76 250 ± 65 0.35 253 ± 54 255 ± 68 0.93 t
angle to ostium (°) 107 ± 15 107 ± 16 0.96 108 ± 16 107 ± 15 0.88 t
- LIPV
distance of first branching (mm) 17.1 ± 4.9 15.9 ± 4.7 0.25 17.1 ± 5.7 15.9 ± 4.9 0.46 t
ostium area (mm2) 236 (IQR=97) 222 (IQR=71) 0.03 234 (IQR=98) 222 (IQR=69) 0.29 MW
angle to ostium (°) 119 ± 17 120 ± 21 0.79 118 ± 18 118 ± 21 0.96 t
RIGHT PV
Right common 12 (19%) 4 (11%) 0.41 4 (22%) 6 (14%) 0.46 f
Right accessory 20 (31%) 12 (34%) 0.82 5 (28%) 14 (33%) 0.77 f
- RSPV
distance of first branching (mm) 12.7 ± 6.3 13.9 ± 5.8 0.32 14.1 ± 6.4 13.4 ± 6.6 0.74 t
ostium area (mm2) 301 ± 117 377 ± 306 0.17 248 ± 94 364 ± 282 0.02 t
angle to ostium (°) 102 ± 20 95 ± 10 0.03 103 ± 24 96 ± 11 0.23 t
- RIPV
distance of first branching (mm) 9.5 ± 4.4 10.2 ± 5.1 0.50 9.6 ± 4.3 10.2 ± 4.8 0.60 t
ostium area (mm2) 294 ± 105 298 ± 148 0.89 287 ± 105 297 ± 147 0.76 t
angle to ostium (°) 113 ± 20 113 ± 20 0.93 114 ± 21 112 ± 20 0.78 t

F – Fisher's exact test; LIPV – left inferior pulmonary vein; LSPV – left superior pulmonary vein; MW – Mann-Whitney U test; RIPV – right inferior pulmonary vein;
RSPV – right superior pulmonary vein; PV – pulmonary vein; T – t-test. Values in bold indicate significant differences.
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had shown no reduction in the rate of recurrent AF when additional
ablation lesions were performed.20

Although primary endpoint in patients after CA for AF is long lasting
sinus rhythm without the use of antiarrhythmic drugs, even patients
who recur show a clear clinical benefit, or may respond to a second
touch-up procedure.7,22,23 In a study by Weerasooriya, arrhythmia-free
survival after repeated CA increased about two-fold.8 In our study, we
did not consider the effect of concomitant antiarrhythmic drug therapy
which itself increased the success rate of CA in long-term, but not in
short-term follow-up.24–26

Previously, several factors have been suggested to predict the out-
come of patients with AF, including the type of AF (paroxysmal vs.
persistent), concomitant structural heart disease, arterial hypertension,
obesity, hyperlipidemia or tall stature.8,10 The type of AF has not been
confirmed as a risk factor in a study by Zado et al. in a large cohort of
1165 patients, who also showed that age, left ventricular ejection
fraction and left atrial size played a limited role.14 These findings have
been contradicted by several studies with a smaller number of patients
that identified left atrium volume estimated from CT as a good pre-
dictor of recurrence rate.11–13,27,28 In contrast with these trials, LA size
was not a predictor of arrhythmia-free survival in our study. The utility
of LA dimensions, area, or volume was not shown even in the subgroups
of patients with paroxysmal and persistent AF.

Our study showed that morphology of the LA and especially of the
PVs plays a role in the success rate of CA. The importance of PVs
anatomy has been pinpointed by McLellan et al. who showed that left
common PV or accessory PV and the length of the intervenous ridges
were independent predictors of successful CA.15 Wei et al. showed that
the diameters of both superior PVs were an independent risk factor for
recurrence of AF.16 This supports our observation that the ostium area
of LSPV is a risk factor for the recurrence of AF. Moreover, we identified
a new prognostic parameter, which is the angle between the interatrial
septum and the RSVP. We speculate that more acute angle is reason for
difficulties to reach adequate contact of ablation catheter in RSPV os-
tium after the puncture of the interatrial septum. Less stable contact is
responsible for lack of both lesion depth and contiguity within the
deployed radiofrequency circle and is associated with late PV

reconnections, which still determine recurrences of AF.6,29 It is not
surprising that PV anatomy plays significant a role in paroxysmal, but
not persistent, AF. Since most triggers for paroxysmal AF originate in
PVs, so circumferential isolation of PV is the cornerstone of ablation
strategy in this group.2,3 In persistent or long-standing persistent AF, an
extrapulmonary substrate is more likely significant and electrical or
structural atrial remodeling itself are responsible for atrial electrical
instability.2,3

As in a study by Hayashi, we did not find any prognostic value in the
thickness of the LA wall overall,17 although borderline significance
values were observed for LA roof and anterior wall in subgroup ana-
lyses, and LIPV/LSPV carina thickness was a predictor in patients with
paroxysmal AF. Whether thinner wall might be a surrogate for wall
fibrosis that could lead to identification of additional arrhythmogenic
foci cannot be determined by our study design. The significance of at-
rial fibrosis for AF recurrence after CA estimated by magnetic resonance
imaging based on delayed enhancement was demonstrated in multi-
centric DECCAF study.30 CT has the ability for tissue characterization
and might be capable of detecting LA fibrosis based on the delayed
iodine enhancement. Unfortunately, additional scanning would be as-
sociated with increasd radiation dose and accuracy of CT in comparison
with magnetic resonance would be most probably limited mainly re-
garding its sensitivity as it was shown in previous studies assessing fi-
brosis in cardiomyopathies.31

This study has several limitations. Firstly, it is single center study
and the data collection was not independently monitored. Secondly, CT
scans were not performed consistently in sinus rhythm or AF. Thirdly,
based on the fact that retrospective gating covering entire cardiac cycle
was not performed, maximal chamber volumes or diameters might not
be recorded. Fourthly, only 61 (62%) patients were available for 3-
years’ analysis. Fifthly, in this analysis we did not consider repeated
procedures, which would otherwise increase the total success rate and
follow-up duration. Lastly, the CA procedure consisted not only of PV
isolation, but also ablation of other lines in 46 (46%) of patients.
Adjuvant substrate modification over PVI was left at the electro-
physiologist's discretion.

Table 4
Significant parameters in subgroups with paroxysmal and persistent atrial fibrillation.

1-year success 3-years success test

Yes n=39 No n=19 P Yes n= 9 No n=24 P

PAROXYSMAL AF
LA anterior wall thickness -aortic cusp level (mm) 2.5 ± 0.6 2.1 ± 0.5 0.04 2.5 ± 0.6 2.2 ± 0.5 0.28 t
LIPV/LSPV fold thickness (mm) 5.6 ± 2.2 4.7 ± 1.6 0.09 6.0 ± 0.9 4.8 ± 1.8 0.02 t
LEFT
- LSPV
ostium area (mm2) 228 ± 66 269 ± 79 0.05 247 ± 41 239 ± 76 0.71 t
- LIPV
ostium area (mm2) 229 (IQR=83) 214 (IQR=68) 0.04 216 (IQR=51) 216 (IQR=72) 0.40 MW
- RSPV
angle to ostium (°) 106 ± 23 95 ± 12 0.02 114 ± 29 96 ± 12 0.11 t

1-year's success 3-years’ success test

Yes n=25 No n=16 P Yes n= 9 No n=19 P

PERISTENT AF
Gender (females) 3 (12%) 8 (50%) 0.01 2 (22%) 8 (42%) 0.42 F
Height (cm) 177 ± 7 172 ± 9 0.05 180 ± 7 173 ± 9 0.04 t
LA roof thickness (mm) 2.4 (IQR=0.4) 2.1 (IQR=0.5) 0.10 2.5 (IQR=0.4) 2.1 (IQR=0.6) 0.03 MW
LEFT
- LSPV
distance of first branching (mm) 16.8 ± 5.7 19.4 ± 4.7 0.13 15.1 ± 4.3 19.3 ± 5.4 0.047 t

AF – atrial fibrillation; F – Fisher's exact test; LA – left atrium; LIPV – left inferior pulmonary vein; LSPV – left superior pulmonary vein; MW – Mann-Whitney U test;
RSPV – right superior pulmonary vein; PV – pulmonary vein; T – t-test.
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5. Conclusions

Morphology of pulmonary veins evaluated by cardiac computed
tomography plays a role in clinical outcome of CA for atrial fibrillation.
This is more pronounced in paroxysmal atrial fibrillation. In persistent
atrial fibrillation, gender and NYHA stage seem to play a more im-
portant role. Identification of the angle between the interatrial septum
and the RSVP as a novel prognostic marker should be verified in more
studies.
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