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Introduction: The extent of left atrial (LA) adverse remodeling as a cardiac disease marker has become
increasingly important. In patients with atrial fibrillation (AF), atrial remodeling (AR) is accompanied by
increased mortality. The relation between LA function and the extent of low-voltage areas (LVAs) has not yet
been systematically investigated.
Methods: In patients with AF undergoing catheter-ablation, LA was studied using echocardiography and ultra-
high-density mapping (Rhythmia®). Fibrosis (i.e. extent of LVAs) was estimated by quantifying areas with
bipolar electrogram amplitudes of ≤0.5, ≤0.4, ≤0.3, ≤0.2 or ≤0.1 mV.
Results: A total of 22 patients with a mean LVEF of 53 ± 2% was studied. Mean LA volume index (LAVI) was
significantly increased at 39 ± 3 ml/m2 indicating AR. Size of LVAs was 57 ± 7 cm2 representing 47 ± 5% of
the total LA area (low-voltage set to ≤0.5 mV). With low-voltage set to ≤0.4, ≤0.3, ≤0.2 and ≤0.1, total area de-
creased to 34 ± 6, 28 ± 6, 22 ± 5 and 12 ± 3 cm2. LAVI positively correlated with the extent of LVAs at all
cut-offs. Mean LA emptying fraction was 42 ± 3% and showed a negative correlation with LVAs with low-
voltage set to ≤0.4 mV. Moreover, mean LA strain was 13 ± 2% and correlated with LVAs with low-voltage at
all cut-offs further supporting the notion that the extent of LVAs impacts LA function. Notably, with low-
voltage set to ≤0.2, ≤0.3 and ≤0.4 mV impaired LA strain was detected with an accuracy of N76% (p b 0.05).
Conclusion: Structural (i.e. LAVI) and functional (i.e. LA emptying fraction and LA strain) parameters of the LA
correlate with the extent of LVAs.

© 2018 Published by Elsevier B.V.

1. Introduction

Atrial remodeling (AR) is the result of processes that lead to alter-
ations in morphology and function of the atrial myocardium. Atrial fi-
brillation (AF), enlargement, fibrosis and mechanical dysfunction are
hallmark features of AR. In a recent consensus statement of the EHRA,
AR has been defined as ‘any complex of structural, architectural,
contractile or electrophysiological changes affecting the atria with the
potential to produce clinically-relevant manifestations’ [1]. AR is inde-
pendently associatedwith increasedmortality and patient deterioration
[2,3] and has been linked to disease progression and arrhythmias
(e.g. AF) [4–7]. Current evidence indicates that atrial function extends
beyond the classical view of an “atrial kick” to improve ventricular
filling [1]. In fact, mechanical atrial function throughout the whole

cardiac cycle is considerably more complex. In addition, the atrial myo-
cardium also acts as a (stretch) sensor and has secretory activity. AR
may affect all these functions by altering cardiomyocyte (CM) function,
extracellularmatrix composition (fibrosis) and paracrine signaling, ulti-
mately leading to an atrial phenotype termed atrial (cardio)myopathy.

Left AR is often quantified using echocardiography: LA volume
corrected for body size (i.e. LA volume index; LAVI) relates to the reser-
voir function of the LA and its measurement allows determining atrial
contractility (LA emptying fraction; LAEF). In addition atrial strain
based on speckle tracking has been used for the differentiation of LA
conduit and reservoir function [8].

AF is a hallmark feature of atrial cardiomyopathy associated with AR
(i.e. atrial enlargement and atrial functional impairment) as fibrosis cre-
ates conduction obstacles that might perpetuate the AF [9].

Patients with AR and AF are at increased risk for stroke,
tachycardiomyopathy, impaired ventricular function and often show
symptoms (i.e. palpitations) that negatively impact their daily life.

AF ablation is a well-established method to mitigate the effects of a
missing atrial mechanical contribution to ventricular filling [10],
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alleviate tachycardiomyopathy [11] and to improve symptoms in pa-
tients. Invasive ultra-high-density mapping is becoming increasingly
important to characterize the atrial substrate in atrial arrhythmia.

The extent of LVAs might provide a surrogate parameter for the ex-
tent of AR as it has been shown to correlate with atrial fibrosis [12–14].
LA fibrosis in AR has been reported to range from 13 to 27% [15,16].
However, to date a direct correlation between the extent of LVAs and
atrial functional impairment remains elusive. In addition, cut-off values
for LVAs, correlating with different states of atrial mechanical dysfunc-
tion are unknown.

This study provides data obtained from 3D ultra-high-density map-
ping and echocardiography to quantify different stages of AR according
to electroanatomic and functional parameters. By that it might allow to
assess patientswith AR andAF at risk for stroke orworsening of heart fail-
ure more comprehensively and beyond traditional scoring systems like
theCHA2DS2-Vasc [17]. This studymight also contribute to themore com-
prehensive prediction of freedom from atrial fibrillation after ablation.

2. Methods

2.1. Patient cohort

The institutional review board (Charité – Universitätsmedizin Berlin ethics commit-
tee) approved this study (clinical research project EA2/133/15). Patients with paroxysmal
or persistent AF (i.e. AF that lasts longer than seven days) undergoing catheter ablation
(1st or 2nd procedure [1st procedure: exclusively pulmonary vein isolation]) were in-
cluded in the study. Cases with chronic persistent (i.e. continuous AF lasting for ≥1 year)
or permanent AF were excluded.

The patient cohort was divided into different stages (no AR to severe AR) according
to the LA strain during conduit phase (ƹe; severe: ≤13%; moderate N13%; LA strain
below 23% is considered impaired [18]), the LA emptying fraction (reduced: b37%;
preserved ≥37%, from [19]) or mean LAVI (severe: ≥39 ml/m2; normal to moderate
b39 ml/m2; LAVI ≥34 ml/m2 is considered increased [20]).

2.2. Echocardiography

LA functionwas assessed in a blinded-fashion during sinus rhythmon the day prior to
ablation by LA strain analysis using 2-dimensional speckle-tracking echocardiography
(Philips QLAB, 4-chamber view, peak LA strain during conduit phase; ƹe).

LA volumes were measured by biplane Simpsons method. LA EF (total LA
emptying fraction, a measure of reservoir function [21]) was calculated as LAVmax −
LAVmin / LAVmax ∗ 100.

Echocardiographic image analysis allowed to obtain LA strain, LA volume and LA EF in
a subset of 17, 17 and 16 patients, respectively.

2.3. 3D voltage map

Complete LA voltagemapswere createdwith a 3Dultra-high-density electroanatomic
mapping system (Rhythmia®, Boston Scientific). Electroanatomic maps were created be-
fore ablation using a multipolar basket (64 mini-electrodes distributed along 8 splines
with a separation of 2.5 mm center to center and a size of 0.4 mm2 per electrode;
Rhythmia®, Boston Scientific) catheter. Field threshold was reduced from 4 to 2 mm.

Electroanatomicmappingwas done carefullyusing steerable introducer-systemswith
the intention to create accuratemapswhile avoiding low contact. All mapswere reviewed
retrospectively in a blinded-fashion. Fibrosis was estimated by areas with a bipolar elec-
trogram amplitude of b0.5, b0.4, b0.3, b0.2 or b0.1 mV. The size of areas with low-
voltage was calculated by exporting these voltage electroanatomic maps into a triangular
geometric surface creating a mesh of vertices and triangles. This mesh was obtained by
giving a voltage value to each vertex based on the collectedmeasurements in the vicinity.
Then, a voltage value was assigned to each triangle. The total area for a specific voltage
range was calculated as the sum of the areas of all triangles with voltage value within
that range. In all patients, pulmonary veins, mitral valve and LA appendage (i.e. tissue
not contributing to atrial mechanical function) were not considered for the calculation
of LVAs.

2.4. Statistical methods

For between-group statistical analyses 2-way ANOVA tests were used. If not stated
otherwise, correlations between variables were determined using Pearson correlation co-
efficients. To determine the specificity and sensitivity of the different low-voltage cut-offs
a ROC analysis [22] was performed. LA emptying fraction was considered normal ≥37%
[19]. For the ROC analysis of LAVI, patients were stratified according to the mean LAVI
into an either severely affected (N39 ml/m2 LAVI) or unaffected to moderately affected
(≤39 ml/m2) group. For the ROC analysis of LA (conduit) strain, patients were again strat-
ified into severe or moderate according to the value of the mean strain with a cut-off of
13%. p b 0.05 was considered significant.

3. Results

A total of 22 patientswith preserved left ventricular ejection fraction
(mean LVEF 53± 2%)were studied (see Suppl. Table 1 for patient char-
acteristics). Mean age of patients was 62 ± 2 years and mean LAVI was
significantly increased at 39 ± 3 ml/m2 indicating AR. 68% of patients
showed paroxysmal atrial fibrillation with a mean EHRA class of 2.7 ±
0.6. Mean CHA2DS2-vasc score was 2.4± 0.5 and showed no correlation
with LAVI, LA strain, LA emptying fraction or LVAs (Suppl. Fig. 5).

We automatically determined LVAs with different cut-offs and cal-
culated the respective percentage of the total endocardial atrial surface
(Fig. 1). Using this approach, mean total area of LVAs in our patient co-
hort was 57±7 cm2 representing 47±5% of the total LA area (defining
low-voltage as ≤0.5 mV; see Fig. 2).
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Fig. 1.A. Anterior-posterior viewof a ultra-high-density electroanatomicmapduring pacing of the left atriumof a patientwith extensiveAR as obtainedwith amultipolar basket (64mini-
electrodes) catheter. B–F. Example binary image of the left atrium from a patient with AR showing regions with a bipolar electrogram amplitude with a cut-off of ≤0.5, ≤0.4, ≤0.3, ≤0.2 or
≤0.1 mV in yellow and “healthy”myocardium i.e. myocardium above the cut-off in blue. The size of areas with low-voltage was calculated from these voltage electroanatomic maps. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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