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Abstract—Our aim was to analyze atrial function with 2-D (2-D-STE) and 3-D (3-D-STE) speckle tracking
echocardiography in patients with atrial septal devices and paroxysmal atrial fibrillation (PAF). One hundred
sixteen patients and a subgroup of 22 patients who developed PAF after device insertion were studied. Left atrial
and right atrial peak longitudinal strain and standard deviations of time to peak strain (TPS) were calculated
using 2-D-STE. The left atrial/right atrial emptying fraction and expansion index were determined using 3-D-
STE. By multivariate analysis, pre-closure 3-D right atrial expansion index, left atrial time to peak strain, and
3-D left atrial expansion index were independently associated with PAF. Compared with the other indices, re-
ceiver operating characteristic analysis revealed better diagnostic accuracy for the combination of pre-closure
time to peak strain and 3-D expansion index in detecting PAF. Patients with atrial septal devices have pre-
existing left and right atrial dilation and dysfunction as assessed by 2-D-STE and 3-D-STE that appear sensitive
for the stratification of PAF risk in this population. (E-mail: vitar@tiscali.itcardiodiagnostica@gmail.com) © 2018
World Federation for Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Inter-atrial shunts can be caused either by atrial septal defect
(ASD), accounting for nearly 10% of congenital heart
disease, or patent foramen ovale (PFO), with an inci-
dence of 20% to 35% of the general population
(Humenberger et al. 2011; Saver et al. 2017). The treat-
ment of PFO and ASD includes surgery and, more recently,
transcatheter closure using atrial septal closure devices.
The percutaneous procedure has been reported to be a safe
technique in patients with suitable anatomy (Eeckhout et al.
2015; Vitarelli et al. 2014), but it was hypothesized
(Johnson et al. 2011; Staubach et al. 2009) that device in-
sertion could cause impairment of segmental atrial function
and favor the development of paroxysmal atrial fibrilla-
tion (PAF).

Tissue Doppler imaging (TDI) and, more recently, 2-D
speckle tracking echocardiography (2-D-STE) represent
new means of assessment of myocardial wall movement
and deformation. The indexes derived from these tech-
nologies have been proposed as adjunctive tools in the
evaluation of left ventricular (LV) and right ventricular (RV)
function, are more sensitive than ejection fraction in de-
tecting early ventricular dysfunction, and have also been
used to quantify segmental atrial contraction (Boyd et al.
2009; Di Salvo et al. 2005; Moustafa et al. 2015; Sarvari
et al. 2016; Vieira et al. 2014; Vitarelli et al. 2012). As
2-D-STE capability is limited by the difficulty in track-
ing speckles in different frames because of out-of-plane
motion, 3-D speckle tracking echocardiography (3-D-
STE) was designed to provide a quick and comprehensive
quantitative assessment of ventricular and atrial strains and
volumes in various heart diseases (Kleijn et al. 2011;
Nagaya et al. 2013; Peluso et al. 2013; Perez de Isla et al.
2014; Toprak et al. 2016), but it has not been used in PFO
and ASD before and after device insertion. Moreover, it
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is known that reduced reservoir function is a risk factor
for the development of atrial fibrillation (AF) (Toprak et al.
2016) and that atrial function is impaired especially in septal
regions after placement of atrial septal occluders (Boyd
et al. 2009; Di Salvo et al. 2005), but it is not known if
mechanical irritation is the only cause of PAF.

Accordingly, the aim of the present study was to
assess atrial function using 2-D-STE and 3-D-STE in
PFO or ASD patients who had undergone device closure
and developed PAF, as compared with patients with atrial
devices and normal sinus rhythm and a group of normal
controls. The purpose was twofold: We wanted, first, to
establish whether these patients have a pre-existing risk
for AF development and, second, to analyze which of
the new echocardiographic indices can better predict
PAF.

METHODS

Population
One hundred sixteen patients with atrial septal devices

(PFO, n = 58; secundum ASD, n = 58) were prospective-
ly studied and followed up for 6 mo after device
implantation. All participants were younger than 50 y of
age. Patients with coronary artery disease, valvular heart
disease other than trace or grade 1 + regurgitation; con-
genital heart disease other than atrial septal defect; pre-
procedural PAF; heart failure; obesity (body mass index
[BMI] ≥ 30 kg/m2); parenchymal lung disease; or endo-
crinological, liver, kidney, or neoplastic diseases were
excluded from the study. PAF was diagnosed when both
AF and sinus rhythm had been documented on 2- to 7-d
Holter monitoring or bedside electrocardiogram (ECG)
monitoring. On the basis of definitions in the ACC/AHA/
ESC guidelines, AF was considered paroxysmal if it was
self-limited and resolved spontaneously (Johnson et al.
2011). Atrial septal aneurysm (ASA) was defined as a mem-
brane excursion of the inter-atrial septum of at least 10 mm
with a base diameter of the aneurysm of at least 15 mm
(Vitarelli et al. 2014). Indications for ASD closure were
isolated secundum ASD with a pulmonary/systemic flow
(Qp/Qs) ratio ≥1.5:1 and signs of right ventricular volume
overload. Indications for PFO closure were cryptogenic
stroke and evidence of right-to-left shunt (Silvestry et al.
2015). The study was approved by the local institutional
research committee. Patients were informed about the risks
of the procedure and possible alternative treatment, after
which they gave written consent. All of them were in sinus
rhythm at the time of echocardiographic examination. Two-
dimensional and 3-D STE was performed before device
implantation and repeated on the day after the procedure
(before PAF was detected) and after 6 mo of follow-up.
Fifty-eight healthy patients without cardiovascular disease
and with normal physical, electrocardiographic, and

echocardiographic findings were recruited as part of the
study and enrolled as controls.

2-D echocardiography
Examinations were conducted with patients in the left

lateral decubitus position using a Vivid E9 commercial ul-
trasound scanner (GE Vingmed Ultrasound AS, Horten,
Norway) with phased-array transducers. Gray-scale re-
cordings were optimized at a mean frame rate of ≥50
frames/s. Measurements of cardiac chambers were made
by transthoracic echocardiography according to estab-
lished criteria (Lang et al. 2015). Left atrial (LA) area was
measured just before mitral valve opening from the apical
four-chamber view. LA maximal volumes (Vmax), at the end
of LV systole just before mitral valve opening, and LA
minimal volumes (Vmin), at the end of LV diastole at mitral
valve closure, were measured from apical four-chamber
and two-chamber views using a modified Simpson biplane
method and were indexed to body surface area. LA emp-
tying fraction (LA-EF) was calculated as [(LA-Vmax –
LA-Vmin)/LA-Vmax] × 100. The LA expansion index (EI) was
calculated as [(LA-Vmax – LA-Vmin)/LA-Vmin] × 100. Three
measurements in each subject were averaged and used for
analysis. Right atrial (RA) area was measured just before
tricuspid valve opening from the apical four-chamber view,
and RA maximal and minimal volumes were also ob-
tained from the same views. Right ventricular systolic
pressure was determined using standard Doppler prac-
tices (Rudski et al. 2010). Pulsed-wave Doppler mitral
inflow was obtained, and peak E-wave and A-wave ve-
locities, their velocity-time integrals and the atrial fraction
(atrial velocity–time integral/total velocity–time inte-
gral) were determined. Mitral and tricuspid annulus
velocities were measured on the transthoracic four-
chamber views. Mitral and tricuspid E/E′ ratios were
measured at the lateral corner of the mitral and tricuspid
annulus in apical views and were used as indices for LA
and RA pressure.

2-D speckle tracking echocardiography
For 2-D-STE, images were recorded at a frame rate

of 55–60 frames/s. The LA endocardial border was man-
ually traced in both apical four-chamber and two-chamber
views by a three-point-and-click approach. The software
automatically tracked the epicardial contours on the sub-
sequent frames, and adequate tracking was verified and
corrected by adjusting the region of interest or manually
correcting the contour. The software divides the region of
interest into six segments and generates the longitudinal
strain curves for each segment and a mean curve of all seg-
ments. Global strain was not derived in the presence of
more than two uninterpretable segments in each view. An
echocardiologist blinded to data of the study population
performed all analyses offline. LA STE curves were
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obtained using R-wave onset of the electrocardiogram as
a reference point (Hoit 2014; Sun et al. 2013; Vieira et al.
2014), which enabled (Fig. 1) recognition of the first peak
of the curve at ventricular end-systole at the end of the
reservoir phase (maximum LA wall lengthening) and the
second late peak at ventricular end diastole just before
the active atrial contractile phase begins, at the onset of
the P wave on the electrocardiogram. LA peak global lon-
gitudinal strain at ventricular end-systole (PS, peak strain)
and strain in the atrial contractile phase (ACS) were mea-
sured from apical four-chamber and two-chamber views
by averaging the values of the six LA segments. The ratio
of mitral E/E′ to LA peak strain was used to evaluate LA
stiffness (Kurt et al. 2009; Vieira et al. 2014). LA peak
positive strain rate (Fig. 1) was measured during ventricu-
lar systole (SRs, LA reservoir phase), whereas LA peak
negative early (SRe) and late (SRa) strain rates were

measured during early LV filling (LA conduit phase) and
late LV filling (LA booster pump phase).

Left atrial dyssynchrony was quantified as the stan-
dard deviation of the time to peak strain using the six-
segment model of the left atrium in apical four-chamber
and two-chamber views (Dell’Era et al. 2010; Freed et al.
2016; Hoit 2014; Providência et al. 2013). A curve plot-
ting the average of the strain curves of the six segments
was automatically generated. Time-to-peak strain (TPS)
was computed as the standard deviation of the time to
maximal positive deformation of each curve (Fig. 1). High-
grade dyssynchrony was identified by larger values of TPS.

The RA speckle tracking analysis was obtained in the
apical four-chamber view. RA peak longitudinal strain was
calculated by averaging values observed in all six RA seg-
ments. RA peak strain rate was measured at the RV systolic
phase, whereas early and late RA strain rates were measured

Fig. 1. Speckle tracking deformation, dyssynchrony and volumetric parameters of atrial function. (A) Representative image
of 2-D speckle tracking echocardiography. PS and ACS of each segment from baseline to the peak positive value of longitu-
dinal strain at ventricular end-systole and end diastole were measured. The average of all six segments during three cardiac
cycles was calculated. (B) Peak positive strain rate (SRs) and peak negative strain rate (SRe, SRa) of each segment were mea-
sured from baseline to the peak positive or peak negative value of longitudinal strain rate, respectively. The average of all six
segments during three cardiac cycles was calculated. (C) TPS was the interval measured from the beginning of the cardiac
cycle to the timing of peak strain. *Peak strain in different segments. The standard deviation of all six segments during three
cardiac cycles was calculated. (D) Representative image of 3-D speckle tracking echocardiography. The broken line repre-
sents the time–left atrial volume curve (mL). ACS = atrial contraction strain; LA = left atrium; PS = peak strain; TPS = time-
to-peak strain; Vmax = maximal volume at LV end systole; Vmin = minimal volume at LV end diastole; VpreA = volume before

atrial contraction at LV early diastole.
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respectively during early and late RV diastole. As previ-
ously reported for the left atrium (Kurt et al. 2009), we
estimated the RA stiffness index (RASI) as the ratio of tri-
cuspid E/E′ to RA peak strain (Teixeira et al. 2015).

3-D speckle tracking echocardiography
Within a single breath-hold and during a constant RR

interval, wedge-shaped subvolumes were acquired from
an apical window to obtain a full-volume data set of the
left atrium with optimal border delineation by using a 4 V
phased array transducer with high volume rate (≥30 image
frames/s) and six-beat acquisition. Three-dimensional
echocardiographic data sets were displayed in apical four-
chamber and two-chamber views and three short-axis views
in basal, mid-atrial, and superior LA regions, respective-
ly (Fig. 1). After selection of a representative cardiac cycle,
the LA endocardial border was manually traced by a point-
and-click approach. The epicardial border was adjusted
manually or by setting a default thickness for the myo-
cardium. After detection of end-diastolic LA borders, 3-D
wall-motion tracking was automatically performed by the
software. LA shape was corrected throughout the entire
cardiac cycle if needed.

The original raw data from 3-D data sets were ana-
lyzed on a separate software workstation (EchoPAC BT13,
4 D Auto LVQ, GE Vingmed Ultrasound, Horten, Norway).
On the basis of 3-D wall-motion tracking analysis, the soft-
ware provided full-volume data sets. LA volumes were
measured at three time points of the cardiac cycle: (i)
maximal volume (Vmax) at LV end-systole, the time at which
atrial volume was largest just before mitral valve opening;
(ii) minimal volume (Vmin) at LV end diastole, the time at
which atrial volume is at its nadir before mitral valve
closure; (iii) volume before atrial contraction (VpreA) at LV
early diastole, at the onset of the P wave on the ECG (the
last frame before mitral valve reopening). From the derived
values, LA active and passive emptying volumes, as well
as the respective emptying fractions, were calculated to
assess LA phasic function (Freed et al. 2016; Sarvari et al.
2016). The following definitions were used. LA total stroke
volume (SV) = Vmax - Vmin; LA passive stroke volume
(SVpassive) = Vmax – VpreA; LA active stroke volume
(SVactive) = VpreA – Vmin; LA total emptying fraction
(EF) = SV/Vmax × 100; LA expansion index (EI) =
SV/Vmin × 100; LA passive emptying fraction (EFpassive) =
SVpassive/Vmax × 100; LA active emptying fraction
(EFactive) = SVactive/VpreA × 100. All LA volumetric param-
eters were indexed to body surface area.

Right atrial 3-D speckle tracking volumetric
echocardiography was also performed using the same com-
mercially available software used for the LA analysis. The
software automatically provided the RA-Vmax, RA-Vmin and
RA total emptying fraction based on 3-D wall-motion

tracking analysis: RA-EF = [(RA-Vmax – RA-Vmin)/RA-Vmax]
× 100.

Device implantation
The inter-atrial septum was crossed under fluoro-

scopic and transesophageal echocardiography (TEE)
guidance with a 6F multipurpose catheter after document-
ing pressure values in the pulmonary artery. PFO and ASD
size and morphology were determined by TEE. Closure
was achieved in all patients using Amplatzer septal occluder
devices (St. Jude Medical, St Paul, MN, USA) and Figulla
Occlutech devices (Occlutech, Helsinborg, Sweden) with
a median size of 21 mm (range: 16–36 mm). The mean
estimated ASD size on TEE was 14.9 ± 3.7 mm (range:
8–25 mm). The ASD patient’s mean ratio of pulmonary
to systemic blood flow was 2.3:1 (range: 1.8:1–3.9:1). De-
pending on the device used, a 9F- to 12F-long sheath was
placed across the atrial septum. After the loaded implan-
tation system was flushed to prevent air embolism, the
device was placed under fluoroscopic and TEE guid-
ance. All patients received antibiotic prophylaxis (Curoxim
2 g) 1 h before the procedure. Discharge from the hospi-
tal was on the day after post-interventional transthoracic
echocardiography and 12-lead ECG examination.

Statistics
Standard and speckle tracking echocardiographic pa-

rameters of atrial function were compared between groups
using Student’s unpaired t-test. Differences among three
or more groups were assessed using one-way analysis of
variance. Differences were considered statistically signif-
icant at p values < 0.05. Univariate analysis and multivariate
forward stepwise logistic regression analysis were per-
formed to identify independent predictors of PAF. The
variance inflation factor approach was used to identify col-
linearity among explanatory variables. Receiver operating
characteristic curves were used to determine diagnostic ac-
curacy for the prediction of PAF. The intra- and inter-
observer variability of measurements was evaluated in 10
randomly selected patients. We expressed intra- and inter-
observer variability with the coefficient of variation, which
is defined as the standard deviation of the difference
between two readings (or readers) divided by their mean
value, multiplied by 100. For assessment of reproducibil-
ity, intra-class correlation coefficients were also calculated,
with good agreement defined as a coefficient >0.80.

RESULTS

One hundred thirty-six patients with atrial septal
devices were initially evaluated. One hundred sixteen pa-
tients (PFO: n = 58, secundum ASD: n = 58) were included
in the study. Eight patients were excluded from the study
because of coexistent disease, and three of these patients
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had pre-procedural PAF. Twelve patients were excluded
because of inadequate myocardial tracking (n = 9 both 2-D-
STE and 3-D-STE, n = 3 only 2-D-STE); two of these
patients had voluminous atrial septal aneurysms. The overall
feasibility of using speckle tracking echocardiography to
determine 2-D atrial strain parameters was 90% (116/
128), and the overall feasibility of using 3-D-STE
echocardiography for volumetric atrial analysis was 93%
(116/125).

Reproducibility of 2-D-/3-D-STE parameters was
found to be acceptable. Intra-observer and inter-observer
coefficients of variation for 2-D measures ranged from 3%
to 8% and from 6% to 11%, respectively. Intra-observer
and inter-observer coefficients of variation for 3-D mea-
sures ranged from 3% to 7% and from 4% to 9%,
respectively. Intra-observer and inter-observer intra-
class coefficients for 2-D measures ranged from 0.81 to
0.97 and from 0.79 to 0.89, respectively. Intra-observer
and inter-observer intra-class correlation coefficients for
3-D measures ranged from 0.84 to 0.97 and from 0.82 to
0.92, respectively.

Clinical data
The overall incidence of PAF after 6 mo of follow-

up was 13% in PFO and 24% in ASD (8/58 vs. 14/58
patients, respectively, p < 0.01). Two patients had cere-
brovascular events after AF during antiplatelet therapy.
Baseline characteristics of the patients are summarized in
Table 1. The ASD patients with PAF were older than the
patients with normal sinus rhythm (NSR). There were no
differences between the three groups in body mass index,
body surface area, heart rate and systemic blood pressure.

Echocardiographic and strain data
Conventional 2-D echocardiographic data are sum-

marized in Table 2. There were no significant differences

in LV dimensions; diastolic and systolic functional pa-
rameters; and Doppler atrial fraction between patients with
AF and controls. Patients had significantly larger LA and/
or RA volumes compared with controls.

Two-dimensional and three-dimensional speckle track-
ing echocardiographic parameters are summarized in
Table 3. PS, EF and EI were reduced in patients with atrial
devices compared with controls, and further reductions of
these parameters were observed in patients with PAF. Three
dimensional STE-derived atrial volumes of both the left
and right atria were significantly larger in AF patients. A
moderate positive relationship was observed between 2-D-
STE and 3-D-STE techniques for LA-Vmax (r = 0.68,
p < 0.005), LA-Vmin (r = 0.64, p = 0.003), RA-Vmax (r = 0.61,
p = 0.017) and RA-Vmin (r = 0.57, p = 0.031). Higher LA-
TPS values were observed in patients with PAF than in
controls. The increase in RA-TPS was less pronounced
(Table 3).

Analysis of regional atrial function both in controls
and in patients before occluder implantation revealed
slightly higher longitudinal strain values in the lateral wall
than in the septal wall (Table 3). A strain gradient existed
from the annular regions (highest) to the atrial roof (lowest)
in all atrial walls (data not shown). After placement of the
device, there was a substantial drop in peak strain in all
LA septal segments (basal segments: 24.6 ± 4.9%, middle
segments: 10.1 ± 2.5%, superior segments: 22.7 ± 4.6%),
with the maximal drop in the middle septal segments
(p < 0.001) corresponding to the location of the device.
The drop in septal strain (Table 3) was observed both in
patients with stable sinus rhythm and in patients who de-
veloped PAF.

Patients with ASD had larger RA volumes com-
pared with normal controls and PFO patients. Thirty-
nine patients with PFO and 6 patients with ASD had atrial
septal aneurysms. PFO patients had moderately enlarged

Table 1. Baseline characteristics of normal controls and PFO/ASD patients

Variable Controls (n = 58)

PFO patients (n = 58) ASD patients (n = 58)

NSR (n = 50) PAF (n = 8) NSR (n = 44) PAF (n = 14)

Gender, M/F 32/26 27/23 5/3 25/19 9/5
Age, y 43.1 ± 3.3 42.7 ± 3.4 44.6 ± 3.8 41.5 ± 3.7 45.3 ± 3.5*
Body surface area, m2 1.88 ± 0.44 1.91 ± 0.43 1.88 ± 0.38 1.87 ± 0.45 1.90 ± 0.43
Body mass index, kg/m2 26.2 ± 4.7 25.9 ± 4.6 26.2 ± 4.5 26.4 ± 3.8 26.7 ± 4.2
Heart rate, beats/m 71 ± 13 70 ± 13 69 ± 12 72 ± 11 74 ± 12
SBP, mm Hg 123.6 ± 22.8 125.3 ± 23.8 124.7 ± 21.5 123.3 ± 22.8 126.8 ± 24.3
DBP, mm Hg 72.8 ± 12.7 73.5 ± 11.7 74.3 ± 12.9 70.9 ± 13.9 72.8 ± 12.5
Fasting glucose, mg/dL 89.8 ± 5.9 91.4 ± 6.3 90.7 ± 7.1 88.1 ± 6.2 93.5 ± 5.8
Total cholesterol, mg/dL 155.1 ± 11.2 159.6 ± 9.1 161.3 ± 8.7 152.3 ± 9.6 167.3 ± 10.8
HDL-C, mg/dL 48.2 ± 8.1 49.2 ± 8.9 52.4 ± 7.9 50.2 ± 8.6 47.9 ± 9.7
LDL-C, mg/dL 97.8 ± 10.2 101.7 ± 8.6 98.8 ± 9.4 94.5 ± 9.6 99.2 ± 10.1
Triglycerides, mg/dL 79.6 ± 8.8 85.6 ± 9.2 81.8 ± 9.7 78.7 ± 8.6 84.8 ± 9.5

ASD = atrial septal defect; DBP = diastolic blood pressure; HDL = high-density lipoprotein; LDL = low-density lipoprotein; NSR = patients with normal
sinus rhythm; PAF = patients who developed paroxysmal atrial fibrillation within 6 mo; PFO = patent foramen ovale; SBP = systolic blood pressure.

* p < 0.05, PAF versus NSR.
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left atria with depressed function. These LA changes were
more pronounced in patients with atrial septal aneu-
rysms (39 patients) than in patients with simple PFO (19
patients): LA-TPS: 142.7 ± 28.1 ms vs. 119.4 ± 24.6 ms
(p < 0.05), LA-EI: 81.3 ± 38.9% vs. 102.8 ± 41.5%
(p < 0.01).

Tables 4 and 5 outline pre-closure LA and RA vol-
umetric and functional parameters and the time course after
device insertion on the 6-mo follow-up. Overall, atrial dys-
function was present before device implantation and
persisted during the 6-mo follow-up despite partial re-
duction of atrial volumes. Compared with lateral wall strain,
septal strain was lower in patients with devices, but did
not influence significantly the post-closure global longi-
tudinal strain value, as outlined in Tables 4 and 5. Figure 2
illustrates the increase in TPS and decrease in EI (pre-
closure values) in PFO and ASD patients who developed
PAF during the 6-mo follow-up as compared with pa-
tients with normal sinus rhythm and normal controls.

Diameters of the devices ranged from 16 to 36 mm.
There was a weak correlation between device size and pa-
rameters of atrial function in PFO and ASD patients
(Supplementary Table S1, online only, available at https://
doi.org/10.1016/j.ultrasmedbio.2018.02.015) with reduced
3-D-LA-EI (r = −0.322, p = 0.047) and 3-D-RA-EI
(r = −0.344, p = 0.031) in the PFO and ASD group, re-
spectively, and increased LA-TPS (r = 0.335, p = 0.036).

Both pre-closure (p values ranging from 0.049 to 0.01)
and 24-h post-closure (p values ranging from 0.037 to 0.01)
strain and volume atrial indices were associated with PAF.
As outlined in Supplementary Table S2 (online only, avail-
able at https://doi.org/10.1016/j.ultrasmedbio.2018.02.015),
pre-closure 3-D-RA-EI (r = −0.447, p = 0.012), LA-TPS
(r = 0.554, p = 0.003) and 3-D-LA-EI (r = −0.596,
p = 0.002) were independent predictors of PAF by mul-
tivariate analysis. In Table 6, the areas under the receiver
operating characteristic curves (AUCs) for 3-D-RA-EI, LA-
PS, RA-TPS, LA-TPS, and 3-D-LA-EI (pre-closure values)

Table 2. Two-dimensional and Doppler echocardiographic parameters in controls and PFO/ASD patients in the 24-h
post-procedure period before PAF was detected

Variable Controls (n = 58)

PFO patients (n = 58) ASD patients (n = 58)

NSR (n = 50) PAF (n = 8) NSR (n = 44) PAF (n = 14)

Left ventricle
LVEDVI, mL/m2 48.5 ± 6.2 48.6 ± 6.4 48.4 ± 6.1 47.8 ± 6.9 48.2 ± 7.3
LVESVI, mL/m2 22.6 ± 3.3 23.1 ± 2.7 22.8 ± 3.5 22.1 ± 3.6 21.8 ± 3.3
LVEF, % 62.4 ± 3.8 63.3 ± 4.1 60.5 ± 4.3 61.4 ± 3.8 61.1 ± 3.6
Mitral A velocity, cm/s 62.5 ± 12.7 61.8 ± 11.6 62.8 ± 12.4 60.6 ± 12.2 60.8 ± 12.5
Mitral A′ velocity, cm/s 9.3 ± 1.8 9.1 ± 1.9 9.0 ± 1.7 9.1 ± 2.1 8.8 ± 2.2
Atrial fraction, % 37.3 ± 9.3 36.2 ± 8.8 36.1 ± 8.7 36.8 ± 8.7 35.8 ± 9.3
Mitral E/A 1.2 ± 0.3 1.2 ± 0.2 1.3 ± 0.2 1.1 ± 0.4 1.2 ± 0.3
Mitral E/E′ 6.1 ± 1.4 6.2 ± 1.8 6.3 ± 1.5 6.5 ± 1.6 6.7 ± 1.5

Right ventricle
RVEDAI, cm2/m2 12.5 ± 4.1 12.3 ± 4.4 12.4 ± 4.5 13.7 ± 4.5* 13.9 ± 4.4*
PASP, mm Hg 25.4 ± 3.8 25.9 ± 3.9 25.8 ± 4.2 30.8 ± 3.9* 31.6 ± 3.8*
TAPSE, mm 23.3 ± 2.2 23.5 ± 2.3 21.6 ± 2.4 22.4 ± 2.6 21.6 ± 2.2
Tricuspid E/A 1.1 ± 0.4 1.2 ± 0.5 1.1 ± 0.2 1.0 ± 0.1 1.2 ± 0.3
Tricuspid E/E′ 5.5 ± 1.4 5.1 ± 1.7 5.2 ± 1.3 5.4 ± 1.4 5.2 ± 1.9

Left atrium
LAAI, cm2/m2 10.5 ± 1.7 10.6 ± 1.9 10.8 ± 1.4 10.6 ± 1.3 10.8 ± 1.7
LA-Vmax, mL/m2 25.5 ± 3.2 26.9 ± 4.5 27.8 ± 4.3 26.4 ± 4.6 26.9 ± 4.9
LA-Vmin, mL/m2 10.2 ± 2.1 11.9 ± 2.4* 12.3 ± 2.1* 11.3 ± 2.4 11.4 ± 2.2
LAEF, % 50.6 ± 5.2 49.5 ± 4.3* 49.1 ± 6.2* 51.3 ± 5.6 50.7 ± 4.7
LAEI, % 146.2 ± 38.3 101.7 ± 40.9* 86.8 ± 37.7* 129.9 ± 40.2 121.7 ± 41.4

Right atrium
RAAI, cm2/m2 8.2 ± 2.4 8.5 ± 2.5 8.1 ± 3.3 10.3 ± 2.4† 10.6 ± 2.3†

RA-Vmax, mL/m2 23.4 ± 3.1 23.1 ± 3.6 23.7 ± 2.8 24.9 ± 3.1 25.3 ± 3.3
RA-Vmin, mL/m2 10.1 ± 1.8 10.5 ± 1.7 10.8 ± 2.1 12.5 ± 2.1* 12.9 ± 2.6*
RAEF, % 48.8 ± 4.6 49.2 ± 4.1 49.4 ± 4.4 48.3 ± 5.2 48.4 ± 4.8
RAEI, % 130.7 ± 27.4 125.5 ± 25.4 122.7 ± 29.5 101.6 ± 24.7† 90.2 ± 22.6†

A = inflow atrial contraction velocity; A′ = annular atrial contraction velocity; ASD = atrial septal defect; E = inflow early diastolic velocity; E′ = annular
early diastolic velocity; LA = left atrial; LAAI = left atrial area index; LAEF = LA emptying fraction; LAEI = LA expansion index; LV = left ventricular;
LVEDVI = left ventricular end-diastolic volume index; LVEF = left ventricular ejection fraction; LVESVI = left ventricular end-systolic volume index; NSR = pa-
tients with stable normal sinus rhythm; PAF = patients who developed paroxysmal atrial fibrillation within 6 mo after the 24-h post-procedure study;
PASP = pulmonary arterial systolic pressure (echo); PFO = patent foramen ovale; RA = right atrial; RAAI = right atrial area index; RAEF = RA emptying
fraction; RAEI = RA expansion index; RV = right ventricular; RVEDAI = RV end-diastolic area index; TAPSE = tricuspid annular plane systolic excursion;
Vmax = maximum volume index; Vmin = minimum volume index.

* p < 0.05 versus controls.
† p < 0.01 versus controls.
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had high discriminative values (from 0.83 to 0.86) in
predicting PAF. By combination of LA and RA time-to-
peak strains and expansion index (3-D-LA-EI + LA-
TPS, 3-D-RA-EI + RA-TPS), the AUCs increased to 0.91
and 0.90, respectively.

Discussion
We investigated atrial mechanics using both 2-D-

STE and 3-D-STE in patients with patent foramen ovale
and atrial septal defect before and after device place-
ment. The most noteworthy findings of the present study
were as follows: In ASD and PFO patients who under-
went successful device closure, (i) pre-existing atrial dilation

and dyssynchrony had a higher association with PAF than
the size of the implanted device; (ii) the combination of
3-D-STE atrial volumetric indices (expansion index) and
2-D-STE deformation parameters (time-to-peak strain) pro-
vided better estimates of PAF risk than other atrial
parameters.

LA size and PAF
That size of the left atrium (both LA diameter and

LA volume) is a robust predictor of adverse cardiovascu-
lar outcome and atrial fibrillation both in the general
population and in selected clinical conditions such as stroke
and heart failure is well established (Maddukuri et al. 2006).

Table 3. Speckle tracking deformation and volumetric parameters of atrial function in controls and PFO/ASD patients at 24 h
post-procedure period before PAF was detected

Variable Controls (n = 58)

PFO patients (n = 58) ASD patients (n = 58)

NSR (n = 50) PAF (n = 8) NSR (n = 44) PAF (n = 14)

Left atrium
LA-PS, % 39.9 ± 8.2 26.5 ± 5.3* 24.1 ± 4.8† 27.1 ± 4.4* 23.2 ± 4.6†

LA-ACS, % 18.4 ± 5.2 16.3 ± 5.6* 16.1 ± 5.7* 16.9 ± 5.6* 16.5 ± 5.8*
LA-TPS, ms 85.3 ± 37.7 114.9 ± 28.7* 139.8 ± 29.6†§ 94.9 ± 26.3* 99.7 ± 29.2§

LA-SRs, 1/s 1.68 ± 0.42 1.32 ± 0.38* 1.27 ± 0.31* 1.56 ± 0.39 1.54 ± 0.33
LA-SRa, 1/s −1.93 ± 0.39 −1.87 ± 0.35 −1.86 ± 0.34 −1.89 ± 0.33 −1.88 ± 0.37
LA stiffness, (M-E/E′)/LA-PS 0.14 ± 0.05 0.41 ± 0.16* 0.42 ± 0.15* 0.39 ± 0.14* 0.40 ± 0.18*
LA-PS-LW, % 39.9 ± 8.1 26.1 ± 4.8* 25.9 ± 4.9* 32.8 ± 5.3* 31.7 ± 5.7*
LA-PS-SW, % 38.1 ± 7.6 13.1 ± 2.9‡ 12.6 ± 3.5‡ 13.7 ± 3.3‡ 13.2 ± 3.4‡

3-D-LA-Vmax index, mL/m2 28.7 ± 3.9 31.3 ± 4.1* 32.8 ± 4.9* 28.9 ± 5.2 29.8 ± 5.1
3-D-LA-VpreA index, mL/m2 14.8 ± 3.1 15.7 ± 3.2* 15.9 ± 2.9* 14.5 ± 3.5 14.9 ± 3.2
3-D-LA-Vmin index, mL/m2 10.4 ± 2.7 12.7 ± 2.5* 15.5 ± 2.8‡ 10.9 ± 2.6 11.6 ± 2.9
3-D-LA-SV index, mL/m2 11.9 ± 2.6 11.6 ± 2.5 11.5 ± 2.9 11.2 ± 2.8 11.7 ± 2.3
3-D-LA-EF, % 59.3 ± 9.1 56.3 ± 9.4* 51.6 ± 9.6* 56.5 ± 8.8* 54.1 ± 9.2*
3-D-LA-EFpassive, % 34.8 ± 8.9 31.5 ± 9.1* 30.4 ± 8.2* 33.4 ± 8.6 32.9 ± 9.3
3-D-LA-EFactive, % 32.5 ± 8.1 31.1 ± 7.8 30.9 ± 8.2 31.7 ± 8.6 31.1 ± 7.9
3-D-LA-EI, % 158.6 ± 41.4 108.8 ± 43.7* 87.4 ± 40.4†§ 130.8 ± 41.3* 123.4 ± 43.5§

Right atrium
RA-PS, % 38.2 ± 7.8 36.1 ± 5.5 35.2 ± 4.4 33.5 ± 4.5* 31.3 ± 4.2‡

RA-ACS, % 17.4 ± 4.9 17.1 ± 4.7 16.9 ± 5.1 16.2 ± 4.6* 16.0 ± 4.5*
RA-TPS, ms 81.3 ± 29.9 85.8 ± 29.1 89.1 ± 28.8 104.8 ± 29.3* 126.3 ± 30.5†‡

RA-SRs, 1/s 1.79 ± 0.33 1.78 ± 0.31 1.76 ± 0.35 1.67 ± 0.31* 1.64 ± 0.32*
RA-SRa, 1/s −1.76 ± 0.33 −1.76 ± 0.29 −1.76 ± 0.32 −1.64 ± 0.29* −1.61 ± 0.28
RA stiffness, (T-E/E′)/RA-PS 0.13 ± 0.06 0.17 ± 0.14 0.19 ± 0.16 0.33 ± 0.12* 0.34 ± 0.17
RA-PS-LW, % 38.9 ± 7.8 37.3 ± 5.5 37.1 ± 5.9 36.8 ± 7.1 36.5 ± 6.9
3-D-RA-Vmax index, mL/m2 24.9 ± 3.6 27.3 ± 4.1 28.3 ± 5.1 30.8 ± 6.1‡ 32.6 ± 5.7
3-D-RA-VpreA index, mL/m2 14.2 ± 2.9 14.2 ± 3.5 14.7 ± 3.2 16.9 ± 3.3‡ 17.2 ± 3.1
3-D-RA-Vmin index, mL/m2 10.2 ± 2.3 10.5 ± 2.2 10.4 ± 2.8 12.1 ± 2.4‡ 13.5 ± 2.9
3-D-RA-SV index, mL/m2 11.2 ± 2.7 11.2 ± 2.8 10.8 ± 2.4 12.2 ± 2.9 12.5 ± 3.1
3-D-RA-EF, % 56.7 ± 9.2 56.1 ± 9.1 55.9 ± 9.4 52.1 ± 9.3* 51.8 ± 8.9
3-D-RA-EFpassive, % 33.8 ± 8.9 32.9 ± 8.7 31.8 ± 8.8 30.6 ± 8.1* 30.5 ± 78.9
3-D-RA-EFactive, % 31.3 ± 8.1 30.5 ± 7.7 30.6 ± 8.1 29.2 ± 8.1* 29.3 ± 8.1
3-D-RA-EI, % 144.2 ± 31.5 134.6 ± 33.2 131.7 ± 29.1 115.7 ± 30.5‡ 91.6 ± 26.4†§

ACS = atrial contraction strain; ASD = atrial septal defect; E = inflow early diastolic velocity; E′ = annular early diastolic velocity; EF = total emptying
fraction (see text); EFactive = active emptying fraction (see text); EFpassive = passive emptying fraction (see text); EI = expansion index (see text); LA = left atrial;
LW = lateral wall; M = mitral; NSR = patients with stable normal sinus rhythm; PAF = patients who developed paroxysmal atrial fibrillation within 6 mo after
the 24-h post-procedure study; PFO = patent foramen ovale; PS = peak global longitudinal strain (average); RA = right atrial; SD = standard deviation; SRa = strain
rate during atrial contraction at ventricular end diastole (average); SRs = strain rate at ventricular end systole (average); SV = total stroke volume (see text);
SW = septal wall; T = tricuspid; TPS = time-to-peak strain (SD); Vmax = maximal volume; Vmin = minimal volume; VpreA = volume before atrial contraction.

Values are means ± SD. Boldface values indicate statistically significant results.
* p < 0.05 versus controls.
† p < 0.001 versus NSR.
‡ p < 0.001 versus controls.
§ p < 0.0001 versus controls.
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Furthermore, it has been reported (Schaaf et al. 2017) that
LA reservoir function (functional or mechanical remod-
eling) estimated from the LA emptying fraction is a potent
predictor of first atrial fibrillation, independent of clini-
cal risk factors and LV function and superior and
incremental to maximum LA volume (structural
remodeling).

In our patients with septal devices, atrial phasic
volume and phasic function were assessed with time–
volume curves constructed using 3-D-STE. Validation with
cardiac magnetic resonance has been previously docu-
mented (Perez de Isla et al. 2014) despite the non-
specificity of the algorithm for quantification of atrial
volumes, and it has been found that 3-D direct volumet-
ric and speckle tracking methods give comparable and

reproducible quantification of atrial volumes, making in-
terchangeable application a feasible alternative in current
clinical practice (Kleijn et al. 2011). Although we had a
fairly good correlation between 2-D methods and 3-D-
STE for the evaluation of LA and RA volumes, 3-D
methods had better reproducibility as an automated method,
as indicated by the lower intra-observer and inter-observer
variability. Even if 3-D echocardiographic images repre-
sent a compromise in both line density and frame rate, 3-D
assessment of LA volumes eliminates the errors that may
result from the geometric assumptions of biplane volume
calculations and inappropriate timing of various atrial
events. These findings are in line with previous studies
(Nagaya et al. 2013) reporting that 3-D-STE has better ac-
curacy in the assessment of LA volume and function

Table 4. Temporal effects of speckle tracking echocardiography atrial parameters in controls (n = 58) and PFO patients (n = 58)
during 6-mo follow-up

Variable Controls

PFO patients

p1 p2 p3Pre-closure After 24 h After 6 mo

Left atrium
LA-PS, % 39.9 ± 8.2 26.5 ± 4.4 25.8 ± 5.6 26.9 ± 4.7 <0.05 <0.05 <0.05
LA-ACS, % 18.4 ± 5.2 17.6 ± 5.4 17.3 ± 5.9 17.8 ± 5.1 NS NS NS
LA-TPS, ms 85.3 ± 37.7 109.5 ± 36.6 115.7 ± 28.8 110.4 ± 40.3 <0.01 <0.01 <0.01
LA-SRs, 1/s 1.68 ± 0.42 1.56 ± 0.38 1.52 ± 0.37 1.54 ± 0.39 <0.05 <0.05 <0.05
LA-SRa, 1/s −1.93 ± 0.39 −1.84 ± 0.36 −1.87 ± 0.35 −1.89 ± 0.38 NS NS NS
LA stiffness, (M-E/E′)/LA-PS 0.14 ± 0.05 0.34 ± 0.12 0.44 ± 0.13 0.41 ± 0.14 <0.05 <0.01 <0.01
LA-PS-LW, % 39.9 ± 8.1 36.2 ± 7.1 34.2 ± 5.2 35.1 ± 5.7 <0.05 <0.05 <0.05
LA-PS-SW, % 38.1 ± 7.6 28.1 ± 6.7 13.0 ± 3.2 14.9 ± 3.8 <0.05 <0.01 <0.01
3-D-LA-Vmax, mL/m2 28.7 ± 3.9 32.8 ± 6.5 29.2 ± 4.4 29.3 ± 4.9 <0.05 NS NS
3-D-LA-VpreA, mL/m2 14.8 ± 3.1 15.9 ± 3.7 15.7 ± 3.2 15.2 ± 2.9 NS NS NS
3-D-LA-Vmin, mL/m2 10.4 ± 2.7 15.3 ± 2.8 11.9 ± 2.6 11.7 ± 2.5 <0.01 <0.05 <0.05
3-D-LA-SV, mL/m2 11.9 ± 2.6 10.8 ± 2.9 11.5 ± 2.7 10.8 ± 2.5 NS NS NS
3-D-LA-EF, % 59.3 ± 9.1 55.3 ± 9.2 57.3 ± 9.4 58.1 ± 8.7 <0.05 NS NS
3-D-LA-EFpassive, % 34.8 ± 8.9 33.5 ± 9.1 32.9 ± 9.2 33.6 ± 8.8 NS NS NS
3-D-LA-EFactive, % 32.5 ± 8.1 31.7 ± 7.5 31.9 ± 7.8 31.4 ± 8.9 NS NS NS
3-D-LA-EI, % 158.6 ± 41.4 114.5 ± 43.3 104.2 ± 41.7 109.4 ± 45.3 <0.01 <0.01 <0.01

Right atrium
RA-PS, % 38.2 ± 7.8 37.9 ± 5.6 37.1 ± 5.3 37.8 ± 4.6 NS NS NS
RA-ACS, % 17.4 ± 4.9 16.9 ± 5.2 17.3 ± 4.4 17.1 ± 4.5 NS NS NS
RA-TPS, ms 81.3 ± 29.9 86.7 ± 32.9 85.4 ± 29.2 87.8 ± 34.2 NS NS NS
RA-SRs, 1/s 1.79 ± 0.33 1.68 ± 0.35 1.72 ± 0.31 1.71 ± 0.36 NS NS NS
RA-SRa, 1/s −1.76 ± 0.33 −1.74 ± 0.34 −1.76 ± 0.31 −1.73 ± 0.32 NS NS NS
RA stiffness, (T-E/E′)/RA-PS 0.13 ± 0.06 0.17 ± 0.12 0.19 ± 0.11 0.18 ± 0.09 NS NS NS
RA-PS-LW, % 38.9 ± 7.8 37.4 ± 5.2 37.1 ± 5.7 35.2 ± 4.9 NS NS NS
3-D-RA-Vmax, mL/m2 24.9 ± 3.6 25.2 ± 5.3 26.8 ± 4.4 26.6 ± 4.5 NS NS NS
3-D-RA-VpreA, mL/m2 14.2 ± 2.9 15.5 ± 3.5 14.2 ± 3.4 15.2 ± 3.1 NS NS NS
3-D-RA-Vmin, mL/m2 10.2 ± 2.3 11.5 ± 3.1 10.7 ± 2.3 10.9 ± 2.4 NS NS NS
3-D-RA-SV, mL/m2 11.2 ± 2.7 11.2 ± 2.8 11.5 ± 3.1 11.3 ± 2.7 NS NS NS
3-D-RA-EF, % 56.7 ± 9.2 54.6 ± 9.1 56.2 ± 9.1 56.1 ± 8.9 NS NS NS
3-D-RA-EFpassive, % 33.8 ± 8.9 31.7 ± 7.5 32.8 ± 8.7 33.8 ± 8.6 NS NS NS
3-D-RA-EFactive, % 31.3 ± 8.1 30.6 ± 7.9 30.8 ± 7.7 31.3 ± 8.2 NS NS NS
3-D-RA-EI, % 144.2 ± 31.5 137.8 ± 46.4 139.3 ± 33.2 132.4 ± 41.3 NS NS NS

ACS = atrial contraction strain; E = inflow early diastolic velocity; E′ = annular early diastolic velocity; EF = total emptying fraction (see text); EFactive = active
emptying fraction (see text); EFpassive = passive emptying fraction (see text); EI = expansion index (see text); LA = left atrial; LW = lateral wall; M = mitral;
NSR = normal sinus rhythm; PAF = paroxysmal atrial fibrillation; PFO = patent foramen ovale; PS = peak global longitudinal strain (average); RA = right
atrial; SRa = strain rate during atrial contraction at ventricular end diastole (average); SRs = strain rate at ventricular end systole (average); SV = total stroke
volume (see text); SW = septal wall; T = tricuspid; TPS = time-to-peak strain (standard deviation); Vmax = maximal volume index; Vmin = minimal volume index;
VpreA = volume before atrial contraction.

p1 = pre-closure versus controls.
p2 = after 24 h versus controls.
p3 = after 6 mo versus controls.
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compared with 3-D computed tomography. We also found
that the atrial expansion index, that is, the change in atrial
volume from minimal to maximal, is a robust predictor
of PAF, as already reported in other clinical conditions
(Wang et al. 2012), suggesting that minimal atrial size,
which is affected by instantaneous loading conditions
related to trans-mitral or trans-tricuspid flow, is more sen-
sitive to subtle pathologic conditions such as remodeling
and fibrosis compared with maximal atrial volume, which
is more affected by chronic pressure overload. This is in
keeping with previous reports (Russo et al. 2012) that the
relationship between LA-Vmin and LV diastolic function
appears to be more direct, as in end diastole the mitral valve
is open and the left atrium is directly exposed to LV
pressure.

LA dyssynchrony and PAF
It has been reported that LA dyssynchrony per se, or

the fact that it can be poorly corrected by cardioversion,
predicts long-term recurrence of atrial fibrillation
(Degiovanni et al. 2013; Loghin et al. 2014; Sarvari et al.
2016). Prior studies (Degiovanni et al. 2013) have evalu-
ated LA dyssynchrony in the “reservoir phase” using tissue
Doppler strain measurements and speckle tracking
echocardiography. It was speculated that dyssynchrony may
reflect some structural condition that predisposes to AF
recurrence post-cardioversion, such as the burden of atrial
fibrosis, which has been reported to be predictive of short-
and long-term recurrences of atrial fibrillation. Other studies
(Loghin et al. 2014; Sarvari et al. 2016) have specifical-
ly looked at the timing of LA peak strain during the atrial

Table 5. Temporal effects of speckle tracking echocardiography atrial parameters in controls (n = 58) and ASD patients (n = 58)
during the 6-mo follow-up

Variable Controls

ASD patients

p1 p2 p3Pre-closure After 24 h After 6 mo

Left atrium
LA-PS, % 39.9 ± 8.2 38.1 ± 5.4 37.8 ± 4.5 38.0 ± 4.6 NS NS NS
LA-ACS, % 18.4 ± 5.2 17.9 ± 4.7 17.6 ± 4.9 17.8 ± 4.8 NS NS NS
LA-TPS, ms 85.3 ± 37.7 96.5 ± 36.7 94.7 ± 26.4 95.2 ± 38.3 <0.05 <0.05 <0.05
LA-SRs, 1/s 1.68 ± 0.42 1.59 ± 0.38 1.56 ± 0.39 1.57 ± 0.41 NS NS NS
LA-SRa, 1/s −1.93 ± 0.39 −1.85 ± 0.36 −1.82 ± 0.39 −1.84 ± 0.35 NS NS NS
LA stiffness, (M-E/E’)/LA-PS 0.14 ± 0.05 0.31 ± 0.17 0.36 ± 0.18 0.35 ± 0.16 <0.05 <0.05 <0.05
LA-PS-LW, % 39.9 ± 8.1 38.9 ± 5.1 38.7 ± 5.2 38.1 ± 5.4 NS NS NS
LA-PS-SW, % 38.1 ± 7.6 30.2 ± 6.9 14.2 ± 2.7 15.4 ± 3.1 <0.05 <0.01 <0.01
3-D-LA-Vmax, mL/m2 28.7 ± 3.9 29.1 ± 5.3 29.3 ± 5.4 29.5 ± 5.1 NS NS NS
3-D-LA-VpreA, mL/m2 14.8 ± 3.1 15.1 ± 3.3 15.5 ± 3.6 15.3 ± 3.4 NS NS NS
3-D-LA-Vmin, mL/m2 10.4 ± 2.7 11.6 ± 2.6 10.9 ± 2.7 10.6 ± 2.9 <0.05 NS NS
3-D-LA-SV, mL/m2 11.9 ± 2.6 11.2 ± 2.7 11.5 ± 2.9 11.6 ± 2.6 NS NS NS
3-D-LA-EF, % 59.3 ± 9.1 57.7 ± 9.4 57.9 ± 8.7 58.3 ± 8.8 NS NS NS
3-D-LA-EFpassive, % 34.8 ± 8.9 33.1 ± 9.2 33.4 ± 8.1 32.9 ± 8.4 NS NS NS
3-D-LA-EFactive, % 32.5 ± 8.1 31.9 ± 7.5 30.8 ± 8.5 31.9 ± 8.3 NS NS NS
3-D-LA-EI, % 158.6 ± 41.4 129.4 ± 43.2 125.2 ± 39.3 127.5 ± 40.1 <0.05 <0.05 <0.05

Right atrium
RA-PS, % 38.2 ± 7.8 33.8 ± 5.3 33.1 ± 4.5 33.4 ± 4.7 <0.05 <0.05 <0.05
RA-ACS, % 17.4 ± 4.9 16.7 ± 5.2 16.2 ± 4.6 16.8 ± 4.8 NS NS NS
RA-TPS, ms 81.3 ± 29.9 101.7 ± 31.4 106.4 ± 28.2 102.6 ± 36.5 <0.01 <0.01 <0.01
RA-SRs, 1/s 1.79 ± 0.33 1.66 ± 0.35 1.67 ± 0.31 1.68 ± 0.34 <0.05 <0.05 <0.05
RA-SRa, 1/s −1.76 ± 0.33 −1.73 ± 0.32 −1.71 ± 0.31 −1.72 ± 0.37 NS NS NS
RA stiffness, (T-E/E’)/RA-PS 0.13 ± 0.06 0.32 ± 0.13 0.34 ± 0.11 0.36 ± 0.09 <0.05 <0.05 <0.05
RA-PS-LW, % 38.9 ± 7.8 34.4 ± 5.2 36.2 ± 7.1 35.6 ± 4.9 <0.05 <0.05 <0.05
3-D-RA-Vmax, mL/m2 24.9 ± 3.6 32.9 ± 6.3 30.7 ± 5.4 29.3 ± 4.8 <0.01 <0.05 <0.05
3-D-RA-VpreA, mL/m2 14.2 ± 2.9 15.7 ± 3.7 15.9 ± 3.3 15.2 ± 3.4 NS NS NS
3-D-RA-Vmin, mL/m2 10.2 ± 2.3 12.9 ± 3.1 12.3 ± 2.4 11.9 ± 2.8 <0.01 <0.05 <0.05
3-D-RA-SV, mL/m2 11.2 ± 2.7 11.3 ± 2.8 12.1 ± 2.6 11.6 ± 2.7 NS NS NS
3-D-RA-EF, % 56.7 ± 9.2 54.3 ± 9.3 55.1 ± 9.1 56.3 ± 9.0 <0.05 NS NS
3-D-RA-EFpassive, % 33.8 ± 8.9 32.6 ± 7.8 33.6 ± 8.2 33.8 ± 8.5 NS NS NS
3-D-RA-EFactive, % 31.3 ± 8.1 30.9 ± 7.7 30.2 ± 8.3 31.1 ± 8.4 NS NS NS
3-D-RA-EI, % 144.2 ± 31.5 111.4 ± 42.1 118.7 ± 30.2 115.1 ± 35.6 <0.01 <0.01 <0.01

ACS = atrial contraction strain; ASD = atrial septal defect; E = inflow early diastolic velocity; E′ = annular early diastolic velocity; EF = total emptying
fraction (see text); EFactive = active emptying fraction (see text); EFpassive = passive emptying fraction (see text); EI = expansion index (see text); LA = left atrial;
LW = lateral wall; M = mitral; NSR = normal sinus rhythm; PAF = paroxysmal atrial fibrillation; PS = peak global longitudinal strain (average); RA = right
atrial; SRa = strain rate during atrial contraction at ventricular end-diastole (average); SRs = strain rate at ventricular end-systole (average); SV = total stroke
volume (see text); SW = septal wall; T = tricuspid; TPS = time-to-peak strain (standard deviation); Vmax = maximal volume index; Vmin = minimal volume index;
VpreA = volume before atrial contraction (index).

p1 = pre-closure versus controls.
p2 = after 24 h versus controls.
p3 = after 6 mo versus controls.
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contractile phase, which was judged a better indicator of
LA mechanical function because it is less dependent on
variables such as pre-load and volume status, especially
because most patients with AF had systemic hyperten-
sion and diabetes with abnormal LV relaxation (Loghin
et al. 2014).

Both methods can be used to assess atrial
dyssynchrony and predict the risk of atrial fibrillation. In
our series of patients, the pathophysiological events related
to PAF episodes were pre-existing atrial overload and device
insertion; thus, it seemed logical to study atrial
dyssynchrony by determining the time to peak strain in
the reservoir phase. On the other hand, we should con-
sider that the duration of the reservoir phase and the
amplitude of dilation reflect the potential energy stored in
the atria, and it has been reported (Gaynor et al. 2005) that
atrial reservoir function is four times more important than
its contractile function in providing energy for the work
of ventricular filling, that is, the energy needed for the atrial
kick.

Time-to-peak strain and EI were the most sensitive
indices for PAF prediction. TPS represents the measure-
ment of time-to-peak strain in various atrial regions.
Because the progression of local fibrosis prevents the atrial
chamber from uniformly relaxing, leading to dyssynchrony
during atrial diastole, TPS could represent a surrogate
marker of fibrosis progression. There may are also several
explanations for the association between 3-D-EI and PAF.
First, EI mirrors the instantaneous distensibility because
the relationship between Vmin and ventricular diastolic func-
tion appears to be more direct, as in end diastole, the
atrioventricular valve is open. Second, a low atrial expan-
sion index indicates filling dysfunction with increased
atrial pressure, and the severity and duration of ventricu-
lar filling dysfunction constitute the key point in chronic
atrial fibrosis. Third, because EI represents a combina-
tion of active atrial relaxation and compliance, it is expected
to be an early indicator of atrial remodeling. Fourth, the
electro-anatomic substrate of atrial stretch consists of in-
creased non-uniform anisotropy and local conduction

Fig. 2. Left atrial (A, B) and right atrial (C, D) TPS and EI and relation to the presence or absence of PAF episodes during
the 6-mo follow-up. Values are cross-tabulated by category of each underlying clinical condition. ASD = atrial septal defect;
C = controls; EI = expansion index; LA = left atrial; PAF = paroxysmal atrial fibrillation; PFO = patent foramen ovale; RA = right

atrial; TPS = time-to-peak strain. *p < 0.05, PFO versus ASD. †p < 0.01, PFO versus ASD.
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heterogeneities, which facilitate re-entry into the dilated
atrial chamber.

Both the LA and RA 3-D-EI values exhibited pro-
nounced reductions in patients with atrial lesions and PAF.
Conversely, LA-TPS was more predictive than RA-TPS.
First, we can assume that RA-EI, being essentially a vol-
umetric index, is less influenced by image quality, whereas
RA thinness represents a possible technical limitation when
assessing myocardial deformation by RA-TPS, even if small
manual adjustments are able to improve the tracking of
RA endocardium in most cases. Second, unlike the left
atrium, the right atrium can be analyzed only on four-
chamber views. Last, occasionally a relatively vigorous
tricuspid annular motion may adversely affect speckle track-
ing of the RA free wall segment adjacent to the tricuspid
valve.

Atrial changes before and after atrial septal procedures
The overall incidence of PAF after 6 mo of follow-

up was 13% in PFO and 24% in ASD, in line with previous
reports (Johnson et al. 2011; Staubach et al. 2009). The
mechanical irritation caused by the device can be one of
the causes, as it may behave as an electrical obstruction
and lead to new LA or RA re-entry circuits. Moreover, it

can cause a local inflammatory response as a result of
foreign body reaction and provoke arrhythmias, especial-
ly in older patients. However, potential mechanisms of atrial
fibrillation include not only the local stretch or irritation
derived from the device itself, but also intrinsic factors
related to the patient. First, pre-existing atrial enlargement
may promote AF development. Second, because an asso-
ciation between human AF and fibrosis was indicated by
collagen concentrations that were significantly increased
in patients with AF compared with those in sinus rhythm
(Kottkamp 2013), a chronic bi-atrial substrate may be nec-
essary to sustain even relatively short episodes of AF.

Some degree of LA dysfunction, such as impair-
ment of active or passive emptying and contraction and
reservoir functions, was reported in patients with PFO, es-
pecially those with moderate to large atrial septal aneurysms
(Demir et al. 2015; Na et al. 2011; Rigatelli et al. 2009).
Despite prior reports concerning paradoxical embolism
through a PFO, recent studies (Rigatelli et al. 2009) suggest
that LA dysfunction and atrial fibrillation might repre-
sent an alternate and additional mechanism for LA
thrombosis and subsequent arterial embolism. Patients with
ASAs had increased LA volume indices, decreased global
LA peak strain and increased stiffness compared with

Table 6. Results of receiver-operating characteristic curves comparing device size and pre-closure echocardiographic parameters
for their accuracy in predicting PAF

Variable AUC 95% CI p Value Cutoff Sensitivity Specificity

Device size, mm 0.592 0.546–0.781 0.071 27 53 56
Left atrium

A velocity, cm/s 0.663 0.621–0.793 0.076 60 61 64
2-D-LA-Vmax, mL/m2 0.646 0.604–0.782 0.053 33 58 83
2-D-LA-Vmin, mL/m2 0.752 0.665–0.811 0.046 13 75 78
2-D-LA-EF, % 0.773 0.674–0.823 0.059 48 74 68
2-D-LA-EI, % 0.794 0.687–0.842 0.043 107 79 77
LA-PS, % 0.831 0.692–0.884 0.045 25 82 76
LA-TPS, ms 0.861 0.748–0.898 0.024 119 88 85
3-D-LA-Vmax, mL/m2 0.785 0.705–0.832 0.047 35 62 85
3-D-LA-Vmin, mL/m2 0.834 0.726–0.885 0.031 15 82 80
3-D-LA-EF, % 0.797 0.748–0.866 0.041 52 81 78
3-D-LA-EI, % 0.854 0.712–0.897 0.023 121 87 84
3-D-LA-EI + LA-TPS 0.914* 0.811–0.939 0.011 121, 119 91 86

Right atrium
2-D-RA-Vmax, mL/m2 0.654 0.626–0.757 0.055 25 61 84
2-D-RA-Vmin, mL/m2 0.681 0.628–0.792 0.045 12 76 79
2-D-RA-EF, % 0.713 0.634–0.811 0.063 47 74 63
2-D-RA-EI, % 0.786 0.662–0.835 0.044 105 77 65
RA-PS, % 0.798 0.713–0.824 0.042 28 75 64
RA-TPS, ms 0.837 0.748–0.875 0.035 101 84 78
3-D-RA-Vmax, mL/m2 0.752 0.695–0.802 0.049 30 63 83
3-D-RA-Vmin, mL/m2 0.825 0.701–0.849 0.041 13 83 79
3-D-RA-EF, % 0.765 0.739–0.852 0.046 49 78 76
3-D-RA-EI, % 0.853 0.774–0.889 0.034 116 87 81
3-D-RA-EI + RA-TPS 0.903† 0.798–0.916 0.014 116, 101 90 83

A = peak mitral inflow atrial contraction velocity; AUC = area under the receiver operating characteristic curve; BMI = body mass index; CI = confidence
interval; EF = emptying fraction (see text); EI = expansion index (see text); LA = left atrial; PAF = paroxysmal atrial fibrillation; PS = peak strain (average);
RA = right atrial; TPS = time-to-peak strain (standard deviation); Vmax = maximal volume index; Vmin = minimal volume index.

* p < 0.01 compared with 3-D-LA-EI, p < 0.05 compared with LA-TPS.
† p < 0.05 compared with 3-D-RA-EI, p < 0.01 compared with RA-TPS.
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normal controls (Demir et al. 2015). Other studies (Na et al.
2011) suggested that impaired LA function, as well left
atrial appendage function, is a crucial pathophysiologi-
cal mechanism for ischemic stroke also in patients with
ASA alone.

In ASD, the vulnerability to atrial tachyarrhythmias
is not surprising considering the longstanding hemody-
namic unbalance caused by left-to-right shunt, resulting
in RA stretch, RV enlargement, atrioventricular valve in-
sufficiency and high pulmonary arterial pressure (Nyboe
et al. 2015; Vitarelli et al. 2012). The resultant atrial elec-
trical remodeling with increased dispersion of atrial
refractoriness may predispose to tachyarrhythmias. ASD
closure is associated with reduction in right atrial and ven-
tricular volumes and an increase in right ventricular ejection
fraction. However, atrial electrical and structural remod-
eling may persist after the procedure.

In our patients, LA and RA pre-closure strain and vol-
umetric parameters significantly differed from those of
normal controls. Both pre-closure and 24-h post-closure
values correlated with PAF. Some impairment of atrial
indices persisted for up to 6 mo after device implanta-
tion. Septal strain, as expected, was lower than lateral wall
strain in patients with a device, but there was a weak cor-
relation of device size with atrial function parameters and
fibrillation. All these findings suggest that pre-closure atrial
changes more than device size are implicated in PAF de-
velopment after atrial septal procedures.

The present study appears also to provide distinc-
tive predictive RA and LA values to differentiate ASD from
PFO in terms of PAF occurrence. Changes in right atrial
volumetric parameters (RA-EI) were more prominent in
ASD patients, as outlined in Table 3. LA indices (LA-
TPS and LA-EI) usually were more helpful in patients with
simple or complex PFO. From the perspective of PAF pre-
diction, PAF was less frequent in PFO patients than in ASD
patients. The interest in the assessment of bi-atrial func-
tion is also related to the possible bi-atrial treatment of
AF in selected cases (Mavroudis et al. 2015).

Clinical implications
It is important to diagnose and manage AF as early

as possible, because there is a higher incidence of left atrial
thrombi in patients with AF than in patients without AF.
Of the 22 patients with paroxysmal atrial fibrillation, com-
plications occurred in only 2 of them. Each of those patients
with AF developed thrombi either at or subsequent to the
diagnosis of AF, and had been treated with different devices,
one with an Amplatzer Occluder and the other with a
Figulla Occlutech device. The two patients who pre-
sented with cerebrovascular events after AF had no evidence
of device-related thrombus.

Few studies have analyzed the impact of percutane-
ous atrial devices on atrial function (Boyd et al. 2009;

Di Salvo et al. 2005). We found that in PFO and ASD pa-
tients with device insertion, pre-existing LA and RA lesions
correlated with PAF more than does device size. Further-
more, 3-D-STE enabled PAF prediction in the presence
of atrial enlargement better than conventional volumet-
ric atrial indices; however, 2-D methods have yielded
acceptable results and could also provide useful informa-
tion for identification of patients with PAF when 3-D
echocardiography is not available. Last, complementary
assessment of atrial dyssynchrony (TPS) and volumetric
(EI) parameters represented the most accurate strategy with
which to predict development of atrial fibrillation both in
patients with clearly dilated atria and in patients with bor-
derline enlargement and atrial dyssynchrony. The study
potentially serves as a starting point for further analysis
of patients at higher risk of atrial arrhythmias.

Persistent global atrial dilation and dysfunction may
require anticoagulation, even in the absence of previous
paroxysmal AF, as an adjunct to prophylactic anti-
arrhythmic therapy. Longer follow-up would be necessary
to investigate if further deterioration of atrial function may
occur in selected patients.

Limitations
One technical limitation is that 2-D-STE is depen-

dent on both frame rate and image resolution (Lang et al.
2015; Mor-Avi et al. 2011; Sarvari et al. 2016). The en-
docardial border tracing must be manually optimized.
Moreover, strain rate cannot be fully resolved from STE-
derived strain because of its low frame rate. Frame rates
of 55–60 frames/s give the best balance between spatial
resolution and myocardial tracking. The higher temporal
and spatial resolution of myocardial strain rate assessed
by color tissue Doppler (frame rate > 180 frames/s) is
limited by poor reproducibility, as image and signal quality
influences and may limit measurement of Doppler strain
rate (Hoit 2011), and intra-observer and inter-observer vari-
ability is marked (≤15%). Although some studies suggest
the possibility of achieving high frame rate deformation
imaging in two dimensions while preserving a similar level
of ultrasound image resolution (Andersen et al. 2016), a
trade-off between spatial resolution and frame rate is still
present in the commercial ultrasound scanners. However,
2-D-STE may overcome some tissue Doppler imaging limi-
tations by assessing myocardial thickening in a manner
less affected by passive translational motion or tethering.

Second, the low temporal resolution of 3-D-STE
(Peluso et al. 2013; Perez de Isla et al. 2014) affects the
ability to track anatomic details frame by frame and re-
quires multibeat (six beats) acquisitions. Although single-
beat 3-D-STE data sets could have been acquired, image
quality of single-beat acquisitions is not currently on an
equal level with image quality of the multibeat acquisitions.
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Third, a dedicated software package that takes spe-
cific factors into account (ostia of the pulmonary and caval
veins, atrial appendage, thin atrial wall) may ultimately
further improve the accuracy and reproducibility of atrial
volume measurements. Further research leading to im-
provements in both hardware (frame rate and resolution)
and software (dedicated tool for analysis of atria) is re-
quired to improve the feasibility of 3-D-STE. Studies of
atrial function are promising tools for predicting cardio-
vascular events in a wide range of patient populations.
However, the far-field location of the atria, the reduced
signal-to-noise ratio and the thin atrial wall are chal-
lenges in applying deformation analysis to the atrial
chambers. Also, the need for highly trained operators, the
variability in values among different speckle-tracking
echocardiographic algorithms, the rapidly changing soft-
ware and the scarcity of normative values remain
impediments to its clinical use.

Fourth, all patients with comorbidities, such as cor-
onary artery disease, valvular heart disease, congenital heart
disease other than atrial septal defect and other organ dis-
eases, were excluded, which decreases the potential
generalization of our results.

Furthermore, the ASD patients with PAF were older
than the patients with sinus rhythm; therefore, the effect
of age is important in the occurrence of PAF. However,
our multivariate analysis included age and LV mass as po-
tential confounding factors and confirmed that atrial
parameters were independently associated with PAF.

Last, the present study covered a relatively small
number of patients in a single-center protocol; thus, sample
size limited our ability to draw definitive conclusions re-
garding the benefit of STE analysis in selected patient
subsets, and a larger study is required to confirm our find-
ings and establish thorough cutoff values using prolonged
electrocardiographic monitoring to identify patients at high
risk for PAF.

CONCLUSIONS

Two-dimensional and three-dimensional speckle track-
ing echocardiography revealed bi-atrial dilation and
dysfunction pre-existent to PFO and ASD closure and as-
sociated with PAF development. Careful monitoring for
any evidence of atrial fibrillation is mandatory to prevent
sequelae such as cardiac thrombus and cerebrovascular ac-
cidents. The clinical significance of this atrial dysfunction
should be further evaluated.

SUPPLEMENTARY DATA

Supplementary data related to this article can be found
at https://doi.org/10.1016/j.ultrasmedbio.2018.02.015.
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