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Condensed abstract

Purpose. To examine right atrial(RA) function by two-dimensional(2DSTE) and three-dimensional
speckle-tracking-echocardiography(3DSTE) in patients with atrial septal defect(ASD) before and

after implantation of atrial devices.

C

MMethods. Seventy-three ASD patients after occluder insertion, 73 controls, and 17 patients who
Odeveloped paroxysmal atrial fibrillation(PAF) were studied. RA peak-strain(PS), time-to-peak-

® ﬁ strain(TPS), and expansion-index(El) were determined.

Results. RA-PS and RA-El(pre-closure values) were reduced in ASD patients. ROC curves for 3D-

RA-EI, RA-PS, and RA-TPS(pre-closure values) showed high discriminative values(0.76-0.85) in

predicting PAF.

Conclusions. In ASD-device patients speckle-tracking-echocardiography reveals pre-existent RA

dysfunction with higher association with PAF compared to both the size of devices and left atrial

indices.
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Abstract

Purpose. The purpose of this study was to examine right atrial (RA) function by two-dimensional
(2DSTE) and three-dimensional (3DSTE) speckle-tracking echocardiography in patients with atrial
Q)septal defect (ASD) who had implantation of septal occluders and developed paroxysmal atrial
e fibrillation (PAF).
OMethods. Seventy-three patients with hemodynamically significant secundum ASD were
® M prospectively studied and followed up for six months after occluder insertion and compared with a
normal age-matched group(n=73). A subgroup of 17 patients who developed PAF after device
implantation was also studied. RA peak global longitudinal strain (PS) was determined using 2DSTE.
Standard deviations(SDs) of times to peak strain (TPS) were calculated as indices of dyssynchrony.
RA volumes, emptying fraction (EF), and expansion index (EI) were determined using 3DSTE.
Results. RA PS, EF, and EIl (pre-closure values) were reduced in patients with atrial devices
compared with controls, and further reductions were observed in patients with PAF. Pre-closure 3D-

RA-EI (p=0.009) and RA-TPS (p=0.023) were independent predictors of PAF by multivariate

ted Art

malysis after adjustment for age and left atrial dysfunction. The areas under the ROC-curve(AUC)
for 3D-RA-EI, RA-PS, RA-TPS (pre-closure values) showed high discriminative values(from 0.76 to
q)0.85) in predicting PAF. By combining 3D-RA-EI and RA-TPS, the AUC increased to 0.90.
Conclusions. Two-dimensional and three-dimensional speckle tracking echocardiography was
OCIinically helpful in ASD patients in revealing right atrial dilatation and dysfunction pre-existent to
device closure and associated with PAF development. RA parameters had a higher association with
PAF compared to both the size of the implanted device and left atrial indices.
Key words: right atrial function, atrial septal defect, echocardiography, speckle tracking

echocardiography, atrial fibrillation.
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Introduction.

Most antiarrhythmic interventional therapies for atrial fibrillation(AF) have been developed
with special focus on the treatment of left-sided valvular disease and enlarged left atrium(1) but few
studies have assessed AF associated with congenital heart disease and dilated right atrium(2). The

Q)transcatheter closure of atrial septal defect(ASD) has been described as a safe technique in patients
Mwith suitable anatomy(3,4) but it was hypothesized(5) that the occluder implantation could favor

Odevelopment of paroxysmal atrial fibrillation(PAF). It was also shown that biatrial volumes and
® Mfunction are abnormal in patients with PAF in the absence or in the presence of congenital atrial
lesions (6-8) but studies focused on right atrial(RA) function are scanty (9,10). Thus we aimed to
evaluate specifically RA function using two-dimensional and three-dimensional speckle tracking
echocardiography in ASD patients who underwent occluders implantation and developed PAF in
comparison with patients with atrial devices and normal sinus rhythm and a group of normal
controls.

Methods.

Population. Seventy-three patients with hemodynamically significant ostium secundum

ted Art

QASD (aged 17-48 years) were included in the study and followed up for six months after occluder
insertion. Patients with concomitant congenital heart disease, comorbidities, or pre-procedural AF
q)were excluded from the study. PAF was diagnosed by documenting both sinus rhythm and AF on
bedside ecg-monitoring or 2-8 day Holter-monitoring. All patients were in sinus rhythm at the time
OOf echocardiographic examination. Seventy-three age- and sex-matched healthy subjects without
cardiovascular disease chosen from the hospital staff and their relatives as part of check-up
programs were recruited as controls.
Standard Echocardiography. Patients were examined with transthoracic echocardiography
with a GE Vivid-E9 ultrasound scanner(GE Vingmed Ultrasound AS, Horten, Norway). Cardiac
chambers were measured using to established criteria(11). Right atrial(RA) area was determined

just before tricuspid valve opening from the apical four-chamber view, and RA maximal and
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minimal volumes were also determined from the same views. Right ventricular systolic pressure

was obtained using standard Doppler practices(11). The tricuspid E to E’ ratio(E/E’) was measured

at the lateral corner of the tricuspid annulus in apical views and used as index for RA pressure.
Speckle tracking echocardiography. RA speckle tracking analysis was obtained in a

transthoracic apical four-chamber view optimized for RA. RA STE curves were obtained using

C

MECG R-wave as a reference point(12,13). RA peak global longitudinal strain at the end of the

reservoir phase during ventricular systole (PS, peak strain) and strain in the atrial contractile phase

C

® Mduring late ventricular diastole (ACS, atrial contraction strain) were measured by averaging the
values of the six RA segments(Figure 1). RA dyssynchrony was quantified as the standard deviation
of the time to peak strain using RA six-segment model in apical four-chamber views as previously
reported for the LA(11). Time-to-peak strain(TPS) was computed as the standard deviation of the
time to maximal positive deformation of each curve(Figure 1).

RA three-dimensional datasets were acquired in apical windows by aligning in such a way
that the entire RV and RA were included. RA long-axis and short-axis views were obtained (Figure

1) and analyzed on a separate software workstation(EchoPAC BT13, 4D Auto LVQ, GE Vingmed
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mrasound, Horten, Norway). Volumetric curves were determined(14-16). RA volumes were
defined as follows. RA maximal volume(Vmax)= volume at LV end-systole, the time at which

atrial volume was largest just before mitral valve opening. RA minimal volume(Vmin)= volume at

CC

LV end-diastole, the time at which atrial volume is at its nadir before mitral valve closure. RA
OVOIume before atrial contraction(VpreA)= volume at LV early diastole, at the onset of P-wave on
ECG (the last frame before mitral valve reopening). RA total emptying fraction(RA-EF)= [(RA-
Vmax — RA-Vmin)/RA-Vmax] x 100. RA expansion index(RA-EI)= [(RA-Vmax — RA-Vmin)/RA-
Vmin] x 100.

Occluder insertion. ASD size and morphology were determined by transesophageal
echocardiography (TEE). Closure was achieved in all patients using Amplatzer septal occluder

and Figulla Occlutech devices with a median size of 22 mm(range, 18-36 mm). The mean
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estimated ASD size on TEE was 15.1+3.6 mm(range, 9-27 mm). The occluder was inserted under
fluoroscopic and TEE guidance. Patients were discharged from the hospital after post-
interventional transthoracic echocardiography.
Statistics. Categorical variables are presented as numbers and percentages and continuous
Q)data are expressed as mean + SD. Differences among three or more groups were determined using

one-way analysis of variance with post hoc comparisons by Bonferroni test. Differences were

cl

considered statistically significant when the p value was <0.05. Receiver operating characteristic
® M (ROC) curves were used to determine diagnostic accuracy for PAF prediction. The optimal cut-off
values of echo parameters were derived from ROC analysis by maximizing the sum of the
sensitivity and specificity. The intra-observer and inter-observer variabilities were determined as the
absolute difference between each observer’s value divided by the mean of both measurements and
expressed as a percentage (coefficient of variation). Intra-class correlation coefficients were also
obtained with good agreement defined as having a coefficient >0.80.
Results.

Overall feasibility of RA two-dimensional speckle tracking echocardiography was 89% and
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overall feasibility of three-dimensional speckle tracking echocardiography for volumetric RA

1

analysis was 92%. Ten patients were excluded in the presence of more than two uninterpretable

C

segments (n=8 both 2DSTE and 3DSTE, n=2 only 2DSTE). In six patients with relatively vigorous
tricuspid annular motion, speckle tracking of the RA free wall segment adjacent to the tricuspid

valve was adversely affected and this segment was excluded from analysis.

CC

Coefficients of variation ranged for 2D measures from 3% to 12%, and for 3D measures
from 3% to 10%. Intraclass coefficients ranged for 2D measures from 0.80 to 0.88, and for 3D
measures from 0.83 to 93.

PAF overall incidence after 6 months follow-up was 23%(17/73 patients). Two patients
presented with pulmonary embolism and ischemic stroke, respectively, following AF during

antiplatelet therapy. Baseline characteristics and echocardiographic findings of the patients are
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presented in Table 1. ASD patients with PAF tended to be older than patients with normal sinus

rhythm (NSR) but the difference did not reach statistical significance. No differences were found

between groups in body surface area, body mass index, systemic blood pressure, and heart rate. RA

PS, EF, and El(both pre-closure and post-closure values) were reduced in patients with septal

Q)occluders compared with the control group. 3DSTE-derived RA volumes and TPS were larger in

MPAF patients (Table 1). A moderate positive relationship was observed between 2D and 3DSTE

Otechniques for RA-Vmax (r=0.62,p=0.014) and RA-Vmin (r=0.58,p=0.029). Five patients with

® MASD had atrial septal aneurysms and four patients had mild mitral regurgitation from mild mitral

valve prolapse. There was a moderately significant increase in left atrial dyssynchrony (LA-TPS:

96.3£29.6msec vs 84.2+23.6msec, p<0.05) and a moderately significant decrease in 3D left atrial
expansion index (131.6 £39.7% vs 157.2 £40.5, p<0.05) compared to controls.

The time course of pre-closure RA volumetric and functional parameters on six-months

follow-up after occlude implantation (Table 2) showed that pre-existent atrial dysfunction persisted

d Art

Q)during the 6-months follow-up in spite of partial reduction of atrial volumes. Septal strain was
Hlower in patients with device compared to lateral wall strain but did not influence significantly the
mst-closure global longitudinal strain value.
Devices diameters ranged from 18 to 36 mm. A weak correlation was found between device
q)size and RA parameters with reduced 3D-RA-EIl(r=-0.411,p=0.034) and increased RA-
TPS(r=0.383,p=0.041).
O Multivariate analysis (Table 3) showed that pre-closure 3D-RA-EI (r=-0.479, p=0.009) and
< RA-TPS (r=0.315, p=0.023) were independently associated with PAF after adjustment for
covariates (age, left atrial expansion index, left atrial dyssynchrony index). In Figure 1 the areas
under the ROC-curve(AUC) for 3D-RA-EI, RA-PS, RA-TPS (pre-closure values) suggested high
discriminative values(from 0.76 to 0.85) in predicting PAF. By combining 3D-RA-EI and RA-TPS,
the AUC increased to 0.90.

Discussion.
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We have shown that 1) in ASD patients who underwent successful device closure pre-
existent right atrial dilatation and dyssynchrony had a significant association with PAF
independently of left atrial dysfunction; 2) right atrial parameters had a higher association with PAF
compared to both the size of the implanted device and left atrial indices; 3) the combination of right

atrial volumetric indices(expansion index) and deformation parameters(time to peak strain)

C

~ provided stronger estimates of PAF risk compared to other RA indices.

Validation of 3DSTE atrial volumetry with cardiac magnetic resonance has been previously

C

® M reported(16). Two-dimensional and 3DSTE methods showed a satisfactory correlation in the

Hassessment of RA volumes, in spite of 3D better reproducibility indicated by a lower inter-observer

H difference and variability. RA expansion index, an expression of the RA minimal volume, strongly

< predicted atrial fibrillation. This suggests that minimal atrial size, which is related to instantaneous

loading conditions more than maximal atrial volume (17,18) since in end-diastole the tricuspid
@valve is open, is more sensitive to slight pathologic changes due to fibrosis or remodeling.

Q) The link between ASD and AF was previously reported (19,20) and RA catheter ablation

l )was suggested in selected cases (21,22). RA stretch and dyssynchrony caused by left-to-right shunt

m(;motes changes in atrial refractoriness and ionic currents(electrical remodeling), as well as tissue

remodeling due to atrial fibrosis(structural remodeling), that generate a favorable substrate for AF

q)initiation. RA and RV volumes are reduced following the septal occluder procedure, but some

structural and electrical remodeling may persist.

o In ASD patients the pathophysiological events related to PAF episodes were pre-existent RA

< overload and device insertion, thus we studied RA dyssynchrony by determining the time to peak

strain in the reservoir phase(23) rather than during atrial contractile phase(1,24). RA pre-closure

strain, dyssynchrony and volumetric parameters were significantly different compared to normal

controls and associated with PAF. RA indices impairment persisted for up to 6 months after the

occluder insertion. In ASD-device patients septal strain was lower than lateral wall strain but did

not significantly affect the post-procedure global peak strain. Moreover, a weak relationship was
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shown between the sizes of septal occluders, RA parameters and FA. These data indicate that pre-
closure RA changes more than the sizes of septal occluders favor PAF development following ASD
interventional procedures, in keeping with the findings that we reported in a mixed population with

patent foramen ovale and atrial septal defect (8).
Q) Patients had significant RA dilatation compared to controls. The parossistic atrial arrhythmia
Mwas associated with major changes in the right atrium rather than in the left atrium as it is typically
Oobserved in mitral valve disease. At a time when clinical atrial fibrillation becomes obvious, since
® M RA and LA share muscular fibers, histological changes should not be limited to the right atrium and
may not exactly match the clinically measured atrial enlargement degree (22). Prolonged
arrhythmic history could induce alterations in the right atrial tissues and similarly in left atrial
tissues. Once clinical atrial fibrillation is persistent, it is questionable whether only a right atrial
therapeutic approach is as effective as expected, and in this particular stage the presence of atrial
fibrillation should justify an additional electrophysiological investigation. However, this exceeds

Q)the purpose of the present study.

l ) Clinical implications. We have previously shown (8) that in patients with patent foramen
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ovale and atrial septal defect bi-atrial dysfunction pre-existent to device implantation was associated

j : with PAF development. In the present study we found that in ASD patients right atrial dilatation
and dyssynchrony was associated with PAF independently of left atrial dysfunction and with higher

significance than left atrial parameters. The combined assessment of 3D RA volumetric(El) indices

and RA dyssynchrony(TPS) appeared the best plan for AF prediction and more sensitive than

C

conventional volumetric atrial indices. Since it has been shown that the severity of RA
histopathologic change can be independent of the degree of RA volume dilatation (25), the two
indices are complementary to each other.

Our results support elective closure of significant ASD once the diagnosis is made as a
preventative strategy against AF. Moreover, these findings corroborate the concept that the right

atrium should no longer be a forgotten part of the heart in atrial fibrillation, and ablation only on the
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left side would not be the choice in the field of congenital heart disease since most of responsible
scars are present on the right side from the beginning (22,26,27). Furthermore, in the presence of
persistent right atrial dilatation and dysfunction serial 12-lead ECGs and Holter monitoring should
be recommended to detect AF as early as possible, and anticoagulation may be required as an
adjunct to prophylactic antiarrhythmic and antifibrotic therapy or in place of antiplatelet therapy.
Limitations. A technical limitation is that the low temporal resolution of 3DSTE(16) affects

the ability to track anatomic details frame by frame and requires multibeat(six beats) acquisitions.

cle

® M Further research leading to improvements in both hardware and software is required to assess the
feasibility of 3DSTE and the relative importance of current limitations, such as the low frame rates
and suboptimal image quality.

Secondly, patients with co-morbidities were ruled out, and this may reduce the
generalization of the results of the present study. Furthermore, this was a single center protocol with
a relatively small number of patients, thus a larger study is required to confirm our findings.

Conclusions. Two-dimensional and three-dimensional speckle tracking echocardiography,

despite technical limitations, appeared as a sensitive and helpful method in ASD patients in

ted Art

revealing right atrial dilatation and dysfunction which was pre-existent to device closure and had a

higher association with PAF compared to left atrial indices.
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Figure legends

Figure 1. Speckle-tracking volumetric and deformation right atrial parameters in ASD

C

patients who underwent device implantation and predictive value of pre-closure RA indices for

ﬁparoxysmal atrial fibrillation. A. Representative image of three-dimensional volumetric speckle

C

tracking echocardiography. Broken line: time—right atrial volume curve(ml). RA=right atrium;
e ﬁVmax:maximal volume at RV end-systole; Vmin=minimal volume at RV end-diastole;
VpreA=volume before atrial contraction at RV early diastole. B. Representative image of two-
dimensional speckle tracking echocardiography and RA dyssynchrony. PS= peak strain. The
average of all 6 segments during 3 cardiac cycles was calculated. TPS= time to peak strain. The
asterisk shows peak strain in different segments. The standard deviation of all 6 segments during 3

cardiac cycles was calculated.
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PS=16.5%
TPS =117.8msec
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Figure 2. ROC curves comparing device size and pre-closure right atrial echocardiographic

parameters for their accuracy to predict PAF.
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able 1. Baseline characteristics and echocardiographic parameters in controls, NSR
atients and PAF patients
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Variable Controls ASD (n=173) p value
(n=73)
NSR (n = 56) PAF (n = 17)
Pre-closure Post-closure Pre-closure
Age, yrs 43.3+3.2 42.9+3.6 42.9+3.6 44.7+3.4 NS
BSA, m° 1.87+0.46 1.88+0.43 1.88+0.43 1.89+0.48 NS
BMI, kg/m® 25.9+4.4 26.1+3.9 26.1+3.9 26.9+4.3 NS
HR, beats/m 72114 71+12 72+15 74+13 NS
SBP, mmHg 123.8+21.9 124.2+23.4 125.6+23.9 126.9+22.8 NS
H DBP, mmHg 71.9+12.3 71.2+14.1 72.4+13.7 72.8+13.2 NS

Smoking 18(25%) 13(23%) 13(23%) 4(24%) NS
PASP, mmHg 25.6+3.6 30.9+3.8 29.8+3.4 31.5+3.9 0.05

RA-Al, cm’/m® 8.4+2.6 10.242.5 * 10.142.2 * 10.542.4 * 0.05

RA-Vmax, mL/m? 23.243.3 24.8+3.4 * 24.2+3.2 * 25.4+3.1 * 0.05
2D-RA-Vmin, mL/m* 10.2+1.9 12.6£2.3 * 12.142.2 * 12.7425 * 0.05
RA-PS, (%) 39.7+7.5 29.6+5.2 * 28.4+48 * 26.5+6.6 * I 0.001
RA-ACS, % 17.5+4.8 16.7+4.4 16.5+4.5 16.8+4.7 NS
RA-TPS, msec 78.6+21.9 105.4+24.8 109.1+23.6 114.8+22.7 + 8 0.0005
RA stiffness, (T-E/E’)/RA-PS 0.14+0.07 0.32+0.11 * 0.33x0.14 * 0.34+0.13 0.001
RA-PS-LW, % 38.4+7.7 36.6+7.2 36.1+7.1 36.7+6.8 0.001
3D-RA-Vmax index, ml/m? 24.2+3.5 31.9+64 * 29.2+6.1 * 32.845.7 0.01
3D-RA-VpreA index, ml/m? 14.44£2.8 15.443.2 15.243.1 15.5+£3.3 NS
3D-RA-Vmin index, ml/m? 10.3£2.1 12.8£3.2 1 12.1£24 % 13.4+£2.7 0.001
3D-RA-EF, % 55.6%9.2 53,5494 * 54.1+85 * 50.68.9 0.01
3D-RA-EI, % 148.7 +32.8 110.2 £27.4 § 1149 £26.2 | 99.3+25.4 ¥ || 0.0001

D= three-dimensional; 2D= two-dimensional; ACS= atrial contraction strain; Al= area index; BMI= body

mass index; BSA= body surface area; DBP= diastolic blood pressure; E= inflow early diastolic velocity;
E’= annular early diastolic velocity; EF= total emptying fraction (see text); El= expansion index (see text);
HR= heart rate; LW= lateral wall; NSR= patients with stable normal sinus rhythm within 6 months; PAF=
patients who developed paroxysmal atrial fibrillation within 6 months after the 24hours post-procedure
study; PASP= pulmonary arterial systolic pressure (echo); PS= peak global longitudinal strain (average);
RA= right atrial; SBP= systolic blood pressure; T= tricuspid; TPS= time-to-peak strain (standard
deviation); Vmax= maximal volume; Vmin= minimal volume; VpreA= volume before atrial contraction.

Values are mean * SD.

This article is protected by copyright. All rights reserved.




* p<0.05 vs controls; 1 p<0.001 vs NSR; % p<0.001 vs controls; 8 p<0.0005 vs controls; || p<0.0001 vs

controls

Table 2. Temporal effects of STE right atrial parameters in controls (n=73) and ASD patients
(n=73) during 6months follow-up (pre-closure, post 24 Hours, post 6 months)

Variable ASD ASD ASD Controls pl p2 p3 p4
Pre- Post 24 Post 6
closure Hours months
RA-PS, (%) 29.645.2 28.4+4.8 30.8+4.7 38.1+7.4 NS <0.05 | <0.05 | <0.05
“ RA-ACS, % 16.7+4.4 16.5+4.6 16.8+4.5 17.5%4.8 NS NS NS NS
RA-TPS, msec 105.4+24.8 | 109.1+23.6 103.7+20.4 | 78.6+21.9 | NS <0.01 | <0.01 | <0.01
RA stiffness, (T- 0.32+0.11 | 0.33+0.14 0.30+0.17 0.14+0.07 | NS <0.05 | <0.05 | <0.05
QE/E’)/RA—PS
,RA-PS-SW, % 30.946.7 15.4+2.8 17.3£3.4 37.2+5.6 <0.01 | <0.05 | <0.01 | <0.01
[ ] H RA-PS-LW, % 36.6+7.2 36.1+7.1 36.9+4.8 38.4+7.7 NS <0.05 | <0.05 | <0.05
| *3D-RA—Vmax, ml/m? 31.9+6.4 29.246.1 27.615.7 24.2+3.5 <0.05 | <0.01 | <0.05 | <0.05
3D-RA-VpreA, ml/m? 15.443.2 15.2+3.1 15.1+£3.5 14.4+2.8 NS NS NS NS
: |3D-RA—Vmin, ml/m? 12.843.2 12.1+2.4 11.74£2.8 10.3+2.1 <0.05 | <0.01 | <0.05 | <0.05
3D-RA-EF, % 53.5+9.4 54.1+8.5 55.2+9.1 55.6+9.2 NS <0.05 | <0.05 | NS
3D-RA-EI, % 110.2 114.9 £26.2 119.2 £31.9 | 148.7 NS <0.01 | <0.01 | <0.01
+27.4 +32.8

D= three-dimensional; ACS= atrial contraction strain; E= inflow early diastolic velocity; E’= annular early diastolic velocity;
total emptying fraction (see text); El= expansion index (see text); LW= lateral wall; NS= not significant; PS= peak global
longitudinal strain (average); RA= right atrial; 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).

pre-closure vs. post 6 month; p2 = pre-closure vs. controls; p3 = post 24 hours vs. controls; p4 = post 6 month vs. controls.

diA

Q) Table 3. Multiple regression analysis showing pre-closure clinical and echocardiographic indices
as independent predictors of PAF in ASD patients with atrial devices
H Univariate analysis Multivariate analysis *
r p r p
Age 0.391 0.028
BMI 0.319 0.059
Smoking 0.238 0.077
Q LVMI 0.387 0.047
LA-TPS 0.391 0.045
RA-PS -0.417 0.024
) RA-TPS 0.599 0.008 0.315 0.023
2D-RA-Vmax 0.397 0.038
2D-RA-Vmin 0.402 0.029
3D-LA-Vmax 0.276 0.057
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3D-LA-EI -0.348 0.041

3D-RA-Vmax 0.477 0.031
3D-RA-Vmin 0.686 0.017
3D-RA-EI -0.692 0.001 -0.479 0.009

Accepted Article

3D= three-dimensional; 2D= two-dimensional; BMI= body mass index; El= expansion index (see text);
LVMI= left ventricular mass index; PS= peak strain (average); TPS= time-to-peak strain (standard
deviation); Vmax= maximal volume index; Vmin= minimal volume index.

* Adjusted for age, LVMI, 3D-LA-Vmax, 3D-LA-EI, LA-PS, LA-TPS
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