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Abstract Real-time three-dimensional (3D) echocar-

diography allows us to measure right ventricular (RV)

end-diastolic volume irrespective of its shape. Tissue

Doppler imaging (TDI) and speckle tracking imaging

(STI) are new tools to assess myocardial function. We

sought to evaluate RV function by 3D echocardiogra-

phy and myocardial strain imaging in adult patients

with atrial septal defect (ASD) before and 6 months

after transcatheter closure in order to assess the utility of

these new indexes in comparison with standard two-

dimensional (2D) and Doppler parameters. Thirty-nine

ASD patients and 39 healthy age- and sex-matched

controls were studied using a commercially available

cardiovascular ultrasound system. 2D-Doppler param-

eters of RV function (fractional area change, tricuspid

annular plane systolic excursion, myocardial perfor-

mance index) were calculated. 3D RV volumes were

also obtained. RV peak-systolic velocities, peak-sys-

tolic strain, and peak systolic and diastolic strain-rate

were measured in the basal, mid and apical segments of

lateral and septal walls in apical 4-chamber view by

TDI and STI. In open ASD, RV ejection fraction (3D-

RVEF) and global and regional RV longitudinal strain

were significantly higher than control group and

decreased significantly after closure. By multivariate

analysis 3D-RVEF, apical strain and strain rate were

independent predictors of functional class. ROC anal-

ysis showed 3D-RVEF and apical strain to be more

sensitive predictors of unfavorable outcome after defect

closure compared to 2D-Doppler indexes. 3D echocar-

diography and myocardial strain imaging give useful

insights in the quantitative assessment of RV function

in ASD patients before and after closure.

Keywords Echocardiography �
Tissue Doppler imaging � Speckle tracking imaging �
Right ventricular function � Three-dimensional

echocardiography

Introduction

Quantitative evaluation of right ventricular (RV) func-

tion is still challenging due to RV complex anatomy and

structure [1], and not yet incorporated into the daily

clinical practice. Nevertheless, it is becoming of

increasing interest in certain cardiac diseases that affect

the right ventricle, such as atrial septal defects,

pulmonary stenosis, or pulmonary hypertension. Real-

time three-dimensional (3D) echocardiography allows

us to measure RV end-diastolic volume (EDV) irre-

spective of its shape and more reliably compared to

two-dimensional (2D) echocardiography [2, 3]. Tissue
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Doppler imaging (TDI) and speckle tracking imaging

(STI) are new tools to assess myocardial wall move-

ments and deformation and it has been suggested that

the use of indexes derived from TDI and STI can be

proposed as an adjunctive tool in the comprehensive

evaluation of RV function [4–6]. We sought to assess

RV function by 3D echocardiography and myocardial

strain imaging in adult patients with atrial septal defect

(ASD) before and after transcatheter closure in order to

compare the utility of these new indexes with standard

2D-Doppler parameters.

Methods

Population

Thirty-nine secundum ASD patients were studied

using a commercially available system (Vivid E9

ultrasound system, GE, Horten, Norway). Inclusion

criteria for ASD closure were: (1) significant left-to-

right shunt (pulmonary-systemic flow ratio [1.5:1),

(2) right chambers dilatation, (3) shunt-related symp-

toms, (4) ASD diameter of B38 mm by echocardiog-

raphy, (5) the presence of a distance of[5 mm from

the margins of the ASD to the coronary sinus,

atrioventricular valves and right upper pulmonary

vein as measured by echocardiography. Exclusion

criteria included: (1) associated congenital cardiac

anomalies requiring surgery, (2) primum ASD, (3)

partial anomalous pulmonary venous drainage, (4)

pulmonary vascular resistance (PVR) of [5 Wood

units and/or [2/3 systemic vascular resistance (even

after vasoreactivity testing or targeted treatment), (5)

right-to-left shunt with a peripheral arterial saturation

\95%, (6) contraindication for antiplatelet or antico-

agulant therapy. Information about symptoms, func-

tional class (according to the New York Heart

Association), and atrial arrhythmias was collected at

baseline and at follow-up. Pre-procedural treatment

with specific pulmonary vasodilators occurred for two

patients. Transthoracic echocardiography was per-

formed prior to and 1 day and 1 month after the

percutaneous closure procedure as part of regular

device check-up and 6 months after the procedure to

analyze device function and ventricular remodeling.

Transesophageal echocardiography was performed

before, during and 6 months after the procedure.

Thirty-nine healthy age- and sex-matched adults were

selected as a control group. Ethical approval was

obtained.

Standard echocardiography

All patients underwent transthoracic echocardiogra-

phy with a commercially available cardiovascular

ultrasound system (Vivid E9, GE, Horten, Norway).

Established criteria were used for measurements of

right chambers [7]. RV end-diastolic area and end-

systolic area were assessed by manual planimetry and

RV fractional area change (RVFAC) was derived using

the formula RVFAC = [(RVEDarea - RVESarea)/

RVEDarea] 9 100. Transpulmonic volume flow was

determined from measurements of pulmonary artery

cross-sectional area and velocity–time integral, while

systemic volume flow was calculated from left ven-

tricular outflow tract cross-section area and velocity–

time integral [8]. The ratio of pulmonary to systemic

blood flow was calculated by Doppler measurements

of stroke volume at those two sites. Tricuspid annular

plane systolic excursion (TAPSE) was measured in the

apical 4-CH view [9]. For the analysis of global RV

function Doppler parameters were used to derive the

myocardial performance index (MPI) as previously

described [10]. RVSP (right ventricular systolic

pressure) was determined [11–13] by continuous

wave Doppler echocardiography. Right atrial pressure

was estimated according to caval dimensions. PAH

was classified according to baseline RVSP as mild

(40–49 mm Hg), moderate (50–59 mmHg), or severe

(C60 mmHg). Normalization of pressures was defined

as RVSP\40 mmHg at 6-month follow-up.

Three-dimensional echocardiography

Transthoracic examination was carried out with the

patient lying in the left lateral recumbent position. 3D

echocardiography (Fig. 1a) was done using a dedi-

cated broadband, wide-angle, matrix-array transducer

to enable full coverage of the entire right ventricle by

the pyramidal volume, with particular attention to the

upper anterior wall and RV outflow tract. Before each

acquisition, the images were optimized for the endo-

cardial border visualization increasing the overall gain

and modifying the time gain and compression. Echo-

cardiographic images were stored digitally for offline

analysis using TomTec software (TomTec Imaging

Systems, Unterschleissheim, Germany). Within the
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3D data set, 3 orthogonal main cut planes were selected

to define the end-diastolic and end-systolic frames

within the sequence as well as several landmarks. On the

basis of the initial view adjustment and the landmarks,

the program automatically provides 4-chamber, sagittal,

and coronal RV views. The RV end-diastolic volume

(RVEDV) and end-systolic volume (RVESV) were

measured from each 3D echocardiographic dataset. RV

ejection fraction (RVEF) was calculated as follows:

RVEF = [(RVEDV - RVESV)/RVEDV] 9 100. The

process of volume determination was done two times

for each patient. Papillary muscles were not included in

the volume estimation.

Echocardiographic estimates of the 3D RVEF were

compared with measurements obtained by magnetic

resonance imaging (MRI) in 19 ASD patients. A

commercially available program (GE protocol) was

used for determination of RV volumes and function.

The evaluation was performed blind to the echocar-

diographic results.

Tissue Doppler imaging and speckle tracking

imaging

Apical 4-chamber views in two-dimensional gray-

scale and color TDI were recorded, and 5 consecutive

cardiac cycles for further analysis were stored. The

image sector was approximately 30 degrees, as nar-

row as possible to increase the frame rate to greater

than 60 frames/s for the gray-scale imaging, and

greater than 140 frames/s for TDI. Cineloops in color

TDI and gray-scale imaging were stored. RV peak

systolic velocities, peak systolic strain (S), and peak

systolic and diastolic strain-rate (SR) were obtained in

the basal, mid and apical segments of lateral (free wall,

FW) and septal walls in apical 4-chamber view by TDI

(Fig. 1b, c).

The general principles that underlie the STI

modalities have been previously described [5, 6]. In

the present study, speckle-tracking analysis was

applied to evaluate RV function. Apical 4-chamber

Fig. 1 Three-dimensional echocardiography (a), tissue Doppler imaging (b, c) and speckle tracking imaging (d) in a patient with ASD
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views were used (Fig. 1d), and special care was taken

to ensure an adequate field of view to image the entire

RV by narrowing the two-dimensional sector width or

positioning the transducer down an intercostal space

and laterally. To assess regional and global RV

systolic function in the longitudinal direction, we

adopted a 6-segment RV model (basal RV lateral wall,

mid RV lateral wall, apical RV wall, apical septum,

mid septum, and basal septum). Peak systolic strain

was recorded for the 6 RV myocardial segments and

the entire RV myocardium. Global strain and strain

rate were calculated by averaging local strains along

the entire right ventricle using machine software. The

echocardiograms were analyzed by an echocardiolo-

gist blinded to the clinical data, using dedicated

software (EchoPAC BT09, GE Ultrasound).

Percutaneous ASD closure

The percutaneous procedure was performed under

local or general anaesthesia using fluoroscopic and

transesophageal echocardiographic (TEE) guidance.

Pulmonary pressures and shunt volumes by oxymetry

were obtained prior to ASD closure. Native and

balloon-stretched diameters of the defect were mea-

sured by TEE and Amplatzer ASD occluders (AGA

Medical Corp., Golden Valley, MN, USA) of suitable

sizes were implanted. Post-interventional treatment

included 100 mg/d of acetylsalicylic acid and 75 mg/d

of clopidogrel for 6 months. Six months after closure,

all patients were re-examined echocardiographically

by TEE for detection of residual shunting or atrial

thrombus.

Statistics

Data are presented as mean value ±SD. Linear

correlations, univariate and multivariate analysis were

used for comparisons. Variables were compared

between groups by paired Student’s test, if appropri-

ate, or unpaired Student’s t test. Differences were

considered statistically significant when the p value

was\0.05. The cut-off values of 3D-RVEF and strain

values, enabling the prediction of unfavorable out-

come (NYHA FC C II) with the highest sensitivity

and specificity, were identified by means of receiver

operating characteristic (ROC) curves of echocardio-

graphic indexes [14]. Intra- and inter-observer vari-

ability was calculated as absolute difference between

the two measurements in percent of their mean. For

intra-observer variability, 15 frames were analyzed by

one investigator twice within 1 month being last

measures blinded to results from initial measures.

Inter-observer variability was assessed by analyzing

15 frames from different, randomly chosen subjects by

2 independent investigators.

Results

Intra-observer variability was 4.2 ± 3.4% for 3D-

RVEDV, 5.3 ± 6.9% for 3D-RVESV, 8.8 ± 3.7% for

TDI longitudinal strain, 9.9 ± 4.5% for TDI strain

rate, 4.7 ± 3.1% for STI longitudinal strain and

6.4 ± 4.5% for STI strain rate. Inter-observer vari-

ability was 4.9 ± 3.4% for 3D-RVEDV, 7.9 ± 5.7%

for 3D-RVESV, 10.4 ± 5.1% for TDI longitudinal

strain, 11.8 ± 7.6% for TDI strain rate, 6.3 ± 4.3%

for STI longitudinal strain and 10.4 ± 6.2% for STI

strain rate.

ASD closure was successfully performed in all

patients with no complications such as embolization or

cardiac tamponade after the procedure. All patients

had a single device implanted. The sizes of occluders

were from 13 to 40 mm. Insignificant residual shunt-

ing through the device in colour flow Doppler (\2 mm

color jet width) was detected in six patients (16%) a

day after the procedure and in two patients (5%) a

month after the procedure.

Baseline characteristics of ASD patients

and controls

The baseline characteristics are given in Table 1.

There were no significant differences between groups

with regard to age and sex. Sixty-two percent (24/39)

of the patients had limitation of functional capacity

(NYHA FC C II). Thirteen percent (5/39) of patients

had a history of atrial arrhythmias at the time of

closure (paroxysmal atrial fibrillation n = 4, chaotic

atrial tachyarrhythmia n = 1): three of them were

being treated with medical therapy (amiodarone),

while two patients underwent electrical cardioversion.

The 3D-RVEDV and RVESV were enlarged in

patients with ASD compared with those in healthy

subjects, resulting in significantly higher 3D-RVEF

values. Compared to controls, MPI was decreased and

TAPSE increased (Table 1).
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Echocardiographic parameters pre- and post-

procedure in ASD patients

Overall, 3D-RVEF was significantly larger compared

to controls (Table 2) and decreased significantly after

closure. TAPSE decreased and MPI increased signif-

icantly. Global RV longitudinal strain was signifi-

cantly higher than control group and had significant

reduction after defect closure. STI strain was reduced

especially in RV mid and apical lateral (free wall)

segments (Table 2) with good correlation with 3D-

RVEF (Fig. 2). There was no significant change in RV

strain rate and septal strain values (Table 2).

In the 19 patients that underwent MRI a significant

relationship was shown between 3D-RVEF and MRI-

RVEF (r = 0.82, p \ 0.001). A less strong significant

relationship was shown between MRI-RVEF and,

respectively, systolic strain at apical FW site

(r = 0.76, p \ 0.005), RVFAC (r = 0.61, p \ 0.05),

and TAPSE (r = 0.43, p \ 0.05).

Correlations of 3D-RVEF with pulmonary

hypertension and outcome results

Mean baseline RVSP was 49 ± 9 mmHg. Seventy-

four percent (29/39) of patients had mild to moderate

PAH and 26% (10/39) had severe PAH before device

implantation. In patients with open ASD and severe

pulmonary hypertension 3D-RVEF (Fig. 3), peak

systolic apical strain, and strain rate were significantly

reduced compared to controls (respectively: 0.39 ±

0.05 vs 0.54 ± 0.07, p \ 0.05; -17.8 ± 2.7 vs

-20.1 ± 4.6%, p \ 0.05; -0.81 ± 0.09 vs -1.26 ±

0.17 s-1, p \ 0.05).

RVSP decreased from 49 ± 9 to 41 ± 12 mmHg

(p \ 0.005). Thirty-eight percent (15/39) of patients

had normalization of RVSP, 13 patients with moderate

PAH before closure and two patients with severe PAH

before closure. Thirty-one percent (12/39) of patients

remained in NYHA class C II. Sixty-seven percent

(8/12) of these patients had residual PAH.

By multivariate analysis, 3D-RVEF (p = 0.001),

RV STI peak systolic strain (p = 0.002), strain rate

(p = 0.007) at apical FW site and RV systolic pressure

(p = 0.004) were independent predictors of functional

class in patients with open ASD (Table 3). A cut-off

point (Table 4) of 3D-RVEF, apical strain and strain

rate of 42, -21 and -1.03 s-1 had a sensitivity of 89,

85 and 81% and a specificity of 76, 71 and 69%,

Table 1 Baseline characteristics of atrial septal defect (ASD)

patients and normal controls (CTR)

ASD

(n = 39)

CTR

(n = 39)

p value

Age (years) 29.3 ± 16.6 28.5 ± 17.2 NS

Sex (M/F) 19/20 17/22 NS

BSA (m2) 1.88 ± 0.11 1.89 ± 0.15 NS

NYHA functional

class C II (no (%))

24 (62)

History of atrial

arrhythmia (no (%))

5 (13)

Native ASD diameter

(mm)

15.2 ± 5.1

Stretched ASD

diameter (mm)

19.5 ± 4.6

Pulmonary-systemic

flow ratio (echo)

2.2 ± 0.7

Pulmonary-systemic

flow ratio (cath)

2.4 ± 0.6

RVSP (echo) (mmHg) 49 ± 9 23 ± 4 \0.01

Mild to moderate PAH

(RVSP

40–59 mmHg) (no

(%))

29 (74)

Severe PAH (CRVSP

60 mmHg) (no (%))

10 (26)

Mean PA pressure

(cath) (mmHg)

24 ± 3

LA pressure (cath)

(mmHg)

9 ± 4

PVR (cath) (WU) 2.8 ± 1.1

Tricuspid regurgitation

(grade 0–3)

1.9 ± 0.5 0.3 ± 0.2 \0.05

RVEDA (cm2) 32 ± 3 15 ± 6 \0.05

RVESA (cm2) 15 ± 4 8 ± 3 \0.05

RVFAC (%) 58 ± 12 51 ± 14 \0.05

TAPSE (mm) 36 ± 5 23 ± 4 \0.05

RVMPI 0.29 ± 0.09 0.37 ± 0.07 \0.05

3D-RVEDV (mL) 182 ± 51 78 ± 17 \0.01

3D-RVESV (mL) 75 ± 29 34 ± 9 \0.01

3D-RVEF (%) 67 ± 8 54 ± 7 \0.01

BSA body surface area, LA left atrium, NYHA New York Heart

Association, NS not statistically significant, PA pulmonary

artery, PAH pulmonary artery hypertension, PVR pulmonary

vascular resistance, RVEDA right ventricular end-diastolic

area, RVESA right ventricular end-systolic area, RVFAC right

ventricular fractional area change, RVMPI right ventricular

myocardial performance index, RVSP right ventricular systolic

pressure, RVESV right ventricular end-systolic volume,

RVEDV right ventricular end-diastolic volume, RVEF right

ventricular ejection fraction, TAPSE tricuspid annular plane

systolic excursion, WU wood units

Int J Cardiovasc Imaging (2012) 28:1905–1916 1909

123

Author's personal copy



respectively, in predicting unfavorable outcome with

persistent symptoms (NYHA FC C II) after ASD

closure.

Discussion

The aim of ASD closure is to eliminate the intracar-

diac shunt and revert the geometric changes produced

by cardiac overload. This paper points out the value of

the combined use of 3D echocardiographic volumetry

and wall deformation analysis to determine systolic

RV function from volume overload and volumetric-

strain changes after percutaneous closure.

Two-dimensional echocardiographic methods of

quantitating RV volumes employ geometric models that

don’t represent the irregular RV shape accurately [1]. 3D

echocardiography can overcome two-dimensional limi-

tations by neglecting geometric assumptions and using

multiple images to reconstruct the RV chamber [2, 3].

This measurement allows much more confidence com-

pared to two-dimensional methods with less underesti-

mation of RV end-diastolic and end-systolic volumes and

improved test–retest variability [13]. On the other hand,

cardiac remodeling is an early effect after ASD closure

that appears a few months after the procedure [15–24],

and therefore a 6-month follow-up period seems to be

sufficient to reflect the major part of RV remodeling.

Table 2 RV echocardiographic parameters in ASD patients before and 6 months after closure

Pre Post Controls p

RVEDA (cm2) 32 ± 3 17 ± 5 15 ± 6 \0.05*

RVESA (cm2) 15 ± 4 10 ± 4 8 ± 3 \0.05*

RVFAC (%) 58 ± 12 52 ± 9 51 ± 14 \0.05*

TAPSE (mm) 36 ± 5 24 ± 7 23 ± 4 \0.05*

RVMPI 0.29 ± 0.08 0.35 ± 0.07 0.37 ± 0.06 \0.05*

3D-RVEDV (mL) 182 ± 51 76 ± 19 78 ± 17 \0.05*

3D-RVESV (mL) 75 ± 29 32 ± 7 34 ± 9 \0.05*

3D-RVEF (%) 67 ± 8 55 ± 6 54 ± 7 \0.01*

Global RV-S (TDI) (%) -26.2 ± 4.1 -23.7 ± 3.8 -23.1 ± 3.5 \0.05*

Apical FW RV-S (TDI) (%) -26.9 ± 6.2 -25.3 ± 4.9 -23.8 ± 5.2 NS*

Mid FW RV-S (TDI) (%) -29.4 ± 5.9 -25.2 ± 4.6 -25.6 ± 4.2 \0.05*

Basal FW RV-S (TDI) (%) -28.4 ± 5.3 -27.1 ± 3.9 -26.8 ± 4.3 NS*

Apical septal RV-S (TDI) (%) -24.2 ± 3.4 -23.5 ± 4.1 -22.8 ± 3.6 NS*

Mid septal RV-S (TDI) (%) -26.7 ± 4.8 -25.2 ± 4.2 -25.6 ± 3.8 NS*

Basal septal RV-S (TDI) (%) -26.9 ± 4.3 -26.1 ± 3.9 -26.4 ± 3.7 NS*

Global systolic RV-SR (TDI) (s-1) -1.36 ± 0.16 -1.25 ± 0.15 -1.23 ± 0.18 NS*

Global RV-S (STI) (%) -24.6 ± 4.5 -20.7 ± 4.3 -20.4 ± 3.3 \0.05*

Apical FW RV-S (STI) (%) -26.6 ± 5.8 -21.9 ± 3.9 -21.7 ± 4.6 \0.01*

Mid FW RV-S (STI) (%) -28.8 ± 6.6 -24.2 ± 4.4 -25.3 ± 4.3 \0.01*

Basal FW RV-S (STI) (%) -28.1 ± 6.5 -26.3 ± 4.7 -26.8 ± 4.2 NS*

Apical septal RV-S (STI) (%) -21.4 ± 3.1 -21.1 ± 3.5 -21.3 ± 2.9 NS

Mid septal RV-S (STI) (%) -25.7 ± 4.4 -25.1 ± 4.1 -25.4 ± 3.8 NS*

Basal septal RV-S (STI) (%) -25.3 ± 3.9 -25.7 ± 3.8 -26.1 ± 3.7 NS*

Global systolic RV-SR (STI) (s-1) -1.22 ± 0.16 -1.24 ± 0.14 -1.19 ± 0.15 NS*

Apical FW systolic RV-SR (STI) (s-1) -1.27 ± 0.18 -1.26 ± 0.15 -1.24 ± 0.17 NS*

3D three-dimensional, FW free wall, NS not statistically significant, RVEDA right ventricular end-diastolic area, RVEDV right

ventricular end-diastolic volume, RVESA right ventricular end-systolic area, RVESV right ventricular end-systolic volume, RVFAC
right ventricular fractional area change, RVEF right ventricular ejection fraction, RVMPI right ventricular myocardial performance

index, RV-S right ventricular peak systolic strain, RV-SR right ventricular strain rate, STI speckle tracking imaging, TAPSE tricuspid

annular plane systolic excursion, TDI tissue doppler imaging

* Pre versus post closure analysis
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The results of our study are as follows: (1) overall in

patients candidates for ASD closure 3D-RVEF was

higher before the procedure and decreased after the

percutaneous closure in parallel with changes in RV

wall strain; (2) in patients with ASD and severe

pulmonary hypertension the RVEF was reduced

compared with controls; (3) 3D-RVEF correlated with

MRI with higher significance compared to 2D-Dopp-

ler methods; (4) 3D-RVEF and strain predicted

unfavorable outcome after closure better than con-

ventional methods.

RV volumes and strain

We have shown that patients with chronic RV volume

overload due to an ASD have higher 3D RVEF and

strain values when compared with age-matched

healthy adults. Larger heart volume increases the

initial length of the muscle fiber, which enhances

cardiac contractility and stroke volume on the basis of

the Frank-Starling law. The high values returned to

normal after ASD closure and abolishment of the left-

to-right shunt. The performance of FW-derived strain

values as diagnostic test was better than the values

computed on the whole RV including septal segments

and hence RV as well as LV fibres. These data are in

Fig. 2 Relation between right ventricular ejection fraction

measured by 3D-echocardiography (3D-RVEF) and RV peak

systolic strain at apical FW site determined by STI before ASD

closure (a) and after device implantation (b)

Fig. 3 Right ventricular ejection fraction measured by 3D-

echocardiography (3D-RVEF) in patients with ASD and mild to

moderate pulmonary artery pressure (M-PAH), controls and

patients with ASD and severe pulmonary artery pressure

(S-PAH)

Table 3 Analysis of parameters predicting NYHA-FC C2 in

patients with open ASD

p value OR 95% CI

Univariate analysis

Age (years) \0.005 1.34 1.05–1.82

Baseline RVSP (mmHg) \0.004 2.19 2.17–10.46

Qp/Qs 0.0075 1.96 1.74–2.85

ASD size (mm) 0.0047 1.22 1.08–1.74

TAPSE (mm) \0.05 1.78 1.51–2.92

RVFAC (%) \0.01 1.13 1.03–1.85

RV-S (%) \0.0005 2.39 1.52–3.97

RV-SR (s-1) \0.001 1.98 1.15–3.24

3D-RVEF (%) \0.0001 4.64 2.59–9.19

Multivariate analysis

RV-S (%) 0.002 1.95 1.25–2.87

RV-SR (s-1) 0.007 1.68 0.63–2.54

3D-RVEF (%) 0.001 2.77 1.79–4.38

ASD atrial septal defect, OR odds ratio, Qp pulmonary flow, Qs
systemic flow, RVEF right ventricular ejection fraction,

RVFAC right ventricular fractional area change, RV-S right

ventricular peak systolic strain at apical free wall site, RVSP
right ventricular systolic pressure, RV-SR right ventricular

systolic strain rate at apical free wall site, TAPSE tricuspid

annular plane systolic excursion
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accordance with previous TDI studies [25], which

described ‘‘supernormal’’ RV velocities determined

by the ASD volume overload and decreased to normal

physiologic values after percutaneous closure.

Myocardial strain and strain rate are more accurate

than velocities as indices of ventricular contractility,

perhaps by eliminating translational artifact. Strain rate

values appeared to be dependent on pressure overload

but less dependent on volume overload compared to

strain. This is in agreement with experimental data

[26, 27], which showed that systolic strain quantifies

regional systolic myocardial deformation and is mainly

determined by the ejection performance (i.e. the stroke

volume) whereas strain rate measurement quantifies the

velocity of myocardial deformation and is closely

related to the changes in contractility. However, SR

remains load sensitive because it does not take into

account myocardial stress and therefore is not directly

measuring contractility. Relation between contractility

and regional deformation has been assessed experi-

mentally in a variety of inotropic and loading condi-

tions [28] and it was noted that strain rate tracks changes

in contractility during pacing. Load dependence of

deformation is more relevant in RV than LV since RV

afterload can be minimal at rest but increase four fold or

more in pulmonary vascular disease [29, 30]. Further

studies are desirable to establish the value of strain and

strain rate in differentiating loading volume effects

from true changes in myocardial contractility.

Regional heterogeneity in RV wall thickness and

curvature may explain some of the variance in RV

regional deformation [31] and the higher RV apical

and mid wall strain values we found in ASD patients

that decreased after defect closure. Recently, higher

apical strain related to shunt-ratio has been reported in

patients with an open ASD whereas lower apical strain

values correlated with peak oxygen consumption and

ventilatory efficiency after ASD repair [31]. However,

much remains to be determined about RV regional

wall abnormalities in pulmonary hypertension and

volume overload conditions, especially with regard to

methodological differences and exact definition of

wall segments.

Myocardial velocity, strain, and SR values derived

by speckle tracking imaging (2D strain or STI) were

mildly lower than the TDI values, as previously

reported [32]. This may be explained by the different

approach of calculation by 2D strain and TDI [33–

37], since TDI measures deformation rate on the basis

of velocity gradients and derives strain by integration,

whereas 2D strain measures deformation directly.

Some advantages of two-dimensional speckle track-

ing imaging over TDI are confirmed. TDI measure-

ments can be susceptible to sample location and

transverse motion components and not always corre-

lated with the timing of longitudinal contraction. 2D

strain and strain rate imaging reflect longitudinal and

radial myocardial deformation with regard to time

change and can differentiate the active wall motion

from passive wall motion although requiring high

quality and high frame rate two-dimensional imaging

[34].

Table 4 Results of receiver-operating characteristic curves comparing different echocardiographic parameters for their accuracy to

predict unfavorable outcome (NYHA FC C II) after ASD closure

Parameter AUC 95% CI p value Cut-off Sensitivity Specificity

RVEDA 0.66 0.52–0.89 0.08 25 cm2 69 57

TAPSE 0.71 0.56–0.91 0.07 16 mm 74 63

RVMPI 0.76 0.57–0.98 0.06 0.39 79 66

RVFAC 0.72 0.58–0.96 0.07 40% 75 64

RVSP 0.77 0.68–0.87 0.06 45 mmHg 77 63

RV-SR 0.81 0.65–0.91 0.04 -1.03 s-1 81 69

RV-S 0.83 0.66–0.88 0.03 -21% 85 71

3D-RVEF 0.88* 0.76–0.97 0.01 42% 89 76

AUC area under the curve, CI confidence interval, 3D three-dimensional, RVEDA right ventricular end-diastolic area, RVFAC right

ventricular fractional area change, RVEF right ventricular ejection fraction, RVMPI right ventricular myocardial performance index,

RV-S right ventricular peak systolic strain at apical free wall site, RV-SR right ventricular systolic strain rate at apical free wall site,

TAPSE tricuspid annular plane systolic excursion

* p \ 0.005 compared to RV-S, p \ 0.001 compared to RV-SR and RVSP
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Comparison with previous studies

Previous studies reported contradictory results about

RVEF in ASD patients. In a report by Ding et al. [16]

RV end-diastolic and end-systolic volumes measured

by 3D-echo were enlarged in patients with ASD

compared with those in control subjects, resulting in a

marked decrease of the RV ejection fraction. RV

isovolumic relaxation and contraction times were

prolonged and ejection time was shortened in patients

with ASD compared with that in control subjects,

resulting in a marked increase of the myocardial

performance index. These results were similar to a

recent study which looked at RV dimensions with

cardiac magnetic resonance [22] and reported a

decrease in RVEF in open ASD with improvement

after defect closure. Schussler et al. [23] using an

echocardiographic ellipsoidal shell model validated

against magnetic resonance to calculate RV volumes

described increased RVEF in ASD adult patients and

pronounced reduction in RV volume \24 h after

successful transcatheter closure. Other studies [37] in

ASD patients reported increased RV stroke volume

and slightly increased RVEF determined by 2D

echocardiography.

The possible causes of these discrepancies may

include the different volume overload of the right

ventricle, the presence or absence of tricuspid regur-

gitation and the degree of pulmonary hypertension. In

the present study, the EFs and ventricular strain of post-

closure patients decreased compared to pre-closure

values. Since it is known that ventricles with abnormal

function and decreased adaptive response do not have

changes in TDI with changes in preload, the above

metrics may be correlated by the expected change in

ventricular motion and deformation of volume loaded

ventricles with normal adaptive responses. This is in

line with the complex relationship between deforma-

tion, volume adaptation, ejection fraction and contrac-

tility. Experimental studies [38, 39] have shown that

the decrement in the EF was more prominent in

operated animals with pressure overload whereas

cardiac output was clearly enhanced in the volume

overload group and an acute elevation of RV peak

systolic pressure by 60% was the maximal extent of

afterload elevation before RV failure occurred. These

results are corroborated by clinical studies [40–42].

Our findings show a ‘‘supernormal’’ 3D-RVEF in

patients with nearly normal or moderately elevated

pulmonary artery pressures whereas RVEF decrease

occurs in ASD patients with increased afterload due to

more severe pulmonary artery pressure. Percutaneous

ASD closure is usually associated with improvement

of symptoms and positive remodeling effects. Even if

residual PAH, right chambers enlargement, and symp-

toms may persist in those with more severe PAH before

closure, case reports and case series described positive

outcomes for patients with ASD and pulmonary

hypertension undergoing device closure [12, 41, 42].

Thus, the echocardiographic assessment of RV dilata-

tion and dysfunction and measurement of pulmonary

artery pressure becomes increasingly relevant in these

patients as well as the calculation of pulmonary to

systemic flow ratio. Although RV function is not

traditionally thought to be included in the indications

for ASD closure, the independent prediction of reduced

functional capacity that we obtained in our patients

with an open defect at baseline suggests a more

aggressive approach to close or monitor those lesions

with higher pressures and/or RV dysfunction.

In this respect, the newer technologies appear to be

superior to the older technologies, including RVFAC,

TAPSE, and MPI [13]. In our cohort of patients with

ASD the potential physiologic strengths and insights

gained from using the newer technologies and the

specific limitations of the older ones are documented.

Compared to RVFAC, MPI and TAPSE, 3D-RVEF

had a stronger correlation with MRI. Furthermore, the

combined assessment of 3D-RVEF and strain gave us

valuable information on global and regional RV

function allowing a better prediction of unfavorable

outcome after closure. RVFAC is one of the recom-

mended methods of quantitatively estimating RV

function but care must be taken to trace the free wall

beneath the trabeculations. Moreover, RV dimensions

are highly dependent on probe rotation which can

result in an underestimation of RV width. MPI and

TAPSE are reproducible, and avoid the assumptions

and limitations of complex RV geometry, but each

method is affected by the same limitations which also

involve the corresponding left-sided techniques. MPI

is unreliable in atrial fibrillation with different R–R

intervals as well as in the presence of high RA

pressures because load dependent. TAPSE has a low

interobserver variability but is angle and load depen-

dent and assumes that the displacement of the RV

basal and adjacent segments is representative of the

function of a complex 3D structure. TAPSE reduction
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is also a well-known phenomenon after cardiac

surgery, even in the absence of decreased exercise

capacity or LV dysfunction [43, 44].

Limitations

Some study limitations should be pointed out. First,

the 2D strain analysis software was applied to the RV

assuming that the LV algorithm could be transferred to

this chamber. However, even if the reproducibility of

this method should subjected to further validation, it

has been applied in several clinical studies [6, 32, 45].

Second, only longitudinal strain and strain rate were

quantified because current technology does not allow

measurements of RV radial or circumferential defor-

mation but it is assumed that RV contraction is

predominantly longitudinal. Third, the accuracy of 3D

volume and EF is less certain in significantly dilated

and dysfunctional ventricles since limited data are

available in the literature. Fourth, we did not analyze

LV data to test ventricular interdependence but this

was not the aim of our study. Last, our results should

be confirmed in a larger study population.

Conclusions

3D echocardiography and myocardial strain imaging

provide us valuable informations on the quantitative

assessment of RV function in ASD volume and

pressure overload conditions before and after defect

closure. Assessment of RV dysfunction appears

important in ASD patients along with the measurement

of pulmonary artery pressure and the calculation of the

shunt. The refinement of methods and availability of a

greater number of patients with a longer follow-up will

improve the understanding of the lesion pathophysiol-

ogy and subsequent management of these patients.
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