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ABSTRACT 

Right heart function is a key determinant of clinical status, prognosis and outcome in a variety of 

heart diseases, particularly in patients with congenital heart disease. Various non-invasive 

imaging tools have been used to assess right heart function in the setting of adult heart disease; 

however there has been little exploration of those modalities in younger patients.  Newer 

imaging techniques, including tissue Doppler imaging, three-dimensional echocardiography and 

deformation imaging have been added to the armamentarium of the congenital non-invasive 

imager. My aims were to investigate the feasibility and usefulness of newer echocardiographic 

tools of right heart assessment in the setting of pediatric and adult congenital heart disease.  The 

9 projects outlined in this thesis investigates the right heart in pediatric and congenital heart 

disease, encompassing systemic veins, right atrium, right ventricle, and focusing on size, 

volumes, flow and function. The goal of these investigations was to evaluate right heart 

performance non-invasively in daily clinical practice and to understand which indices could be 

used in clinical decision-making.  
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MODERN ECHOCARDIOGRAPHY IN PEDIATRIC RIGHT HEART ASSESSMENT 

Non- invasive imaging using the modalities of Echocardiography and Cardiac Magnetic 

Resonance (CMR) imaging have become standard of care for evaluation of the right heart in 

normal and abnormal hearts. However, there continue to be many unanswered questions 

regarding the anomalies, physiology and function of the right ventricle (RV) with regard to 

patients with congenital heart disease. I chose to explore this unknown in a methodical fashion 

through my research by applying newer methods of echocardiography in the setting of the 

normal and abnormal pediatric heart. 

 

WHAT WE ALREADY KNOW 

In normal subjects, the RV serves to maintain perfusion pressure in the pulmonary circuit and 

delivers venous blood to the lungs for gas exchange. It also prevents tissue congestion by 

maintaining low systemic venous pressures. Its ventricular mass sits anterior to the left ventricle 

and extends inferiorly from the tricuspid valve to reach antero-superiorly to the leftward 

pulmonary valve.  The morphological RV consists of three parts, the inlet, the apical trabecular 

and the outlet portions. The inlet portion supports the tricuspid valve by supporting the 

attachments of its chordal apparatus. The tricuspid valve consists of three leaflets, the septal, the 

inferior and the antero-superior leaflet. These correspond to the areas on the tricuspid valve 

annulus where they arise. The apical portion of the RV is coarsely trabeculated with two 

prominent muscle bands, the septomarginal trabeculations running along the septal surface and 

the moderator band extending from the septal surface to the parietal wall in the lower thirds of 

the body of the ventricle. The outlet portion of the RV consists of a sleeve of muscle that 



 9 

supports the semilunar pulmonary valve. A supraventricular crest separates the pulmonary valve 

from the tricuspid valve. 

Traditionally, the RV has been evaluated by two-dimensional cross sectional echocardiography.  

Unlike the left ventricle (LV), the non-geometric shape of the RV and its anterior position in the 

chest render it difficult to be imaged in a single imaging plane. A composite of imaging data 

from defined echocardiographic cuts in the subcostal, apical and parasternal imaging planes is 

required to visualize the RV completely.  The right ventricular systolic function has often been 

assessed qualitatively by a subjective visual impression.  Therefore, there has been an emerging 

interest in the functional quantitative assessment of the RV. 

Ventricular systolic and diastolic function is affected by complex interactions at the cellular, 

vascular and global myocardial levels.  The myocytes perform the function of shortening and 

relaxation, which translates into the regional and global systole and diastole of the ventricle.  

Regional myocardial mechanics are assessed by measures of wall stress and deformation.  Global 

ventricular performance is affected not only by intrinsic myocardial function, but also by the 

afterload to the ventricle.  These affect the force generated by the ventricle and the volume of the 

ventricle.  RV function may be affected by native RV pathology, left sided heart disease as well 

as valvular diseases. In turn, RV dysfunction may result in alteration of preload to the LV, as 

well as adverse effects on clinical efficiency by reduction of systolic and diastolic function 

through the interventricular septum and pericardium.  

 Several congenital heart diseases affect the structure and function of the RV. RV dysfunction 

may result from intrinsic birth defects or as a sequel to surgical correction of birth defects. 

Progressive RV dysfunction may lead to detrimental consequences of heart failure and sudden 

death, and thus serial imaging is pertinent for identification and corrective measures early on. 
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With advancement in imaging and treatment options there is an ever-increasing population of 

adolescents and adults with CHD and this has deemed necessary to investigate RV in great detail. 

The evolution of echocardiography and CMR has allowed for quantification of RV parameters. 

Echocardiography is the first line universally available imaging modality, while CMR is 

currently considered the reference standard for imaging the RV. 

 

PHILOSOPHY OF APPROACH 

Many new echocardiographic techniques are introduced regularly for assessment of regional and 

global myocardial structure and function.  These modalities often find first applications in the 

larger adult cardiac population, pediatric cardiology follows suit a few years later.  However, 

children are not young adults. Congenital heart disease is distinct and unique from adult 

cardiovascular disease. My approach has consistently been to validate the newer tools of right 

heart assessment in normal pediatric patients and then apply them to congenital heart disease. 
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ABSTRACT  

Background: 
Compromise of right heart function is an important feature of many forms of congenital heart 

disease, and right atrial (RA) pressure is clinically relevant. Inferior vena cava (IVC) diameter 

and inspiratory collapse are indices of RA pressure, but pediatric data are lacking. 

Methods: 
We prospectively investigated RA measurements, systemic venous diameters and Doppler filling 

fractions in healthy volunteer children and adolescents. The IVC was measured in its long axis 

just above the junction with the hepatic veins in subxiphoid view, and superior vena cava (SVC) 

at its junction with the RA in right parasternal view. The changes in IVC diameter (IVCD) during 

quiet respiration, and with a sniff were recorded. Hepatic venous systolic filling fraction was 

calculated from Doppler velocities in the first hepatic vein. RA major axis length, area and 

volume were measured from apical 4-chamber view. Three measurements of each parameter 

were averaged over ≥3 respiratory cycles. The IVC collapsibility index (IVCCI) was calculated 

as [IVCDmax- IVCDmin)/IVCDmax] X 100. Substituting IVCDsniff for IVCDmin in the 

formula, the IVCCIsniff was calculated. 

Results: 
Of 132 subjects enrolled, data in 120 (age 8.3± 4.5) were analyzed. The maximal (expiratory) 

and minimal (inspiratory) diameters (mm) during free breathing were 12.1± 3.8 and 8.9 ± 3.8 for 

the IVC; 11.9 ± 3.4 and 7.9 ± 2.6 for the SVC. IVCCImin and IVCCIsniff were 30 ±13 and 47 ± 

18 respectively. The RA major axis length, area and indexed maximal volume were 3.7±0.7 cm, 

10.3±3.6 cm2, and 22.3±7.0 ml/m2 respectively. Correlations of maximal SVC and IVC 

dimensions with body surface area (BSA) were slightly better than with age, and much stronger 

than with RA volume. No significant correlation was found between IVC collapsibility indices 

and age, gender, BSA or indexed RA volume. 

Conclusions: 
Measurement of systemic venous diameters, collapsibility indices and RA volumes is feasible in 

healthy children and adolescents. Venous diameters increase predictably with growth, so must be 

interpreted in light of the BSA. IVC collapsibility indices and hepatic venous filling fraction 

compare closely to those reported in adults. Pediatric nomograms for these parameters are 
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provided, and they should next be evaluated for relation to directly measured RA pressure in this 

age group. 
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INTRODUCTION 
Echocardiographic assessment of right heart function is of great importance in clinical 

cardiology. Right ventricular (RV) diastolic dysfunction causes impaired RV filling and elevation 

of diastolic pressures in the RV and right atrium (RA).1 The increased RA pressure is transmitted 

to the inferior vena cava (IVC), resulting in its dilatation.2 IVC diameter and inspiratory collapse 

are used in combination for estimation of RA pressure in adult patients.2, 3 The percent decrease 

in IVC diameter during inspiration (collapsibility index) has been shown to correlate with RA 

pressure.3-5 IVC diameter has also been shown to have prognostic significance in chronic heart 

failure: increasing diameter identifies patients with an adverse outcome.6 For the superior vena 

cava (SVC), normal Doppler flow patterns and respirophasic variations has been described in 

adults.7 In neonates, SVC flow is considered a surrogate measure of systemic blood flow, and has 

been characterized in preterm and term neonates in the first 3 days of life.8-10 

The hepatic venous Doppler is also used for prediction of RA pressure.11, 12 Normally with 

inspiration, there is a significant increase in the systolic and diastolic forward flow in the hepatic 

veins, and the systolic forward flow decreases as RA pressure increases. A hepatic venous 

systolic filling fraction less than 55%,13 or hepatic vein atrial reversal wave velocity greater than 

the systolic forward velocity12 are indicative of elevated RA pressure in adults. In addition to 

these indices, the American Society of Echocardiography (ASE) recommends RA dimensions 

(major axis length and area) for assessment of RA pressure.2 RA volume is a marker of RV 

pressure load14 and diastolic dysfunction that correlates with RA pressure,11, 15but there is limited 

data on standardized RA volumes derived by echocardiography in children and adults.2, 16, 17 

Right heart dysfunction is commonly encountered in congenital and acquired heart disease in 

children, and is closely related to patient outcomes.1, 18 Reduced RV compliance and/or increased 

filling pressures in patients with congenital heart disease expose the RA to pressure load and 

dilatation.  Evaluation of systemic veins and RA could be useful as indicators of right heart 

function in the pediatric age group, yet there is little reason to assume normal values in adults 

can be applied in children. Moreover, there is very limited data on use of systemic veins and RA 

as part of functional assessment of the right heart in children.17, 19-21 Insights into RV diastolic 

function gained from these indices could be valuable, given the limitations of standard two-

dimensional echocardiography in the functional assessment of the RV.18 The purposes of this 

investigation were (1) to test the hypothesis that echocardiographic indices of right heart function 
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vary with body surface area (BSA) in children, and (2) determine normal values for systemic 

venous diameters, Doppler filling fractions, IVC collapsibility indices and RA measurements in a 

sample of healthy children representing the broad range of age and size seen in pediatrics.  

 
METHODS 
Patients 
This was a single center prospective investigation. Two-dimensional echocardiograms were 

performed exclusively for research purposes and healthy volunteer children were enrolled 

between January 2012 and March 2013. These children were recruited in response to an 

advertisement inviting participation, which was approved by the Institutional Review Board and 

was placed in the institutional employee newsletter.  Inclusion criteria were (1) subject age 1-18 

years, (2) no previous history of any heart disease, hypertension or any other systemic disease, 

and (3) the provision of informed consent. The Institutional Review Board for human subjects 

research approved the study protocol and parents of all recruited subjects signed informed 

consent.  Demographic data was collected, including gender, date of birth, height, weight, heart 

rate and systemic blood pressure. Body surface area was calculated using the Haycock formula.22 

Image Acquisition 
All recruited subjects underwent complete two-dimensional echocardiography with spectral and 

color flow Doppler examination in a non-sedated state utilizing a commercially available 

ultrasound system (Vivid E9, GE Healthcare, Milwaukee, WI). All subjects had structurally and 

functionally normal hearts, and were in sinus rhythm.  None of the subjects had more than trivial 

tricuspid valve regurgitation. All acquisitions were in the supine position, and had minimum of 3 

beats with simultaneously recorded electrocardiograms and respiratory tracings to time the 

events during subsequent analysis. The transducer frequency, 2D sector width and depth, and 

imaging processor settings were selected according to subjects' body size with the aim of 

achieving the highest imaging frame rate while retaining image quality adequate for accurate 

measurement. A single research sonographer (LL) acquired all the images and performed the 

measurements below. All data was stored digitally for analysis with EchoPAC BT11 software. 

Systemic venous diameters and Doppler 
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Figure 1: Measurements of the maximal diameter of 
the proximal SVC in right parasternal view (panel A); 
maximal diameter of the IVC at end expiration (panel 
B), minimal diameters during quiet respiration (panel 
C) and during inspiration with sniff (panel D) from 
subxiphoid view.  Panels E and F show measurements 
of the right atrial major axis length and area from the 
apical four-chamber view. SVC=Superior vena cava, 
IVC=Inferior vena cava, RA= Right atrium, LA=Left 
atrium, RV=Right ventricle, LV=Left ventricle 

Systemic venous diameters were measured 

offline as shown in Figure 1. The IVC 

diameter was measured in the long-axis of the 

IVC at end-expiration and just proximal to 

the entry of the hepatic veins as 

recommended by the ASE guidelines and 

standards documents.2, 20, 23 To assess IVC 

collapsibility index (CI), the change in IVC 

diameter with quiet respiration, and with a 

sniff was recorded. IVCCI was calculated as 

100 X (maximal diameter– minimal 

diameter)/ maximal diameter, and IVCCIsniff 

was calculated as 100 X (maximal diameter– 

minimal diameter with sniff)/ maximal 

diameter).3 To make these measurements, we 

chose an approach consistent with that 

of other investigators,3 using 2D 

technique for its spatial orientation 

advantages over M-mode, despite the 

latter’s superior temporal resolution. 

The maximal diameter of the proximal 

SVC was measured at its entry into the 

RA from the right parasternal view. The 

Doppler velocities of systolic and 

diastolic waves in the first hepatic vein were measured from the subxiphoid image using color 

Doppler as a guide and placing the sample volume 0.5-1 cm within the vein near its entry into 

the IVC (Figure 2). The hepatic venous systolic filling fraction was calculated as Systolic 

velocity/(Systolic velocity + Diastolic velocity). Similarly, pulsed Doppler measurements in the 

IVC were recorded from the right parasternal view and in the SVC from the suprasternal view 

(Figure 2) for calculation of SVC and IVC filling fractions. Average of three measurements was 

taken for each parameter. 
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Figure 2: Measurements of the proximal SVC Doppler in 
suprasternal view (upper panel), proximal IVC Doppler in 
right parasternal view (middle panel) and first hepatic vein 
Doppler in subxiphoid view (lower panel) are shown. 
SVC=Superior vena cava, IVC=Inferior vena cava, 
FHV=First hepatic vein 
 

Measurement of right atrial area and volumes  

The RA major axis length was measured from the apical four- 

chamber view as the maximal distance from the center of the 

tricuspid annulus to the center of the superior RA wall, parallel 

to the interatrial septum.23  For measurement of RA area, the 

endocardium was traced at the end of ventricular systole from 

the lateral aspect of the tricuspid annulus to the septal aspect, 

excluding the SVC, IVC and RA appendage (Figure 1). For 

calculation of RA volume, the single plane area length method 

was used applying the formula 8/3π [(area2)/(major axis 

length)].17 For each cardiac cycle, average of 3 separate 

measurements of the maximum atrial volume were measured and indexed to BSA.  

Statistical analysis 

Continuous variables were expressed as mean±SD and discrete variables as percentages. 

Univariate linear regressions of each systemic venous parameter with age, and BSA were 

performed.  Correlations were explored for each measurement with BSA and age with 

Bonferroni correction applied for multiple comparisons. To assess the intraobserver and 

interobserver agreements, systemic venous dimensions and RA volume measurements were 

repeated in 20 randomly chosen subjects by the primary observer (4 weeks after the first 

measurement) and a second blinded observer (QP). Bland-Altman plots were derived to identify 

possible bias (mean divergence) and the limits of agreement (2 standard deviation of the 

divergence). Intraclass correlation coefficients were calculated for testing measurement 

variability. Mean percentage error was calculated as the absolute difference between two sets of 

observations, divided by the mean of the observations: {Absolute (X1-X2)/Mean (X1, X2)} x 100, 

where X1-X2 is the absolute value of the difference. Statistical analysis was performed using 

commercially available software (Minitab version 16.1, Minitab Inc., State College, PA). 
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Figure 3: Regression models demonstrating maximal and minimal IVC 
diameters (upper panels), and maximal and minimal SVC diameters (lower 
panels) in normal controls incorporating body surface area. SVC=Superior 
vena cava, IVC=Inferior vena cava, BSA=Body surface area 

RESULTS 
Subject characteristics 
Of 132 subjects enrolled, 12 with incomplete data were excluded, yielding a study cohort of 120. 

There were 52 males and 68 females. Table 1 shows demographics, systemic venous and RA 

parameters in the entire cohort. Ranges for most parameters were broad, and the value of 

interpretation without considering the size of the subject appeared limited. 

Table 1. Subject demographics, systemic venous and right atrial measurements 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Nomograms and Correlations  
Regression models were derived for each 

measured parameter. The relation with BSA 

was linear for most measurements, however 

there were no significant correlations 

between hepatic venous filling fraction and 

IVCCIsniff, and BSA. Correlations of 

maximal SVC and IVC diameters with BSA 

were slightly better than with age, and 

much stronger than with RA volume. The 

distributions of 

maximal and 

minimal systemic 

Parameter Mean±SD Range 
Age (years) 8.3±4.5 1.0-18.0 
BSA (m2) 1.2±0.5 0.45-2.6 

Proximal IVC maximal diameter (mm) 12.1±3.8 4.4-24.4 
Proximal IVC minimal diameter (mm) 8.9±3.8 1.9-19.2 

Proximal IVC minimal diameter with sniff (mm) 6.6±3.3 1.0-18.0 
IVC collapsibility index 30±13.2 17.0-64.2 

Proximal SVC maximal diameter (mm) 11.9±3.4 4.1-23.2 
Proximal SVC minimal diameter (mm) 7.9±2.6 2.9-15.7 

RA major axis dimension (mm) 37.0±7.0 23.3-54.6 
RA area (cm2) 10.3±3.6 4.5-22.4 

Indexed RA volume (ml/m2) 22.3±7.0 9.6-45.3 
First hepatic vein filling fraction (%) 60.0± 6.8 39.5-75.2 

IVC filling fraction (%) 55± 6.7 38.2-71.0 
SVC filling fraction (%) 59±5.0 44.9-73.2 
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Figure 4: Reference curves for the 
maximal SVC diameter, maximal 
IVC diameter, minimal IVC 
diameter and IVCCI indexed to 
body surface area, with the mean 
and 2 standard deviations above 
and below the mean shown. 
SVC=Superior vena cava, 
IVC=Inferior vena cava, 
CI=collapsibility index, BSA=Body 
surface area 

Figure 5: Reference curves for right atrial major axis length (upper 
panel), right atrial area (middle panel) and right atrial volume 
(lower panel) indexed to body surface area, with the mean and 2 
standard deviations above and below the mean shown. 
BSA=Body surface area 

venous measurements in the study cohort with BSA are shown in Figure 3 (p<0.0001).  Figures 

4 and 5 illustrate the mean and 2 standard deviations above and below the mean for systemic 

venous 

diameters, IVC collapsibility index and RA measurements indexed 

to BSA. The hepatic venous filling fraction (%) was 60±7 and the 

IVCCIsniff was 47±18. No significant correlation was found 

between IVC collapsibility indices with age or gender. RA major 

axis length, area and maximal volume all correlated well with 

BSA (Figure 5, p<0.001). 

Intra-observer and Inter-observer variability 
The intraclass correlations are shown in Table 2. For all SVC, 

IVC and RA measurements, the intraclass correlation coefficients 

were high for both intra- and inter-observer comparisons. For the Doppler filling fraction 

measurements, the intraclass correlation results showed slightly weaker agreements.  Similarly, 

Bland-Altman analysis showed good intra-observer and inter-observer agreements for systemic 

venous diameters and right atrial volume measurements as represented in Figures 6 and 7. Intra-

observer variability expressed as the mean percentage error of measurements for SVC maximal 

diameter, IVC maximal diameter, RA length, RA area, RA volume, SVC filling fraction, first 

hepatic vein filling fraction, and IVC filling fraction were 1.5%, 1.8%, 2.0%, 2.1%, 3.0%, 4.5%, 
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4.0% and 6.7% respectively.   The respective mean percentage error between observers for these 

measurements (inter-observer variability) were 5.2%, 4.4%, 2.6%, 7.1%, 3.9%, 7.3%, 6.0% and 

9.0%.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table 2. Intraobserver and interobserver concordance 

 

SVC=Superior vena cava; IVC=Inferior vena cava; RA=Right atrium; FHV=First hepatic vein;  
CL, Confidence limits; ICC, intraclass correlation coefficient 

 
DISCUSSION  
Standardized pediatric nomograms are helpful for interpretation of the size of cardiac structures 

in childhood, however these are lacking for several cardiac structures.24 For right heart 

structures, little or no data has been reported.24 Standardized nomograms obtained from a 

Measurement Intraobserver Interobserver 
ICC 95% CL ICC 95%CL 

SVC maximal diameter 0.998 0.996-0.999 0.987 0.964-0.995 
IVC maximal diameter 0.997 0.996-0.999 0.991 0.949-0.998 
RA length 0.996 0.989-0.998 0.990 0.978-0.996 
RA Area 0.997 0.994-0.999 0.993 0.991-0.998 
RV volume 0.996 0.990-0.998 0.991 0.980-0.997 
SVC filling fraction 0.715  0.414-0.876 0.587 0.221-0.811 
FHV filling fraction 0.635 0.518-0.746 0.576  0.229-0.832 
IVC filling fraction 0.792 0.543-0.912 0.627 0.251-0.833 

Figure 6: Bland–Altman plots for 
intraobserver agreements for maximal 
SVC diameter (upper panel), maximal 
IVC diameter (middle panel) and RA 
volume (lower panel) with differences 
plotted against mean values for each 
measurement. SVC=Superior vena 
cava, IVC=Inferior vena cava, 
RA=Right atrial 
Figure 7: Bland–Altman plots for 
interobserver agreements for maximal 
SVC diameter (upper panel), maximal 
IVC diameter (middle panel) and RA 
volume (lower panel) with differences 
plotted against mean values for each 
measurement.SVC=Superior vena 
cava, IVC=Inferior vena cava, 
RA=Right atrial 
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reasonable sample size and normalization approach may enable reduction of quantification errors 

in pediatric echocardiography.25, 26 In the present study, we have endeavored to develop normal 

values for SVC and IVC dimensions, systemic venous filling fractions, IVC collapsibility indices 

and RA dimensions to aid quantitative assessment of the right heart in children. SVC diameter 

measurements reported here could be beneficial for planning and device selection in 

electrophysiologic (e.g. pacing lead implantation) and interventional (e.g. stent implantation) 

procedures. There is limited data on IVC diameter measurements in a small number of pediatric 

subjects.27, 28 IVC diameter is an index of heart failure severity, and is related to outcomes in 

adult patients with chronic heart failure with or without reduced left ventricular ejection 

fraction.6  In patients with chronic heart failure referred for right heart catheterization, IVC 

diameter performed the best among several indices (area under the receiver-operator 

characteristic curve 0.89) at identifying those with a pulmonary capillary wedge pressure ≥ 15 

mmHg.29  

While the current reference standard for measuring central venous pressure (CVP) is 

catheterization, its routine use is impractical, costly, and carries risks of vascular access.  

Examination of the jugular venous pulse could provide hemodynamic information about the right 

heart, however, proper assessment of jugular venous distension during physical examination is 

often difficult in pediatric subjects, especially infants.30 Based on literature in adults, it is known 

that elevated CVP dilates systemic veins and makes them less collapsible. The IVC diameter 

decreases with inspiration, and the minimal diameter is typically observed at end inspiration 

when the negative intrathoracic pressure leads to an increase in RV filling. Though systemic 

venous findings are imperfect predictors of CVP, IVC dilatation and decreased IVCCI are often 

associated with high CVP, while normal venous dimensions and CI support the conclusion that 

CVP is normal.  Normal pediatric standards for IVC diameter and IVCCI reported here could 

therefore be useful in the evaluation of heart disease and blood volume status in children. Others 

have investigated IVCCI in children with end stage renal disease, and suggested the utility of this 

parameter to assess volume status on dialysis.28 In 27 normal children included in that study, the 

median IVCCI was 36%, which is similar to our results. 28 Although the IVCCI with quiet 

breathing varied inversely with BSA in our series, the IVCCIsniff did not, and was quite 

consistent with findings reported in adults.3 The sniff may therefore provide a venous filling 
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parameter independent of IVC size and patient age, potentially useful for comparison across 

populations of diverse age and size. 

In the same way, echocardiographic data derived from structures contiguous with the IVC would 

be expected to carry information about CVP. Therefore, RA measurements and hepatic venous 

Doppler flow patterns have been reported in adults, identifying RA area greater than 18 cm2 and 

RA length greater than 5.3 cm as indicators of RA enlargement.2 When RA pressures are 

elevated, the amplitude of systolic hepatic waveform is decreased (ratio of systolic: diastolic 

velocity becomes <1). In the adult population, the first hepatic venous systolic filling fraction 

less than 55% is known to be a sensitive and specific sign of elevated RA pressure.11 The 

reported hepatic venous filling fraction in adults compares very closely to our findings in 

children. Moreover, our data showed that filling fractions measured in the first hepatic vein, SVC 

and IVC (Table 1) were very similar to one another.  

Study limitations 

Although the current report reflects systemic venous and RA findings in healthy children and 

adolescents, it does not establish the relationship of these measures, if any, with CVP. The IVC 

size is influenced by patient position, being smallest in the left lateral position, largest in the right 

lateral position, and intermediate in the supine position.5 Our data is limited to IVC diameter in 

the supine position.  

 
CONCLUSIONS 
Measurement of systemic venous dimensions, IVC collapsibility index and RA size is feasible in 

healthy children and adolescents. Venous diameters and RA size increase predictably with 

growth, so must be interpreted in light of the BSA. IVC collapsibility indices and hepatic venous 

filling fraction compare closely to those reported in adults.  Systemic venous diameters and 

indexed RA volume show promise for association with measured CVP, so investigation for such 

associations should be undertaken.  
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ABSTRACT  
Background 
Left atrial (LA) function is an important modulator of left ventricular filling, and has a 

prognostic role in adult heart failure, but pediatric data is limited. We sought to characterize the 

normal LA and right atrial (RA) strain (ε) and strain rate (SR) in infants and children. 

Methods and Results  
We prospectively investigated atrial ε and SR in 153 subjects using 2-dimensional speckle 

tracking echocardiography. High frame rate, 3-beat captures of LA (15-segment model; 2, 3 and 

4-chamber views), and RA (6-segment model; 4-chamber view) were analyzed (Vivid 7, 

EchoPac BT11,GE). LA and RA segmental and global peak strains-positive (εPos), negative 

(εNeg); and peak SRs-positive (SRPos), early negative (SR Early Neg) and late negative (SR Late Neg) 

were measured. Linear and non-linear regressions of ε and SR were performed with age and 

heart rate (HR). Relationships of ε and SR with ventricular inflow Doppler and myocardial tissue 

Doppler indices were explored. Age range was 3 days to 20 years, and BSA 0.17 to 2.3 m2 for 

the study cohort. Mean ± SD for global (%) LA εPos, εNeg, RA εPos, and εNeg were 28±9, -16±6, 

23±9, and -15±6 respectively. Positive correlations were found for global atrial εPos and εNeg with 

age (p<0.001). Marked rate of changes in ε and SR was seen in the first year of life, reaching 

normal adult values by adolescence. SRPos had strong negative correlation with age and SREarly 

Neg had strong positive correlation with age (P<0.001), whilst SRLate Neg correlated non-linearly. 

HR and age both influenced all LA and RA ε and SR indices. 

Conclusions 
Maturational changes in LA and RA ε and SR occur in normal children, and are especially 

profound in infancy. Consequently, LA and RA performance indices must be interpreted in light 

of HR and age. Normal values and percentiles for atrial ε and SR reported here will provide a 

foundation for the study of pediatric atrial physiology and function in disease states. 
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INTRODUCTION 
With improved understanding of the role of the atrium in modulating ventricular filling and 

performance, the assessment of atrial function has emerged as a useful tool in the evaluation of 

heart failure. The left atrium (LA) has three principal functions during the cardiac cycle- it serves 

as a reservoir that collects pulmonary venous blood during ventricular systole, a passive conduit 

of stored blood to the left ventricle (LV) during early diastole, and a booster during late diastole1. 

The active contractile component of the atria supplements ventricular volume in the setting of 

ventricular dysfunction, and this augmented atrial ‘booster pump’ compensates for decreased 

early filling in patients with decreased ventricular compliance1, 2. Diastolic dysfunction leads to 

LA remodeling, and estimation of LA volume is therefore considered an important marker of the 

chronicity and severity of diastolic dysfunction3.  Similar to the LA, three phases of function has 

been described for the right atrium (RA) as well. These correspond to RA filling during 

ventricular systole (reservoir function), flow from the RA into the right ventricle during diastole 

before the P wave (conduit function) and active contraction during atrial systole (contractile 

function).  

Newer echocardiographic tools of strain (ε) and strain rate (SR) allow quantification of atrial 

performance and function independent of cardiac translational motion and tethering effects.  

Recently, two-dimensional speckle tracking echocardiography  (2D-STE) derived atrial ε has 

been used to assess atrial function in hypertension4, hypertrophic cardiomyopathy5 and diastolic 

heart failure in adults6. LA ε may be impaired in hypertensive or diabetic adults even in the 

presence of normal LA size3. LA ε has been proposed as a prognostic indicator in patients with 

atrial fibrillation7 and after acute myocardial infarction8, 9. A stronger association with 

prospective risk of atrial fibrillation was shown for LA ε than with LA size10, and LA ε was 

predictive of recurrence after ablation procedures11-13. Decreased LASR was independently 

associated with stroke in patients with atrial fibrillation14. LA function by 2D-STE has also been 

proposed as a sensitive tool for detecting abnormal left atrio-ventriculo-arterial coupling15. A 

small number 2D-STE based ε and SR studies have been performed for the right atrium (RA) as 

well 16, 17 and reference ranges reported for adults16. Abnormal RA ε was shown to be associated 

with pulmonary hypertension in patients with heart failure17. 

Several pediatric heart diseases are associated with increased ventricular stiffness or decreased 

compliance, which in turn may lead to elevated atrial pressure and atrial remodeling18. Similar to 



 30 

the assessment of diastolic heart failure in adults, atrial ε and SR indices derived by 2D-STE may 

provide insights into atrial function in pediatric and adolescent heart disease.  Normal values for 

2D-STE derived LA ε and SR are established in adults19, 20, but pediatric data is lacking. 

Moreover, maturational characteristics of atrial ε and SR from infancy through childhood and 

adolescence have not been previously studied. The aims of the present study were (1) to 

investigate normal ε and SR for the LA and RA in infants and children, and (2) to correlate ε and 

SR values with Doppler derived indices of ventricular diastolic function. 

 
METHODS 
Patients 
This was a single center prospective investigation from October 2010 to October 2011. The 

Institutional Review Board approved the study protocol. Infants, children and adolescents who 

underwent standard of care echocardiographic screening for evaluation of heart murmur or chest 

pain and found to have completely normal echocardiograms were prospectively enrolled for 

acquisition of research images. Subjects with a previous history of any heart disease, 

hypertension or any other systemic disease were excluded even if the screening echocardiogram 

showed normal intracardiac structure and function. Demographic data was collected, including 

gender, date of birth, height, weight, heart rate (HR) and systemic blood pressure. Body surface 

area (BSA) was calculated using the Haycock formula.  

Image Acquisition 
All examinations were performed using Vivid 7 systems (GE Medical Systems, Milwaukee, WI) 

and consisted of 3-beat high-frame rate (92r30Hz) captures in two-chamber, three-chamber and 

four-chamber views acquired during quiet breathing, with special care taken to include the entire 

circumference of both the atria in all 3 views.  These measures were taken to optimize temporal 

resolution and spatial definition, and thereby enhance the feasibility of frame-to-frame 

tracking21. Electrocardiograms were recorded simultaneously to time the events during 

subsequent analysis. Three experienced sonographers performed all acquisitions.  

Measurement of Atrial strain and strain rate 

Off-line semi-automated analysis was performed using commercially available software for 2D-

STE (EchoPac BT11, GE). The LA endocardial surfaces were manually traced in apical four, 

three, and two-chamber images by a point-and-click approach when chamber was at its minimum 
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Figure 1: Panel A demonstrates tracking of the LA in 
two, three and four-chamber views and RA in the four-
chamber view. Panel B shows LA strain curves and 
measurements obtained in a neonate and in a 17 year old. 

volume after contraction. Assessment of RA deformation was based on the four chamber 

acquisitions alone. The software, creating a region of interest, automatically generated an 

epicardial surface tracing. The region of interest was adjusted to fit the atrial wall thickness 

before the automated tracking algorithm was applied.  The 

tracking performance was reviewed to ensure accurate 

tracking of the atrial myocardium, and adjustments made to 

the region of interest width and shape manually before the 

algorithm was reapplied when necessary. The software 

divided the region of interest into 6 segments, and the 

resulting tracking quality for each segment was 

automatically scored as either acceptable or non-acceptable, 

with the possibility of further manual correction. In the 3-

chamber view, only the infero-posterior wall indices were 

measured (the opposing wall that had ascending aorta was 

excluded from analysis results)19, 20. This constituted 15 

equidistant regions of the LA, 6 in the apical 4-chamber 

view, 6 in the apical two- chamber view, and 3 in the 

inferoposterior wall in the long axis. 

Velocity, ε and SR curves for each 

atrial segment were obtained based 

on a 15-segment model19 for the LA and a 6-segment model for the RA (Figure 1 panel A).  

Strain and SR time plots were displayed for manual measurements. Global and segmental values 

for peak positive strain (εPos), peak negative strain (εNeg), peak early negative strain rate (SREarly 

Neg), peak late negative strain rate (SRLate Neg), and peak positive strain rate (SRPos) were 

measured with the start of the cardiac cycle set as the onset of P wave of the electrocardiogram 

(Figure1 panel B). This method was described by Vianna-Pinton et al.20 and has been endorsed 

by the ASE/EAE Consensus Statement on Methodology and Indications for the quantitative 

evaluation of cardiac mechanics. 22Accordingly, the first negative peak atrial longitudinal strain 

εNeg (corresponding to atrial systole/ contractile function), and the second positive peak atrial 

strain εPos (corresponding to LA conduit function) were measured. The three SR parameters 
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(SRLate Neg, SR Positive and SREarly Neg) that respectively correspond to atrial systole, commencement 

of ventricular systole, and commencement of ventricular diastole were measured.  

Measurement of atrial volumes and indices of systolic and diastolic function 
Atrial volumes were calculated using the biplane Simpson’s method for the LA23. For each 

cardiac cycle, average of 3 separate measurements of the maximum atrial volume (measured just 

before the opening of the mitral valve), and minimum atrial volume (at the closure of the mitral 

valve) were performed, and indexed to body surface area. The total LA stroke volume (ml) was 

calculated as the difference between the maximum and minimum LA volumes. The total LA 

emptying fraction (%) was calculated as total LA stroke volume/maximum LA volume) X 100 

and the LA expansion index (%) was calculated as total LA stroke volume/minimum LA volume) 

X 100, as described previously19, 24  The mitral and tricuspid inflow Doppler (‘E’ and ‘A’); right 

upper pulmonary vein Doppler (systolic ‘S’ and diastolic ‘D’)23, and mitral annular, septal and 

tricuspid annular tissue Doppler indices were measured. The mitral E’ from the lateral mitral 

annulus was used to calculate E/E’. Volumetric LV ejection fraction was measured using the two-

dimensional area-length method; volumes were obtained by the formula 5/6 x basal area in 

parasternal short axis x length in apical 4-chamber view. 

Data were presented by age category.  Current guidelines25 for doing so suggest that researchers 

should consider using the definitions set forth by the Eunice Kennedy Shriver National Institute 

of Child Health and Human Development (NICHD), but use smaller or wider age ranges when 

appropriate, provide justification for modifications in age ranges, and document whether the 

modifications were decided a priori.  In our work, deviations from NICHD stages were made for 

two reasons:  (1) allow for meaningful analysis of the very young, for whom we suspected 

results might be markedly different from older children, and (2) set the other age categories large 

enough for meaningful analysis, but approximately equal in size. The age categories were, 

therefore set a priori, and compare to the NICHD stage definitions as follows:   We combined 

‘neonatal’ and ‘infancy’ stages to form a 0-1 year group, ending at the first birthday.  A 1-5 year 

group, ending at the fifth birthday, represents a combination of ‘toddler’ and minimally modified 

‘early childhood’ stage.  A 5-10 year group, ending on the tenth birthday, corresponds mostly to 

their ‘middle childhood’ stage.  The 10-15 year group, ending on the fifteenth birthday, 

corresponds somewhat to their ‘early adolescence’ stage.  The 15-20 year group, ending at the 

twentieth birthday, corresponds mostly to their ‘late adolescence’ stage. 
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Statistical analysis 
Continuous variables were expressed as mean±SD and discrete variables as percentages. 

Univariate regressions of each ε and SR parameter with age, and HR were performed. Based on 

inspection of the shape of the relation between independent variable age and dependent strain or 

SR parameter, a suitable model was chosen that appeared likely to express the relation 

accurately.  The models chosen included: (1) linear (y=ax+b), (2) concave power (y=axb), (3) 

convex asymptotic regression (y=a-be-cx , where b<0 and c>0), and (4) concave asymptotic 

regression (y=a-be-cx , where b>0 and c>0).  Pearson correlation coefficients were calculated.  To 

evaluate their bivariate associations, least squares regression was performed for each strain and 

SR parameter using age and HR as independent variables, and a model (of the form 

y=a+bHR+cAge) was generated with 95% prediction limits calculated.  With HR on the abscissa 

and age on the ordinate, iso-y contours were plotted to produce a chart from which predicted y 

could be determined at the intersection of any given HR and age.  Analogous processes using the 

upper 95% prediction limit and the lower 95% prediction limit yielded the +2 z-score and -2 z-

score contour plots, respectively. These contour plots depicted the mean, 2 standard deviations 

above the mean, and 2 standard deviations below the mean of each of these indices as a function 

of age and HR. Correlations were explored for ε and SR measurements with Doppler indices. To 

assess the intraobserver and interobserver agreement, all measurements were repeated in 20 

randomly chosen subjects by the primary observer (four weeks after the first measurement) and 

by a second blinded observer. Bland-Altman plots and mean percentage errors were derived to 

assess these agreements26. Mean percentage error was calculated as the absolute difference 

between the two sets of observations, divided by the mean of the observations: {Absolute (X1-

X2)/Mean (X1, X2)} x 100, where X1-X2 is the absolute value of the difference between observer 

1 and observer 2.  In addition, intraclass correlation coefficients were calculated according to 

standard methodology27. Statistical analysis was performed using commercially available 

software (Minitab version 16.1, Minitab Inc., State College, PA). 

 
RESULTS 
Subject characteristics 
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The study group consisted of 153 subjects; demographics are illustrated in Table 1. Subjects 

were subdivided into five age groups, <1 year, 1-5 years, 5-10 years, 10-15 years and 15-20 

years. Table 2 demonstrates the mean ±SD values for peak εPos and εNeg in each atrial segment. 

 

Table 1- Demographic and anthropometric characteristics of study subjects (n = 153) 

categorized by age group 

Variable ≤1year 1-5 years 5-10 years 10-15years 15-20 years 

Number of subjects 24 21 29 45 34 

Male/Female 11/24 12/21 18/29 32/45 23/34 

Age (years) 0.2 ± 0.2 3.4 ± 1.1 7.0 ± 1.3 12.6 ± 1.4 16.7 ± 0.9 

Height (cm) 56.4 ± 7.2 99.5 ± 10.8 120.8 ± 10.8 157.1 ± 11.8 174.5 ± 9.4 

Weight (kg) 4.8 ± 2.1 17.2 ± 6.8 26.6 ± 9.8 50.9 ± 16.0 72.5 ± 14.7 

BSA* (m2) 0.3 ± 0.1 0.7 ± 0.2 0.9 ± 0.2 1.5 ±0.3 1.9 ± 0.2 

BMI*(kg/m2) 14.6 ± 2.7 16.9 ± 4.1 18.1 ± 5.5 20.4 ± 5.5 23.7 ± 3.9 

HR* (beats/min) 44.3 ± 14.1 106.2 ± 16.9 81.8 ± 10.6 75.7 ± 14.8 67.4 ± 11.7 

EF* (%) 68.5 ± 5.5 68.1 ± 3.8 67.4 ± 4.8 64.7 ± 3.5 63.0 ± 5.9 
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Table 2- Mean±SD values for peak εPos and εNeg in each atrial segment 

*εPos =global peak positive strain; εNeg =global peak negative strain 

 

  ≤1year 1-5 years 5-10 years 10-15 years 15-20 years 

  εPos
* (%) εNeg

* (%) εPos (%) εNeg (%) εPos (%) εNeg (%) εPos (%) εNeg (%) εPos (%) εNeg (%) 

 Basal lateral 30.0 ± 
18.4 

-42.6 ± 
18.3 

40.9 ± 
17.6 

-43.6 ± 
16.7 

56.2 ± 
17.2 

-33.4 ± 
12.4 

54.5 ± 
20.2 

-29.5 ± 
12.1 

43.8 ± 
14.4 

-25.6 ± 
10.4 

 Mid lateral 17.7 ± 
9.8 

-27.8 ± 
14.0 

29.0 ± 
14.2 

-29.7 ± 
12.4 

40.1 ± 
13.2 

-25.2 ± 
8.8 

39.2 ± 
14.8 

-23.6 ± 
8.1 

36.0 ± 
11.9 

-21.2 ± 
8.5 

 Apical 
lateral 

9.7 ± 7.1 -14.2 ± 
8.1 

15.1 ± 
8.9 

-13.1 ± 
6.9 

18.5 ± 
12.4 

-14.3 ± 
5.1 

16.9 ± 
9.4 

-13.5 ± 
6.9 

21.8 ± 
12.3 

-13.1 ± 
6.9 

 Apical 
septal 

8.2 ± 6.0 -12.4 ± 
4.5 

13.0 ± 
8.3 

-10.2 ± 
5.5 

16.9 ± 
10.5 

-9.5 ± 4.7 12.2 ± 
5.6 

-9.2 ± 5.2 16.0 ± 
9.2 

-8.4 ± 4.0 

 Mid septal 11.5 ± 
9.8 

-16.8 ± 
5.8 

19.5 ± 
7.8 

-14.2 ± 
6.3 

24.1 ± 
11.0 

-10.2 ± 
5.6 

19.9 ± 
9.0 

-9.4 ± 4.9 19.9 ± 
8.6 

-8.2 ± 3.7 

 Basal septal 14.8 ± 
13.7 

-21.9 ± 
8.5 

26.2 ± 
10.9 

-20.9 ± 
8.9 

33.5 ± 
11.5 

-13.6 ± 
5.4 

31.5 ± 
12.3 

-13.3 ± 
5.1 

30.4 ± 
9.2 

-12.4 ± 
5.6 

A 
2CH 

Basal 
inferior 

21.0 ± 
14.9 

-32.3 ± 
10.0 

39.8 ± 
14.9 

-26.7 ± 
11.7 

48.0 ± 
11.0 

-18.8 ± 
7.3 

48.5 ± 
20.3 

-18.3 ± 
7.3 

44.4 ± 
16.6 

-14.2 ± 
5.5 

 Mid inferior 15.9 ± 
10.9 

-28.9 ± 
9.8 

34.9 ± 
11.9 

-23.2 ± 
9.2 

42.6 ± 
9.9 

-16.7 ± 
5.2 

39.1 ± 
13.2 

-16.1 ± 
5.9 

36.4 ± 
13.3 

-13.6 ± 
5.3 

 Apical 
inferior 

14.9 ± 
10.7 

-23.4 ± 
11.6 

26.5 ± 
11.7 

-20.3 ± 
9.5 

29.4 ± 
11.9 

-15.1 ± 
7.0 

22.4 ± 
9.1 

-15.1 ± 
6.9 

23.8 ± 
12.7 

-13.7 ± 
5.7 

 Apical 
anterior 

14.4 ± 
9.6 

-22.5± 
11.5 

25.2 ± 
11.1 

-21.8 ± 
9.0 

27.2 ± 
10.0 

-15.7 ± 
7.1 

19.4 ± 
11.0 

-15.2 ± 
8.0 

22.0 ± 
11.1 

-13.5 ± 
4.9 

 Mid anterior 15.4 ± 
10.4 

-24.2± 
10.0 

26.8 ± 
12.1 

-22.6 ± 
7.6 

33.7 ± 
8.0 

-16.0 ± 
6.7 

25.8 ± 
11.8 

-15.7 ± 
7.1 

27.6 ± 
8.0 

-12.8 ± 
4.2 

 Basal 
anterior 

15.8 ± 
10.6 

-26.0 ± 
10.2 

26.4 ± 
11.6 

-23.3 ± 
9.0 

38.5 ± 
14.3 

-15.5 ± 
7.8 

34.5 ± 
15.3 

-16.4 ± 
7.1 

33.6 ± 
14.4 

-12.5 ± 
5.0 

A 
3CH 

Basal 
posterior 

20.0 ± 
11.5 

-33.3 ± 
12.9 

44.6 ± 
16.7 

-20.6 ± 
10.0 

49.1 ± 
14.5 

-15.9 ± 
5.2 

44.3 ± 
12.8 

-15.0 ± 
7.3 

41.7 ± 
12.2 

-14.1 ± 
4.8 

 Mid 
posterior 

14.9 ± 
8.9 

-25.3 ± 
10.1 

33.0 ± 
11.0 

-19.2 ± 
8.1 

37.3 ± 
10.0 

-14.8 ± 
4.9 

32.0 ± 
8.8 

-12.8 ± 
6.5 

32.6 ± 
9.1 

-12.3 ± 
4.0 

 Apical 
posterior 

11.1 ± 
8.2 

-20.9 ± 
9.4 

24.7 ± 
12.8 

-19.0 ± 
6.2 

27.9 ± 
10.5 

-15.4 ± 
6.5 

23.1 ± 
10.1 

-15.0 ± 
5.6 

25.4 ± 
11.4 

-13.7 ± 
6.0 

A 
4CH 

Basal lateral 13.4 ± 
9.0 

-25.9 ± 
8.5 

24.5 ± 
10.4 

-21.3 ± 
9.3 

31.4 ± 
7.3 

-14.4 ± 
6.0 

29.4 ± 
9.8 

-13.0 ± 
4.9 

29.8 ± 
10.7 

-12.2 ± 
6.0 

 Mid lateral 13.5 ± 
9.0 

-25.3 ± 
6.8 

26.6 ± 
12.1 

-21.2 ± 
8.4 

30.9 ± 
6.2 

-13.9 ± 
4.5 

29.7 ± 
8.6 

-12.3 ± 
4.6 

29.0 ± 
10.0 

-12.0 
±5.0 

 Apical 
lateral 

13.4 ± 
9.9 

-23.2 ± 
7.2 

28.1 ± 
15.8 

-21.7 ± 
9.0 

27.3 ± 
7.7 

-13.3 ± 
4.1 

29.3 ± 
10.3 

-12.3 ± 
5.7 

26.4 ± 
7.4 

-12.0 
±5.4 

 Apical 
septal 

11.7 ± 
9.0 

-19.6 ± 
9.6 

25.9 ± 
16.1 

-19.5 ± 
11.7 

23.0 ± 
9.2 

-11.6 ±0 
5.3 

25.3 ± 
13.0 

-11.7 ± 
6.0 

21.4 ± 
10.4 

-11.0 
±6.8 

 Mid septal 12.0 ± 
7.9 

-22.6 ± 
11.0 

28.3 ± 
12.8 

-20.9 ± 
11.0 

31.2 ± 
7.3 

-12.7 ± 
5.6 

31.2 ± 
10.4 

-12.1 ± 
5.0 

27.2 ± 
11.7 

-11.4 
±5.4 

 Basal septal 16.3 ± 
12.1 

-29.6 ± 
10.4 

37.4 ± 
15.1 

-26.3 ± 
12.8 

47.4 ± 
11.9 

-16.4 ± 
7.5 

46.5 ± 
12.4 

-15.7 ± 
7.4 

41.6 ± 
14.0 

-13.6 
±5.7 



 36 

Atrial strain and strain rate with age  

The correlations of LA ε and SR indices with age are shown in Figure 2. Mean±SD for global 

(%) LA εPos and εNeg were 28±9 and -16±6 respectively. The LA global peak εpos (the strain when 

the atrial wall is maximally stretched) was found to have a non-linear positive correlation with 

age (P <0.001). There was marked increase in global εpos values seen in the first two years of life. 

For LA global εNeg, the relationship was a gradual change with age. The LA SRPos (mean 

2.36±0.60) showed a non-linear negative correlation with age, whereas the LA SR Early Neg (mean 

-3.54±0.99) and SR Late Neg (mean -2.80±1.23) reached adult values by adolescence.  

For the RA, the mean±SD (%) for global peak εPos and εNeg were 23±9 and -15±6 respectively.  

The RA global εpos showed a positive correlation with age with rapid change in values in infancy, 

similar to LA global εPos. The RA global εNeg also demonstrated positive linear correlation with 

age. The RA SRPos (mean 2.22±0.74) showed a negative correlation with age, while both RA SR 

Early Neg (mean -2.42±0.98) and SR Late Neg (mean -2.20±1.03) had positive non-linear correlations 

with age. These findings are demonstrated in Figure 3. 

Atrial strain and Heart Rate 
        The results above showed that the relation between age and atrial ε/SR was strong, 

but because age and HR are highly correlated, the question remained: was this due to 

maturational changes in the myocardium, or to age-related change in HR. To address this, 

contour plots were generated demonstrating the interplay of age and HR on atrial ε and SR 

(online appendix Figures A-D).  With HR on the abscissa and age on the ordinate of these plots, 

the contour lines represent iso-parametric lines. If atrial function parametric variation 
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Figure 2: Correlations of LA 
ε and SR indices with age 

Figure 3: Correlations of RA ε 
and SR indices with age 

in our sample could be 

accounted for solely on the 

basis of changes in age, the 

iso-parametric lines would 

be horizontal. Conversely, if 

the variation were due solely 

to HR changes, the contour 

lines would be vertical. In 

actuality, the contours were 

oblique, consistent with 

variation that requires 

consideration of both age 

and HR to express 

adequately. Table 3 

summarizes the associations 

between age, HR, and atrial 

contractile, conduit, and 

reservoir functions. 

Correlation with Diastolic 

Function and DTI Indices  

These results are shown in 

Table 4. All ε and SR 

indices for the LA (εPos, εNeg, 

SR Pos, SR Early Neg and SR 

Late Neg) showed statistically 

significant correlations with 

mitral E/A, mitral E/E' 

(Figure 4) and pulmonary 

vein S/D ratios (Figure 5). 

RA εPos showed a 

significant negative 



Figure A-D: Contour plots for mean, 2 
standard deviations above the mean, and 2 
standard deviations below the mean of (A) 
LA εPos and εNeg as a function of age and 
heart rate, (B)  LA SR Peak Pos, SR Early Neg 
and SR Late Neg as a function of age and heart 
rate, (C) RA εPos and εNeg as a function of 
age and heart rate., and (D)  RA SR Peak Pos, 
SR Early Neg and SR Late Neg as a function of 
age and heart rate.   The colors serve to 
distinguish neighboring contours. 

correlation with tricuspid inflow E/A, while no significant  association was seen with tricuspid 

annular tissue Doppler indices.  

 The mean ± SD for indexed maximum and 

minimum LA volume (ml/m2) was 21.4± 5 

(range 10.6-33).   The mean total LA stroke 

volume (ml/m2) was 16.2± 4.1 (range 7.3-

26.7).  The mean total LA emptying fraction  

(%) and expansion index (%) were 75.7± 5.3 

(range 62.4-86.8) and 315 ± 89 (range 112-

527) respectively. The regression models 

derived for LA ε and SR against volumetric 

indices showed weaker correlations compared 

to regressions against age and HR. These 

results are shown in Table 5. 

 Intraclass correlation coefficients were 

generally quite high for both intra- and inter-

observer comparisons, with somewhat poorer 

agreement for the RA measures (Table 6). 

Bland-Altman plots showed that there was an acceptable agreement between two separate 

measurements done by the first observer four weeks apart (Figures 6 and 7) and between the 

measurements made by two observers (Figures 8 and 9). The mean percentage error between 

observers for εPos, εNeg, SR Pos, SR Early Neg and SR Late Neg for the LA were 11%, 21%, 10%, 12.5% 



and 15% respectively. The respective percentages for the RA indices were 18, 25, 19, 13 and 

17%. 

Table 3- Associations of atrial contractile, conduit, and reservoir function with age and 
heart rate 
Aspect of atrial function LA and RA Index With HR↑ ** With age↑** 

Contractile εNeg ↑ ↓ 
 SRLate Neg ↑ ↓ 
Conduit SR Early Neg ↑ ↓ 

 εPos ↓ ↑ 
Reservoir SRPos ↑ ↓ 
**Arrows indicate change in absolute value; *εPos =global peak positive strain; εNeg =global peak 
negative strain; HR=heart rate; SR=strain rate 
 
Table 4. Correlation of strain and strain rate indices with Doppler indices 
LA indices Mitral E/A – P value (r2) Mitral E/E’ – P value (r2) Pulmonary S/D – P value (r2) 

εPos <0.001 (+12.5) * 0.041 (-2.7) * <0.001 (-9.8) * 

εNeg <0.001 (+11.4) * 0.002 (-7.0) * <0.001 (-14.8) * 

SRPos* <0.001 (-12.1) * 0.011 (+4.4) * 0.002 (+7.0) * 
SR Early Neg 0.021 (+4.3) * 0.025 (-4.2) * 0.001 (-7.2) * 

SRLate Neg <0.001 (+20.0) * <0.001 (-11.9) * <0.001 (-21.5) * 

 

RA indices Tricuspid E/A – P value (r2) Tricuspid E/E’ – P value (r2) 

εPos* 0.003 (-14.9) * 0.685 (0) 

εNeg* 0.381 (0) 0.395 (0) 

SRPos 0.417 (0) 0.803 (0) 

SR Early Neg 0.131 (0) 0.816 (0) 

SRLate Neg 0.379 (2.3) 0.827 (0) 

*Statistically significant; SR- strain rate; εPos =global peak positive strain; εNeg =global peak 
negative strain 
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Table 5. Correlations (adjusted R2 values) of LA strain and strain rate with volumetric 

indices indexed to body surface area 

 

Table 6. Intraobserver and Interobserver concordance 

Measurement Intraobserver Interobserver 

 ICC Lower CL 95% Upper CL 95% ICC Lower CL 95% Upper CL 95% 

LA εPos 0.974 0.790 0.999 0.972 0.787 0.999 

LA εNeg 0.956 0.761 0.998 0.965 0.775 0.999 

LA SRPos 0.810 0.575 0.948 0.926 0.718 0.993 

LA SREarly Neg 0.919 0.709 0.992 0.868 0.661 0.975 

LA SRLate Neg 0.897 0.679 0.987 0.920 0.710 0.992 

RA εPos 0.869 0.645 0.974 0.974 0.790 0.999 

RA εNeg 0.638 0.397 0.837 0.757 0.517 0.917 

RA SRPos 0.569 0.332 0.784 0.690 0.447 0.874 

RA SREarly Neg 0.756 0.515 0.917 0.821 0.587 0.954 

RA SRLate Neg 0.708 0.465 0.886 0.841 0.611 0.964 

ICC=Intraclass correlation coefficient, CL=confidence limits 

  

 Age HR BSA Maximum 
LA volume 

Minimum LA 
Volume 

Total LA 
Stroke volume 

Total LA 
Emptying 
Fraction 

Atrial 
Expansion 

Index 

LV Ejection 
Fraction 

LA εPos 0.177 0.380 0.146 0.123 0.064 0.117 0 0.005 0.01 

LA εNeg 0.445 0.529 0.417 0.155 0.167 0.109 0.037 0.060 0.134 

LA SRPos 0.362 0.411 0.379 0.205 0.230 0.138 0.040 0.061 0.088 

LA SREarly Neg 0.445 0.402 0.455 0.136 0.179 0.072 0.058 0.088 0.045 

LA  SRLateNeg 0.565 0.647 0.556 0.212 0.204 0.136 0.033 0.066 0.105 
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DISCUSSION 

Mitral/tricuspid inflow Doppler, mitral/tricuspid annular tissue Doppler, pulmonary venous 

Doppler and atrial volume-the well-known indices of ventricular diastolic function are indirect 

indicators of atrial performance. However, most of them have the limitations of Doppler 

including angle-dependence, underestimation of the peak velocities, and measurement parallel to 

the scan line (may not be the principal direction of motion). 2D-STE has been established as a 

useful tool to evaluate ventricular myocardial function. Similar to the ventricular counterpart, 

atrial ε and SR by 2D-STE have the potential to be used as direct indicators of atrial function. 

Normal values for ε and SR for the LA have been published in the adult literature19, 20, however 

pediatric data are unavailable. Moreover, the diastolic maturational properties of atrial function 

that may have important implications for ventricular function have not been previously 

investigated. 

Contemporary understanding of atrial physiology and function stems predominantly from studies 

on the left heart. It is known that components of LA phasic function contribute to modulation of 

LV filling. While the relative contributions of each component to LV filling and cardiac output 

are not fully understood, they are likely influenced by LV diastolic properties and performance. 

Thus atrial function and ventricular function are interdependent. The pulmonary venous inflow 

into the LA (atrial reservoir function) corresponds to LV systole and isovolumic relaxation, 

occurring after the closure and before the opening of the mitral valve. The LA to LV transit 

(atrial conduit function) corresponds to early LV diastole and diastasis, with blood passively 

flowing from the pulmonary veins into 
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Figure 4: Correlations of LA 
εPos, εNeg, SR Peak Pos, SR Early Neg 
and SR Late Neg with mitral E/E’ 

Figure 5: Correlations of LA 
εPos, εNeg, SR Peak Pos, SR Early Neg 
and SR Late Neg with pulmonary 
vein Doppler S/D ratio 

 

the LV during diastasis28. 

The “booster pump” effect 

(atrial contractile 

function) actively empties 

the LA, contributing to 

late diastolic LV filling 

and augmenting LV stroke 

volume by about 20-30%. 

The proportion of LA 

contribution to LV stroke 

volume increases further 

with impairment of LV 

relaxation22, 28.    

LV contraction serves as 

an important modulator of 

LA reservoir function, 

while LV relaxation and 

compliance are key 

modulators of atrial 

conduit and contractile 

functions29. Intrinsic 

chamber properties and 

Frank-Starling mechanism 

in the LA are additional 

factors that play a role in 

the regulation of LA 

function28. Similar to the 

LA, the RA has passive 

(reservoir and conduit) and   
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Figure 6: Bland 
Altman analysis of 
intraobserver 
agreement of LA ε 
and SR indices 

Figure 7: Bland 
Altman analysis of 
interobserver 
agreement of LA ε 
and SR indices 

Figure 8: Bland 
Altman analysis of 
intraobserver 
agreement of RA ε 
and SR indices 

Figure 9: Bland 
Altman analysis of 
interobserver 
agreement of LA ε 
and SR indices 

  
active contractile phases of function22 that likely contribute to RV filling, but RA function has 

not been well studied.  

STE measures atrial contractility and regional deformation22, and allows for assessment of global 

atrial function during one cardiac cycle. Age-specific reference values for the atria are necessary 

for the adequate interpretation of 2D-STE measurements30. The present study demonstrates 

feasibility of obtaining ε and SR for the LA and RA in infants and children. This is the first 

report of normal reference values for segmental and global atrial ε and SR in a large pediatric 

cohort. We found that atrial ε and SR values in normal children vary greatly with age and HR. 
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Therefore, expression of normal values as a function of age alone or as a function of HR alone is 

incomplete. Therefore, we have derived charts to identify expected atrial ε and SR value for 

children accounting for variations in both age and HR. It should not be surprising that changes in 

atrial function in children appear to be dependent on both HR and maturation. 

Atrial ε and SR 
Atrial εPos, an indicator of conduit function is low at young age, likely due to smaller absolute 

volumes passing through the atria. As expected, this increased with age. Most likely due to 

higher HR in infancy and early childhood, higher absolute εNeg (indicator of contractile function) 

values were noted, and declined with age to approach adult values. Concomitantly, there was a 

decrease in SRPos values with age and attaining normal adult values by adolescence, presumably 

the time when the maturation of LA reservoir function is complete.  The SR indices (SREarly Neg, 

indicator of conduit function) and (SRLate Neg, indicator of active contractile function) also 

showed incremental changes with age, and reaching a plateau by adolescence. These changes do 

suggest changes in atrial conduit contribution to ventricular filling, and likely occur along with 

changes in ventricular diastolic properties during myocardial maturation31, 32. These changes may 

be associated with increasing ventricular preload and stroke volume with increasing age32. The 

RA demonstrated changes in ε and SR indices of conduit, active contractile and reservoir 

function in a pattern similar to LA. The RA εPos values increased rapidly in infancy, εNeg values 

changed more gradually, SRPos showed a decremental pattern, and both SR Early Neg and SR Late Neg 

values showed marked rise in early infancy. This would suggest that most of the RA maturational 

changes occur in the first year of life. Changes in the pulmonary vascular resistance and RV 

compliance early in infancy could be important factors that influence these changes.  

We observed a base-to-apex gradient in the peak positive and negative strains measured in our 

subjects across all 5 age groups. For the LA, the peak ε values were highest in the segments near 

the mitral annulus and the lowest in the atrial roof near the entry of pulmonary veins. A similar 

regional distribution has been reported in adults.20 It has been proposed that this heterogeneity of 

regional function is optimized for LA early systolic filling and LV end-diastolic filling. The 

greater ε and SR in the LA segments near the mitral annulus could be helpful in directing mitral 

inflow into the inferolateral portion of LV during LA contraction.20 Our results are also in 

agreement with data in adults reported by Saraiva et al. that showed strong correlations of LA 

strains with transmitral inflow Doppler, pulmonary venous Doppler and tissue Doppler indices.19 
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HR and atrial conduit function 
To accommodate for the increase in atrial volume with somatic growth, the absolute conduit 

function must increase. Atrial εPos, therefore increases with age. On the other hand, the length of 

ventricular diastole, during which atrial conduit function takes place varies as an inverse function 

of the HR so that widely varying HRs of infants and small children produce large percentage 

changes in diastolic duration. With faster HR, atrial conduit function takes place in a shorter time 

frame, yielding the increased absolute values (more negative values) of peak SR Early Neg for the 

LA and RA observed in this study.   

HR and atrial contractile function 
Even with greater atrial conduit function, greater atrial contractile function is also required to 

satisfactorily empty the atria at high HRs. Tachycardia-associated higher end diastolic atrial 

volume at the time of atrial contraction likely results in enhanced atrial contractile function.  The 

larger absolute values (more negative values) of LA and RA εNeg and SRLate Neg observed with 

higher HRs support this concept. The observation that atrial contractile function is greater at high 

HR’s suggests that an infant depends more heavily on it than might the older child or adult. This 

may have implications for special hemodynamic importance of atrio-ventricular synchrony in 

infants. 

HR and atrial reservoir function 
Atrial SRPos, an indicator of atrial reservoir activity increased slightly with tachycardia, likely 

due to a shorter ventricular systole. Because systole shortens considerably less with tachycardia 

than does diastole, on a percentage basis, the increase in atrial SRPos is much more modest than 

the increases in diastolic SR.  

Maturational factors and atrial ε in children 
Atrial ε and SR also vary with age independent of HR, suggesting that there are maturational 

influences on atrial function. Ventricular compliance falls with age33, so it is not surprising to see 

decreases in atrial contractile function manifested by decreasing absolute values of atrial εNeg 

and SRLate Neg with increasing age.  We also found decreases in SRPos with age indicating that LA 

and RA reservoir function decrease with maturation.  Although the magnitude and time course of 

atrial wall thickening (and the impact this may have on atrial compliance) during childhood is 

not well worked out, we speculate that the atrial walls may gradually become less compliant 

between infancy and adulthood.   
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Our study does have several limitations. Application of 2D-STE for the atria has technical 

difficulties due to the thinner myocardium compared to ventricles. The thin myocardium affected 

signal quality resulting in suboptimal tracking in our smaller sized subjects. This occurred more 

commonly in the region of the atrial roof (apical segments), particularly for the RA. The entry 

sites of pulmonary and systemic veins were included as a part of the LA and RA respectively, in 

the apical 4-chamber view and might have affected the quality of tracking. Accuracy of LA 

tracking could also be affected by the potential inclusion of LA appendage among segments 

tracked in the apical 2-chamber view. The interatrial septum was included in the tracking of both 

LA and RA. Software specifically designed for analysis of atrial ε and SR is not available. All 

currently available 2D-STE software have been developed for assessment of the ventricles, and 

tracking algorithms are based on ‘‘normal’’ LV myocardial mechanics. This may have 

erroneously affected segmental atrial ε and SR values. Because cardiac motion is three-

dimensional, the myocardial displacement vector has three components. 2D-STE is inherently 

limited in its ability to track one of the three components.22 Three-dimensional STE (3D-STE), 

with its ability to track speckles irrespective of their direction, could potentially improve the 

accuracy of tracking.34  Despite the low temporal resolution of 3D-STE, studies performed for 

the LV using 3D-STE have shown feasibility of analyzing more myocardial segments at a 

reduced post-processing time compared to 2D-STE.35 Application of 3D-STE for the study of 

atrial function needs to be explored. Finally, issues of reproducibility and interobserver 

variability of measurements, and intervendor discordance may represent a limitation to clinical 

application (especially for the RA), at the current stage of quantitative STE technologies34-36.  

 
CONCLUSIONS 
Changes in LA and RA ε and SR occur in normal children, and are especially profound in 

infancy. Changes in atrial ε and SR appear to depend on both HR changes and age-related 

maturational influences. Consequently, LA and RA performance indices must be interpreted in 

light of patient HR and age. LA ε and SR rate correlate well with Doppler indices of diastolic 

function. This study establishes global and segmental reference values for atrial ε and SR across 

the pediatric age group using 2D-STE. Normal values reported here would provide a foundation 

for the study of pediatric atrial function in disease states. Correlation of these atrial ε and SR data 

with those in disease states is an important next step.  
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ABSTRACT  
Background: 
Velocity Vector Imaging (VVI) is a novel technique to assess regional myocardial mechanics. We 

evaluated the utility of VVI in the assessment of right ventricular (RV) function in normal 

children. 

Methods:  
RV images (apical 4 chamber view, high frame rate capture) from 30 normal children (mean 8.7 

years; range 1.1-18) were selected. Longitudinal myocardial velocities, peak systolic strain 

(PSS), maximal longitudinal displacement (LD) and times to peak for these parameters were 

obtained from 6 RV segments. Simultaneous DTI derived peak systolic and early diastolic 

velocities were obtained from the free tricuspid annulus. Measurements were made 

independently by 2 observers.  

Results:  
Qualitative analysis shows dominant longitudinal systolic and diastolic myocardial motion, 

particularly at the basal segments. Velocities and LD were greatest at the basal segments and 

decreased from base to apex. PSS values were less consistent between segments and observers, 

with the greatest PSS generally found in the apical segments. LD and time to peak displacement 

(TPD) were the most reproducible. TPD in the basal segments were strikingly similar in each 

patient and correlated with R-R intervals. Peak diastolic velocities in the right base did correlate 

with corresponding annular DTI velocities; DTI velocities were consistently higher than VVI 

velocities. 

Conclusions:  
RV segmental velocities and LD are reliably obtained by VVI. PSS is less reproducible. LD is a 

reproducible measure of systolic function and TPD appears to be useful in the assessment of 

synchrony. Correlation of these findings with children who have known RV pathology is an 

important next step. 
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INTRODUCTION 
Evaluation of right ventricular (RV) function by echocardiography remains difficult due to the 

complex chamber geometry. Doppler tissue imaging (DTI) provides a method for quantitation of 

regional function; 1,2 DTI derived annular motion velocities have been characterized and 

reference values published in children and adults.3-8  Myocardial strain and strain rate quantifies 

myocardial deformation while negating the effects of cardiac translational motion and local 

tethering effects.9-11 Limitations related to angle dependence as well as signal noise have 

compromised the clinical acceptance of DTI; these limitations hold true for DTI derived strain 

and strain rate measurements12, and therefore a Doppler independent technique would be 

attractive.13 

Velocity vector imaging (VVI) is a novel approach that is Doppler independent and allows 

measurement of myocardial velocity and deformation. This technology utilizes ultrasonic speckle 

tracking to derive directionally unconstrained imaging of myocardial motion.14 Speckles are 

ultrasound reflectors within tissue and are highly reproducible. The geometric position of 

speckles changes from frame to frame with the surrounding tissue motion. Speckle tracking 

analyzes tissue movement by integrating frame to frame changes, the geometric shift of each 

speckle denoting tissue motion. VVI computes and displays multiple derivative parameters 

including peak systolic and diastolic velocities, peak longitudinal displacement, peak systolic 

strain and times to peak for these parameters from the tracked endocardial contour by advanced 

analyses.15 Strain is computed from the changing distance between the tracked trace points plus 

the differences in velocity of the tissue moving behind these points. Strain reflects the relative 

change in distance between points of tissue along the border, characterizing the deformation 

properties of the muscle. RV function in the pediatric population has not been evaluated with 

automated tracking and 2-dimensional strain imaging previously. 
The purposes of our study were (1) to evaluate the feasibility and reproducibility of 

echocardiographically derived VVI in the assessment of global and regional RV function in 

normal children; (2) to derive normal reference values for peak systolic and diastolic myocardial 

velocities, peak systolic strain and maximal longitudinal displacement of RV segments in normal 

children using VVI; and (3) to compare VVI derived peak systolic and diastolic velocities from 

the basal free wall of RV with DTI derived peak systolic and early diastolic velocities from the 

tricuspid free wall annulus. 
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Figure 1: VVI display of RV endocardial 
velocities with direction and magnitude of 
local velocities (arrows) 

Figure 2: VVI velocity map displaying 
velocities throughout the cardiac cycle from the 
6 RV segments with segmental time to peak 
velocity superimposed on a schematic drawing 
of the RV 

 

MATERIALS AND METHODS 
The study protocol was approved by the Institutional Review Board on human research. The 

study group consisted of 30 normal children (Table 1) from ages 1 to 18 years (mean age 8.7 

years) with a mean R-R interval of 786.5 ms (481-1208). Echocardiograms were performed in 

these subjects as part of the diagnostic evaluation of a heart murmur or chest pain, and all had 

shown normal intracardiac structure and function. Although no ejection fraction was calculated 

for the RV because of limitations in assessment of RV ejection fraction using 2D 

echocardiography, all subjects had qualitatively 

normal RV function.  VVI analysis was performed 

on digitally acquired images on Sequoia ultrasound 

systems (Siemens Medical Solutions USA, Inc., 

Mountain View, California). syngo® Velocity 

Vector Imaging™ technology (Siemens Medical 

Solutions USA INC, Mountain View, CA) was used 

to display and measure global and regional 

myocardial motion and mechanics of the right 

ventricle. All measurements were performed on a 

TomTec workstation (TomTec Imaging Systems 

GmbH, Unterschleissheim, Germany) in a stepwise 

manner as follows: 1) High quality images from the apical 4 chamber view at the cardiac crux 

were utilized, and a single beat acoustic capture 

with frame rates 70-120 per cardiac cycle was 

selected. Frame rate was optimized by narrowing 

the ultrasound window to only include the RV and 

by selecting processing settings that enhanced 

temporal resolution.  Digital clips that clearly 

visualized the RV endocardium were selected. 2) A 
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Figure 3: VVI strain map displaying percentage 
strain throughout the cardiac cycle from the 6 
RV segments with segmental time to peak 
systolic strain superimposed on a schematic 
drawing of the RV   

Figure 4: VVI displacement map displaying 
longitudinal displacement throughout the cardiac 
cycle from the 6 RV segments with segmental 
time to maximal displacement superimposed on 
a schematic drawing of the RV 

manual trace of the subendocardial border of the RV was performed from a still frame image and 

automatically tracked by the software. Repeated tracing was sometimes performed to optimize 

accurate endocardial border tracking, and tracings were accepted only when the VVI visual 

display mode identified myocardial borders accurately throughout the cardiac cycle. 3) Display 

of the direction and magnitude of tissue velocities throughout the cardiac cycle was obtained 

with the frame of reference at the RV apex (Figures 1 and 2). The software divides RV free wall 

and ventricular septum into six segments (basal right free wall, mid right free wall, apical right 

free wall, basal left septum, mid left septum and apical left septum) for analyses (Figure 2). 4) 

Measurement of peak longitudinal tissue velocities in systole and diastole, peak longitudinal 

displacement, peak systolic strain and times to these peak parameters was performed in the six 

segments (Figures 2, 3 and 4).  

Pulsed DTI measurements of the free wall (non-septal) tricuspid annulus were performed during 

echo image acquisition. DTI parameters included peak early diastolic annular velocity (Ea), peak  

diastolic annular velocity with atrial contraction (Aa), peak systolic annular velocity (Sa), 

isovolumic contraction (IC), isovolumic relaxation (IR), isovolumic acceleration (IVA), ejection 
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(ET) and tricuspid valve closure (TCT) times. Myocardial performance index (MPI) for the right 

ventricle was derived from these measurements as previously described.16 

All VVI and DTI parameters were generated independently by 2 observers from the respective 

initial step, i.e. selection of an optimum frame. Each observer was blinded to the data obtained 

by the other observer.  

Statistical Analysis:  

Values are expressed as mean+/- SD. Mean percentage error (MPE) was used to evaluate 

interobserver reliability. Mean percentage error is derived as the absolute difference between the 

two sets of observations, divided by the mean of the observations.  

MPE= {Absolute(X1-X2)/Mean(X1, X2)} x 100, where X1-X2 is the absolute value of the 

difference between observer 1 and observer 2.  

Bivariate relationships between measurements were visually evaluated using scatter plots and 

Pearson product-moment correlations were computed. These included correlations of each VVI 

parameter with age, R-R interval and body surface area. Correlations were obtained between 

VVI derived peak velocities from the basal free wall of RV and corresponding DTI derived peak 

velocities from the free tricuspid annulus. A P value < 0.05 was considered statistically 

significant. The statistical analysis was performed in SPSS version 14.0 (SPSS Inc. Chicago, IL). 

 
RESULTS  

Patient characteristics are shown in Table I; mean age at the time of the echocardiogram was 

mean 8.7 years with a range 1.1-18 years.  Infants were intentionally excluded from analysis 

since previous studies have shown differences in RV function comparing normal infants and 

older children.5 

Table I.  Patient population 

 
VVI derived velocities 
Qualitative analysis of RV myocardial motion shows dominant longitudinal systolic and diastolic 

motion, particularly at the basal segments (Figure 1).  VVI derived peak systolic and early 

Statistics Age (Years) Weight (Kg) BSA (m2) R-R interval (ms) 
Mean 

Range 

8.69 

1.1-18 

38.9 

9.4-112 

1.18 

0.42-2.2 

786.5 

481-1208 
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diastolic velocities and time to peak systolic velocities in 6 segments of the right ventricle are 

presented in Table II.   

Table II.     Peak systolic velocities, time to peak systolic velocities and peak diastolic 

velocities for 6 RV segments 

BRFW=Basal Right Free Wall, BLS=Basal Left Septum, MRFW=Mid Right Free Wall, 

MLS=Mid Left Septum, ARFW= Apical Right Free Wall, ALS=Apical Left Septum 

Peak velocities in systole and diastole were greatest at the basal segments with progressively 

decreasing values from base to apex.  The mean peak velocities were higher in the basal free wall 

than in the basal septum.  There was no correlation found for the segmental velocities with age, 

body surface area or R-R intervals.  DTI derived parameters are shown in Table III.   

Table III.  Tricuspid free wall annular DTI findings 

DTI parameters Mean ± SD           
Velocity (cm/s), Time (ms) 
Peak systolic annular velocity (Sa)                                                                  15.3± 2.6 
Peak early diastolic annular velocity(Ea) 18.4 ± 3.2 
Peak diastolic annular velocity with atrial contraction (Aa) 10.1± 2.5 
Isovolumic contraction (IC) 75.7 ± 15.6 
Isovolumic relaxation (IR) 54.1± 14.4 
Isovolumic Acceleration peak velocity (IVA) 10.1± 2.7 
Ejection Time 266.1± 20.8 
Myocardial Performance Index (MPI) 0.33 ± 0.1 
Peak diastolic velocities in the right basal free wall did correlate with corresponding annular DTI 

velocities (R 0.46; p=0.01) as shown in Figure 5. Annular DTI velocities were consistently 

higher than VVI derived velocities.  

 
 
 
 

                   Values as mean+/-SD, Time (ms), Velocity (cm/s)          
Parameters BRFW BLS MRFW MLS ARFW ALS 
Peak Systolic velocity 7.7 ± 1.2 6.7 ± 1.0 5.5 ± 1.4 3.9 ± 0.7 2.8 ± 1.1 1.1 ± 0.4 

Time to peak systolic 
velocity 

183.6 ± 
40.5 

185.8 ± 
40.2 

185.6 ± 
37.9 

175.1 ± 
37.9 

197.1 ± 
44.5  

156.9 ± 
61.1  

Peak diastolic velocity 9.0 ± 2.1 8.4 ± 2.0 5.8 ± 1.8 5.1 ± 1.2 2.7 ± 1.0 1.2 ± 0.4 
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Figure 5: Correlation between mean VVI 
derived peak diastolic velocities from the 
basal right free wall and simultaneous peak 
diastolic annular DTI velocities from 
tricuspid free wall 

 

Figure 6: Correlation between times to peak 
displacement in the right and left basal 
segments 

 

 

Myocardial peak systolic strain 

Peak systolic strain measurements and times to peak strain in the 6 segments of the RV are 

shown in Table IV. Peak strain was usually between 20 and 30% for all segments; only the basal 

free wall averaged less that 20% (18.9%).  Though the greatest peak systolic strain values were 

generally found in the RV apical segments, strain varied between segments in a non-uniform 

pattern between patients. There was no significant correlation found with age, body surface area 

or R-R intervals.  

 Table IV.  Peak systolic strain and time to peak strain for 6 RV segments 

BRFW=Basal Right Free Wall, BLS=Basal Left Septum, MRFW=Mid Right Free Wall 

MLS=Mid Left Septum, ARFW= Apical Right Free Wall, ALS=Apical Left Septum 

Myocardial displacement and times to peak displacement 

Peak systolic longitudinal displacement and times to peak dis placement in the 6 segments of the 

RV are presented in Table V.  Peak displacement was greatest at the basal segments (13.5± 2.6 

mm in basal right free wall and 12.2 ± 2.3 mm in the basal left) with progressively decreasing  

Values as mean+/-SD, Time (ms), Strain (%) 

Parameters BRFW BLS MRFW MLS ARFW ALS 

Strain 18.9 ± 4.7 26.8 ± 8.9  25.4 ± 4.7  20.6 ± 5.5 27.4 ± 6.0 29.2 ± 5.8 

Time to peak 
strain 

325.2 ± 
61.6  

370.9 ± 
58.4 

350.1 ± 
41.8 

347.2 ± 
50.9 

357.9 ± 
48.6 

354.3 ± 
43.8 
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Figure 7a and 7b: Correlation between times to peak displacement in the right and left basal 
segments and R-R intervals left basal segments 

 

 

Table V. Maximal Longitudinal Displacement and time to peak displacement for 6 RV 
segments 

 
BRFW=Basal Right Free Wall, BLS=Basal Left Septum, MRFW=Mid Right Free Wall, 

MLS=Mid Left Septum, ARFW= Apical Right Free Wall, ALS=Apical Left Septum 

values from base to apex. Time to peak displacement in the right and left basal segments was 

strikingly similar (R 0.98, p< 0.001) as shown in Figure 6.  The time to peak displacement in the 

basal segments correlated with R-R intervals (R 0.64, p< 0.01 for basal right free wall; R 0.67, 

p< 0.01 for basal left septum) as shown in Figures 7a and 7b. Peak displacement in the right and 

left basal segments correlated with the respective times to peak displacement (R 0.45, p=0.01 for 

basal right free wall; R 0.47, p< 0.01 for basal left septum) as shown in Figures 8a and 8b. 

There was no correlation of peak displacement or time to peak displacement with age or body 

surface area.  

                 Values as mean+/-SD, Time (ms),  Displacement (mm) 

Parameters BRFW BLS MRFW MLS ARFW ALS 
Displacement 13.5 ± 2.6 12.2 ±2.3 8.8 ± 2.4 6.9 ± 1.5 3.8 ± 1.4 1.2 ± 0.6 

Time to peak 
displacement 

356.0 ± 
40.3 

360.8 ± 
40.5 

354.5 ± 
44.0 

367.7 ± 
44.4 

363.7 ± 
51.5 

357.4 ± 
65.0  
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Figure 8a and 8b: Correlation between peak longitudinal displacement in the basal right free wall 
and basal left septum with the respective times to peak displacement 

 

 

Figure 9: Correlation between displacement 
acceleration and absolute displacement for basal right 
free wall 

Figure 10a and 10b: Correlation for time to peak displacement in the basal right free wall and 
basal left septum between observers 

Average displacement acceleration (ADA) was 

calculated as the peak displacement distance divided 

by the time to peak displacement. There was 

significant correlation between ADA and  absolute 

displacement for both basal segments (R 0.89, P< 

0.001, Figure 9). ADA was similar for both the right 

and left basal segments (38.0±6.5 and 34.0±5.6 mm/s respectively) 

Reproducibility: 
Reproducibility of parameters expressed as mean percentage error (MPE) between the observers  
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is shown in Table VI. Longitudinal displacement and time to peak displacement were the most 

reproducible measures, especially for both basal segments. The time to peak displacement had 

the lowest MPE (4.8-6.1% for the basal segments), and there was excellent agreement in the time 

to peak displacement for the basal segments between observers (R 0.86, p<0.01; Figures 10a 

and 10b). The MPE for peak displacement in the right and left bases were 10% and 17.4 % 

respectively.  The MPE for peak velocities and strain were variably higher but generally <20%. 

 
DISCUSSION  
This report provides VVI-derived regional RV longitudinal myocardial velocities, maximal 

displacement, systolic strain and times to peak for each of these parameters in normal children. 

VVI displays velocities as vectors overlaid onto the 2D image; the length of the vector indicates 

magnitude of the tissue velocity, and the direction indicates direction of movement of the 

tissue.15 This allows a qualitative assessment of myocardial motion and demonstrates that RV 

motion appears to be predominantly longitudinal.  Previous studies of regional right ventricular 

function in normal adults have documented greater longitudinal regional velocities, more 

displacement of the free tricuspid annulus towards the apex, and reduced circumferential 

shortening velocities compared with the left ventricle.  In fact, right ventricular longitudinal 

shortening is the dominant mode of systolic contraction in healthy young subjects.17 

Peak velocities and maximal displacement were found to decrease from basal to apical segments 

of the right ventricle in this study. This observation is in agreement with previous 3-dimensional 

electromechanical modeling,18 3-D MRI assessment,19 and echo Doppler analysis.17  This is 

attributable to the relative increase in cardiac motion at the base compared to the mid and apical 

segments.  Variation in myocardial velocities between segments is related to changes in myofiber 

orientation and cardiac translation. Higher maximal displacement and myocardial velocities in 

the basal free wall are likely related to predominance of longitudinal fibers, as 

longitudinal/oblique fibers are dominant within the right ventricular free wall of normal hearts, 

whereas circular mid wall fibers are dominant in the left ventricular lateral wall with a mixture of 

both types found in the ventricular septum.20 It has been suggested that there is an unequal 

contribution of the RV sinus compared to the infundibulum in global RV function, with the 

extent of sinus fiber shortening greater than the infundibulum, which may also explain the 

greater excursion of RV free wall.21   
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Since RV function appears to have a dominant longitudinal component, maximal longitudinal 

displacement appears to be a reliable measure of systolic function analogous to shortening 

fraction for the left ventricle. Tricuspid annular displacement  has been used as a tool in the 

assessment of both systolic22 and diastolic RV function.23 Tricuspid annular displacement and 

systolic longitudinal velocities have been shown to correlate well with right ventricular ejection 

fraction calculated from radionuclide angiography,24  and  total early diastolic excursion and rate 

of early diastolic excursion of the tricuspid annulus correlated significantly with MRI-calculated 

assessment of right ventricular peak filling rate.23  RV basal longitudinal motion has been used to 

characterize the pathologic right ventricle in asymptomatic young adults with corrected 

transposition and have found decreased displacement (10.8 ± 4.5 vs. 20.3 ± 3.9 mm), peak 

systolic strain rate (-1.2 ± 0.3 vs. -2.2 ± 0.9 s-1) and peak systolic strain (-17.3 ± 8 vs. -30.6 ± 

11%) when compared to right ventricles in the normal anatomic and physiologic position.25    

We found that annular DTI velocities were consistently higher than VVI derived velocities, albeit 

the difference was small. Although both methods are said to reflect peak velocities, VVI involves 

some temporal averaging of the frames interrogated that likely results in averaging of velocity 

information with a lower resultant peak.  In addition, the basal segment analyzed by VVI is 

longer than the more discreet annular segment by DTI, and the highest velocities are likely right 

at the annulus with an incremental decrease from base to apex.  Finally, we measured the outer 

envelope of the DTI tracing rather than the modal velocity displayed, which will result in higher 

recorded velocities than the velocities assessed by VVI. 

There were strikingly similar times to peak displacement in the right and left basal segments, 

which would make this parameter useful in the assessment of RV synchrony. This may be 

particularly useful when paired with strain data, as previous studies in adults with pulmonary 

artery hypertension have documented that Doppler strain rate imaging is useful in identifying 

right ventricular dyssynchrony as a predictor of pathology.  There was a progressively increasing 

delay in the time to peak longitudinal right ventricular free wall systolic strain when compared to 

the ventricular septum as chronic pulmonary hypertension progressed from mild to moderate to 

severe; there also was a significant reduction in peak systolic strain from the right ventricular 

free wall in patients with moderately severe pulmonary hypertension.26  Previous studies have 

also documented the utility of strain imaging in resynchronization therapy for the left ventricle.15  
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The time to peak displacement also correlated with R-R intervals, consistent with a heart rate 

influence for this parameter that is important to consider in the pediatric population.   
Echo Doppler strain and velocity analysis has also been used for assessment of RV function in 

children with congenital heart disease, including atrial septal defect before and after closure,27 

with a systemic RV after atrial switch palliation,28 after initial surgical palliation of hypoplastic 

left heart syndrome,29 and after cardiac transplantation.30  These initial studies suggest that 

important new information may be available from this technique, and the ability to rapidly obtain 

angle-independent information using VVI enhances the potential power of this tool. In addition, 

strain and strain rate imaging appear to be relatively load independent measures of RV function, 

in contrast to velocity data.27 This study found a general base to apex increase in RV peak 

systolic strain in normal children, which correlates with previously published data.   

 
CONCLUSIONS 
Regional longitudinal velocities, strain and displacement data for the right ventricle are reliably 

obtained from VVI analysis in normal children.  In particular, peak longitudinal displacement 

from the basal segments appears to be an easily obtainable and reproducible parameter for 

assessment of RV function in children. In addition, time to peak displacement appears to be a 

potentially useful tool in the assessment of RV synchrony. Correlation of these findings with 

children who have known RV pathology is an important next step.  
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ABSTRACT  
 
Background: This study evaluated regional right ventricular (RV) mechanics before and after 

pulmonary valve replacement (PVR) by ultrasonic speckle tracking technology using velocity 

vector imaging (VVI). 

Methods: Fifty-eight patients who underwent PVR (May 1999 to August 2007) were included. 

Twodimensional Doppler indices included qualitative pulmonary incompetence, RV outflow tract 

peak gradient, RV systolic pressure estimate, indexed RV area, and fractional area change; VVI 

regional indices included peak systolic and diastolic velocities, peak systolic strain, maximal 

longitudinal displacement, and times to peak measure from 6 RV segments. 

Results: PVR was performed at a median age of 12.1 years with echocardiographic analysis at 

median intervals of 2.8 months before and 30 months after PVR. Peak velocities and 

displacement increased in all 6 RV segments after PVR; peak systolic strain did not improve 

consistently. All indices remained significantly lower compared with normal values. There was a 

significant decrease in the degree of pulmonary incompetence, RV outflow tract gradient, RV 

systolic pressure, and indexed RV area (23.5 vs. 17.8 cm2/m2), but no significant change in the 

percentage of fractional area change (28.8% vs. 29.6%). 

Conclusion: Regional RV mechanics using VVI in a relatively young cohort shows mild 

improvement after PVR, but the RV is not normalized despite physiologic improvement in 

loading conditions. This suggests intrinsic dysfunction or chronic myocardial injury that is 

nonmodifiable or requires earlier intervention to optimize physiology. VVI appears to be a 

potentially useful quantitative tool for follow-up evaluation of RV performance after congenital 

heart disease surgery. 
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INTRODUCTION 
The subpulmonary right ventricle (RV) in repaired congenital heart disease (CHD) is often 

subject to ongoing pressure or volume overload and therefore vulnerable to dysfunction. 

Pulmonary valve replacement (PVR) has been advocated to decrease load stresses to the RV in 

tetralogy of Fallot and other disease states in which residual pulmonary valve dysfunction is 

prevalent after repair; it is anticipated that this will improve RV performance and decrease the 

risk of RV failure and sudden death.1,2 Assessment of the hemodynamic consequences of load 

stresses on regional RV function and the effects of PVR on subsequent RV performance is 

therefore important. 

Quantification of RV function is limited using conventional echocardiographic techniques 

because its nongeometric shape makes mathematic modeling of volume analysis based on 2-

dimensional slices through the chamber impossible. This is different than the left ventricle (LV), 

which is elliptical in shape and routinely assessed for volume change (as ejection fraction) using 

2-dimensional echocardiography. Real-time 3-dimensional echocardiography was recently 

validated for assessment of RV ejection fraction in children3 but has not become a routine 

clinical tool given the cumbersome postprocessing needed after image acquisition. Velocity 

vector imaging (VVI) is a new ultrasonic tool for deriving objective information about 

myocardial mechanics using speckle tracking analysis.4,5 “Speckles” (natural acoustic markers) 

are tracked in the ultrasound image from frame to frame in 2 dimensions, and local tissue 

movement is determined from the geometric speckle shift. VVI uses a “feature tracking” 

algorithm that combines speckle tracking, atrioventricular valve annulus motion, myocardial 

blood interface, and myocardial structure.6 Data regarding the application of this technology are 

rapidly accumulating.4-7 The accuracy, validity, and interobserver and intraobserver variability 

of VVI in the assessment of regional myocardial function has been tested over a wide range of 

physiologic conditions in comparison with segment-length sonomicrometry.6 Regional 

myocardial mechanics before and after PVR in repaired CHD with the RV in the subpulmonary 

position have not been assessed using this technology. The purpose of this study was to evaluate 

regional function of the volume- or pressure-loaded RV in this setting and to compare findings 

with previously published data in children with normal intracardiac anatomy.7 
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MATERIALS AND METHODS 
The study protocol was approved by the institutional review board on human research. The 

cardiology database at the Herma Heart Center of Children’s Hospital of Wisconsin and the 

Medical College of Wisconsin was reviewed for patients who had surgical repair of CHD with 

pulmonary outflow reconstruction that resulted in completely separated biventricular physiology. 

Any patient who subsequently required PVR after December of 1998 was eligible for inclusion 

in this study because this is the date when all echocardiographic imaging was captured and 

stored digitally using a digital imaging and communication in medicine (DICOM)-compatible 

protocol.8 VVI analysis of previously captured echocardiography studies requires that the 

images be archived digitally using a DICOM-compatible protocol. Medical and operative reports 

were reviewed to obtain information about demographics and operative procedures. 

Digital echocardiograms within 12 months before PVR and at the most recent follow-up after 

PVR were analyzed. Two-dimensional and Doppler measurements were obtained from standard 

views using tools on syngo US Workplace review stations (Siemens Medical Solutions USA Inc., 

Mountain View, CA). These included qualitative assessment of global RV systolic function and 

pulmonary incompetence, the peak instantaneous pressure gradient through the RV outflow tract, 

an estimate of RV systolic pressure from the tricuspid valve insufficiency jet (peak RV to right 

atrial pressure gradient plus estimated right atrial pressure of 10 mm Hg), indexed RV area, RV 

percentage of fractional area change (%FAC), and LV ejection fraction by biplane Simpson’s. 

Pulmonary incompetence was described using color and pulsed-wave Doppler as mild if the 

regurgitant jet was seen in the RV outflow tract with no retrograde diastolic flow in the main or 

branch pulmonary arteries, moderate if retrograde diastolic flow was seen in the main pulmonary 

artery, and severe if retrograde diastolic flow was seen into the branch pulmonary arteries.9 RV 

area was measured in diastole and systole from the apical 4-chamber image at the plane of the 

cardiac crux and indexed to body surface area.%FACwas calculated as (end-diastolic area—end-

systolic area)/end diastolic area. 

VVI Analysis 
syngo VVI technology (Siemens Medical Solutions USA Inc.) was used to display and analyze 

global and regional myocardial motion. An apical 4-chamber image at the cardiac crux was used 

for analysis of RV parameters. Good-quality images with clear endocardial definition were 

selected. From a still frame image, manual tracing of the subendocardial border was performed 
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Figure 1: Tracking of RV 
endocardium from an apical 4-
chamber image with the frame of 
reference at the RV apex and 
VVI display showing the 
direction and magnitude of tissue 
velocities (arrows). 

in end systole and automatically software tracked with the 

frame of reference at the RV apex, as has been described.7 

Repeated tracing was performed to optimize accurate 

tracking of the endocardial border. Tracings were accepted 

only when the VVI visual display mode identified 

myocardial borders accurately throughout the cardiac 

cycle. Peak systolic and diastolic velocities, peak systolic 

strain, maximal longitudinal displacement, and time to peak for each measure were obtained 

from 6 RV segments: free wall base, mid, and apex; septal base, mid, and apex (Figure 1). 

Data are described as mean with standard deviation or median with interquartile range. 

Differences between parameters before and after PVR were 

analyzed with the Wilcoxon signed-rank test. The Mann-

Whitney test was used for comparative analysis of 

parameters in normal subjects. Subanalysis using a 

simultaneous regression method was done separating 

patients who had a native outflow tract (tetralogy of Fallot, double-outlet RV) from those who 

did not (pulmonary atresia, truncus). A P value of less than .001 was used for significance, in the 

light of multiple comparisons generated in the study. The statistical analysis was performed in 

SPSS version 14.0 (SPSS Inc., Chicago, IL). 

 
RESULTS 
There were 90 subjects who met our inclusion criteria and presented digitally stored images for 

offline analyses before and after PVR. Of these, we found 58 subjects (64%) who had adequate 

imaging of the RV endocardium for VVI 

analysis. Patient characteristics for those 58 

patients are listed in Table 1. The primary 

diagnoses included tetralogy of Fallot, 

pulmonary atresia with ventricular septal 

defect, truncus arteriosus, and double-outlet 

RV. The median age at anatomic repair was 

14 months (0.2-124 months). Twenty-six 
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patients (45%) had undergone additional procedures to enhance pulmonary blood flow (Blalock-

Taussig/Waterston shunt or pulmonary valvotomy) before anatomic repair. The time interval 

between the anatomic repair and the PVR was 12.7 years (2.1-24.7 years), and 41% had 

undergone previous PVR. Indications for PVR were at the discretion of the primary cardiologist 

and generally included significant pulmonary incompetence or RV outflow tract obstruction, 

frequently in association with varying severity of right heart dilation on noninvasive imaging or 

patient symptomatology. PVR was performed from May of 1999 to August of 2007 at a median 

age of 12.1 years (2-23.8 years). PVR used normothermic or moderately hypothermic 

cardiopulmonary bypass and cryopreserved pulmonary homografts in most patients. Patch 

enlargement of the intrapericardial pulmonary artery was performed concomitantly when 

necessary. 

Echocardiographic analysis was performed at a median interval of 2.8 months (0.03-12 months) 

before and 30.1 months (0.07-72.7) after PVR. Two-dimensional Doppler indices measured 

before and after PVR are shown in 

Table 2. Qualitative assessment of RV 

function before PVR showed normal 

function in 19% of patients; mild and 

moderate dysfunction were present in 

46% and 35% patients, respectively. 

Moderate to severe pulmonary 

incompetence was seen in 48 patients 

(83%). After PVR, there was a 

statistically significant decrease in the 

degree of pulmonary incompetence (P<0.001), with only 17% having greater than mild 

incompetence. The average peak RV outflow tract gradient from spectral Doppler decreased 

from 41 mm Hg (4-108 mm Hg) before PVR to 19 mm Hg (5-52 mm Hg) after PVR (P<0.001), 

and the average estimated RV systolic pressure decreased from 56 mm Hg (23-118 mm Hg) to 39 

mm Hg (28-74 mm Hg). Assessment after PVR showed normal RV function in 31%, mild 

dysfunction in 57%, and moderate dysfunction in 12% of patients. Although a decrease was seen 

in indexed RV area (23.5 vs. 17.8 cm2/m2) after PVR, there was no statistically significant 
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difference in the %FAC (28.8 vs. 29.6). There was also no significant change in LV ejection 

fraction after PVR. 
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Figure 2: VVI parameters in the RV basal free wall and basal septum. Box plots 
representing VVI-derived peak velocities, maximal longitudinal displacement, and peak 
systolic strain before PVR (A) in comparison with values after PVR (B) and with values for 
normal RV (C). Interquartile ranges (first quartile to third quartile, Q1 to Q3) and 
“whiskers” are shown. Asterisks represent statistical significance among A, B, and C. The 
horizontal line in each box represents the respective median values. 

VVI indices before and after PVR are shown in Table 3. Indices from basal segments in 
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comparison with values from a cohort with normal intracardiac anatomy7 are shown in Table 4. 

There was a statistically significant increase in peak systolic and diastolic velocities and 

displacement in all RV segments after PVR compared with preoperative indices (P <0.001). The 

peak velocities and displacement in all RV segments, however, remained significantly lower 

compared with VVI data for the RV in normal children (Figure 2). The peak systolic strain did 

not show a consistent improvement after PVR, and values remained significantly lower 

compared with normative strain data for RV segments (Figure 2). VVI indices before PVR did 

not significantly differ between patients who had a native outflow tract (n= 28) and those without 

a native outflow (n= 30); however, the variance in indices after PVR was more evident in the 

former group. There was no significant correlation found for VVI indices after PVR with the RV 

outflow tract gradient or the duration of follow-up. 

 
DISCUSSION  
Analysis of RV function before and after PVR in the setting of CHD and the RV in the 

subpulmonary position is critical in determining the risk of late morbidity and mortality. It is 

known that a combination of RV pressure and volume overload in these patients negatively 

affects RV performance, even in the absence of clinical symptoms,10,11 and an appropriately 

timed PVR is considered to restore and preserve RV function.1,2 In this study, a novel 

echocardiographic technique for assessment of regional RV mechanics (velocities, strain, and 

displacement) before PVR was used and found significant abnormalities compared with the 

normal RV. Although velocities and displacement uniformly showed improvement using this 

technique after PVR in all RV segments, none of the indices normalized. 

Several studies using cardiac magnetic resonance have also shown improvement of RV function 

after PVR late after tetralogy repair in patients with moderate to severe pulmonary incompetence 

and RV dilatation by volumetric analysis.12-14 RV dimensions and mass12 quantified by cardiac 

magnetic resonance imaging clearly suggest beneficial effects of PVR. Favorable changes in the 

LV function, QRS duration, and functional class of patients have also been attributed to changes 

in RV volume after PVR.15 The finding in this study of decreased indexed RV area after PVR 

agrees well with previous studies that have shown a reduction in RV volumes after PVR based 

on echocardiography measurements.16,17 However, there was no significant change in the 

RV %FAC after PVR and no significant difference in the LV ejection fraction after PVR 
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compared with preoperative values. This emphasizes the danger in using only volume-based 

analysis of RV function in this patient cohort and the potential value of regional myocardial 

mechanics assessment.  

Regional RV function has been found to be clearly different than LV function by multiple 

modalities. The RV free wall has been shown to have greater total and longitudinal displacement 

compared with the septum and LV. There are gradations in the amount of displacement from base 

to apex; the total and longitudinal displacement increases with distance from the apex, with the 

greatest amount of displacement in the basal RV free wall. Strain analyses have shown the 

highest systolic strain generally in the RV free wall and septal apex and the least deformation 

occurring at the base.18,19 This matches what was observed in this study. Animal studies have 

documented that regional contractility along the longitudinal axis seems to accurately reflect 

global function of the RV, even with varying inotropic state and loading conditions. Furthermore, 

this observation has been substantiated in both experimental and clinical settings that have 

documented a strong association between RV longitudinal deformation and global RV 

function.20,21 Clinical studies in pathologic states have also validated the value of assessment of 

longitudinal RV myocardial mechanics,22-24 suggesting that assessment of myocardial 

mechanics can identify myocardial dysfunction before symptoms develop, allowing an 

opportunity for early detection of disease so that appropriate interventions can be made to 

prevent overt heart failure. 

Myocardial deformation parameters obtained by 2-dimensional speckle tracking of the RV free 

wall has been compared with corresponding indices obtained by Doppler tissue imaging. 

Bothtechniques had comparable feasibility with an overall good correlation for peak motion and 

deformation parameters.25 Reduced RV myocardial velocities were found by Doppler tissue 

imaging in asymptomatic adult survivors of tetralogy repair, when conventional 2-dimensional 

Doppler assessment showed normal RV function.26 Others have demonstrated decreased 

regional RV shortening in a heterogeneous manner between segments in children after tetralogy 

repair by cine-magnetic resonance tagging.27 The VVI indices in the current study before and 

after PVR in all RV segments remained lower compared with values for the normal RV. This 

would suggest diminished cardiac reserve or intrinsic myocardial injury in the study patients, 

possibly because of a complex interplay of mechanisms. The underlying anatomy and 

physiology may have had unfavorable effects on normal cardiac maturation. Detrimental effects 
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of ischemia and reperfusion and secondary effects of previous cardiopulmonary bypass, 

ventriculotomies, and chronic cyanosis are likely contributing factors. An impaired functional 

response and overall diminished cardiac reserve at baseline have been demonstrated in the 

setting of pressure and volume overload.28 Many of the patients in this cohort had their initial 

surgery at a relatively older age, and this may affect later RV performance. Chronic pressure or 

volume loading has been shown to induce a pathologic state of muscle hypertrophy, which leads 

to fibrosis and decreased compliance that may persist in the long term. In addition, hypertrophy 

and chronic elevation of pressure result in a change of shape of the RV from crescent to round. 

Dyskinesis from the outflow tract patch and LV dysfunction are other factors that can impair RV 

mechanics in these patients.10,11  

We have previously reported VVI-derived peak velocities, strain, displacement, and respective 

times to peak for the RV in normal children and young adults.7 The calculated myocardial 

deformation (strain) for all RV segments in our patients was decreased compared with regional 

strain values for the RV in normal children. This finding is in agreement with a Doppler tissue 

imaging-based study that demonstrated reduced peak systolic strain and strain rate of the RV free 

wall in patients with repaired tetralogy who had near-normal RV pressure and varying severity of 

pulmonary incompetence.29 Peak strain is considered a sensitive measure of RV function and 

has been shown to correlate with ejection fraction; it is concerning that there was no consistent 

improvement in regional strain after PVR, suggesting a limited benefit to RV function in this 

cohort.  

Limitations  
The design of this study is retrospective. The study cohort is heterogeneous with varied types of 

repairs at different ages and differing hemodynamic substrates at the time of PVR. Although the 

average follow-up was 30 months, there was a substantial range. The varied range of follow-up 

could have affected the assessment of recovery of RV mechanics at the studied interval. In 

addition, the VVI-derived parameters in an individual subject could have been affected by the 

duration of follow-up. Frame rates of the digitally acquired images used in the study were 30 Hz. 

Although we had no qualitative degradation in the tracking at these frame rates, lower frame 

rates are known to result in undersampling, whereby isovolumic phases may be affected and 

peak strain rate and velocity values may be reduced depending on temporal resolution of the 

acquired clip. The feasibility of assessment of myocardial mechanics by VVI on previously 
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stored standard DICOM images at 30 Hz, similar to the current study, has been shown.30,31 VVI 

uses a “feature tracking” algorithm that combines speckle tracking, atrioventricular valve 

annulus motion, myocardial blood interface, and myocardial structure. The algorithm applies a 

carefully designed sequence of intermediate steps to accurately follow myocardial motion and 

thereby improve the tracking results.6 The velocities computed are based on the spatial 

displacement of the image features between frames, and as such are best considered to be 

average velocities over the frame-to-frame interval. Prospective testing of VVI in a larger series 

of patients with clinical follow-up is warranted.  

 
CONCLUSIONS  
The regional RV mechanics using VVI in a relatively young cohort with repaired CHD shows 

mild improvement after PVR, but the RV is clearly not normalized despite significant 

physiologic improvement in loading conditions. Overall decreased segmental RV-VVI indices 

before and after PVR may well represent myocardial insult secondary to longstanding load 

stresses to the RV and changes in contractility. Optimizing physiologic conditions early may help 

preserve RV performance and allow improved reverse remodeling of ventricular function to 

occur. VVI appears to be a potentially useful quantitative tool for follow-up evaluation of RV 

performance in this setting and could affect patient management. 
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ABSTRACT 

Background: The influence of regional right ventricular (RV) dysfunction on the accuracy of 

Doppler tissue imaging (DTI) assessment of global RV function is unknown. The objective of 

this study was to determine the effect of regional dysfunction of the RV outflow tract (RVOT) on 

the correlations between RV DTI indices and cardiac magnetic resonance (CMR) measurements 

of global RV function in patients with repaired tetralogy of Fallot (TOF).  

Methods: We retrospectively analyzed consecutive patients with repaired TOF who had 

echocardiograms with DTI of the RV and CMR ≤4 weeks of each other. RV-DTI measurements 

were obtained from the lateral wall at the level of the tricuspid valve annulus. CMR 

measurements included end-diastolic and end-systolic volumes, stroke volume, and ejection 

fraction (EF) of the entire RV and measured separately for the RV sinus and RVOT segments. 

Results: The median age of the 51 patients included was 19 years (range 9.7 - 71.6 years) and 

the median interval between echo and CMR was 0 days. The mean ± SD RV free wall peak S’ 

(cm/s), isovolumic acceleration (IVA, cm/s2), global, sinus, and RVOT EF (%) were 8.4±2.0, 

102±37, 46.1±9.8, 47.9±9.9 and 33±13.1, respectively. The correlation between peak S’ and 

global RV EF was weak (r=0.23) in patients with RVOT dysfunction (RVOT EF <30%) but was 

higher (r=0.66) in those with RVOT EF ≥30%. Peak S’ ≥8.4 cm/s (area under the ROC curve 

0.77) and IVA ≥95 cm/s2 (area under the ROC curve 0.68) best discriminated between patients 

with global RV EF above and below 45%.  

Conclusions: In this group of patients with repaired TOF, RV-DTI indices showed reasonable 

correlation with CMR-derived global RV EF but this correlation was substantially weaker in 

those with moderate and severe dysfunction of the RVOT. Peak S’ <8.4 cm/s and IVA <95cm/s2 

by DTI should prompt an evaluation of RV function by CMR. 
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INTRODUCTION 
Accurate determination and serial follow up of ventricular function are important in the 

management of patients with repaired tetralogy of Fallot (TOF).1-3 Doppler tissue imaging (DTI) 

is a relatively new non-geometric echocardiographic technique that has been increasingly used 

for assessment of global and regional myocardial function. DTI indices quantify longitudinal 

shortening, which represents the principal component of RV contraction.4 RV DTI indices have 

been shown to have satisfactory correlation with invasive hemodynamic data and with ejection 

fraction (EF) measured by cardiac magnetic resonance (CMR).5, 6 RV DTI velocities, along with 

an index of RV filling expressed as tricuspid E/E’ ratio has been recently shown to be useful in 

the clinical follow up of adult patients with elevated RV pressure due to pulmonary embolism.7 

In addition, DTI indices have been demonstrated to correlate with exercise capacity and 

endurance,8, 9 and have been used to investigate RV contractile reserve in repaired TOF.10  

Right ventricular outflow tract (RVOT) dyskinesis or aneurysm is seen in many patients with 

TOF as a consequence of surgical reconstruction during initial repair. Studies employing CMR 

have reported an adverse association between the degree of regional dysfunction of the RVOT 

and global RV systolic function.11,12 However, the effects of regional RVOT dysfunction on the 

relationships between DTI indices and global RV systolic function have not been studied. It is 

unknown if RVOT dysfunction in repaired TOF affects the ability of echocardiographic measures 

of long axis RV performance to reflect global RV function in a reliable manner. We hypothesized 

that in patients with repaired TOF, a greater degree of RVOT dysfunction is associated with a 

weaker correlation between DTI indices of RV systolic function and CMR- derived global RV 

EF. The goal of this study, therefore, was to investigate the correlations between DTI-derived RV 

free wall peak S’, myocardial acceleration during isovolumic contraction (IVA), and myocardial 

performance index (MPI) with CMR-derived global and regional RV systolic function.  

 
METHODS 
Patients 
Candidates for inclusion in this retrospective study were identified by a search of the computer 

database of the Department of Cardiology at Children’s Hospital Boston. Consecutive subjects 

with repaired TOF who fulfilled the following criteria were included: 1) had a transthoracic 

echocardiogram with RV DTI and CMR within 4 weeks of each other; 2) had no transcatheter or 
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Figure 1: RV free wall DTI measurements at the level of the tricuspid valve annulus. (A) 
Measurements of isovolumic contraction time (IVCT), ejection time (ET), isovolumic relaxation 
time (IVRT), early diastolic velocity (E0), late diastolic velocity (A0), and peak systolic velocity 
(S0). (B) Calculation of IVA. AT, Acceleration time; IVV, isovolumic velocity. 

cardiac surgical procedure between the echocardiogram and the CMR studies; 3) had no history 

of pulmonary valve replacement; and 4) had clearly defined spectral DTI waves of the RV 

deemed suitable for analysis. Transthoracic echocardiograms and CMR were performed 

following a standardized institutional protocol.13 All studies were performed as part of routine 

clinical care. Demographic information including age, gender, and dates of studies was obtained 

by review of the CMR and echocardiography databases. The study was approved by the 

Scientific Review Committee of the Department of Cardiology and by the Children’s Hospital 

Committee on Clinical Investigation. 

Echocardiography 
Echocardiograms were performed using iE33 ultrasound systems (Philips Medical Systems, 

Andover, MA). RV DTI data was obtained in pulsed (spectral) Doppler mode from the lateral 

wall at the level of the tricuspid annulus from the apical 4-chamber view. The Doppler insonation 

angle was kept as parallel as possible with the long axis of myocardial movement at the level of 

the tricuspid annulus. Digital images were analyzed offline by two observers (SK and CT) using 

electronic measurement tools (HeartSuite VERICIS, AMICAS, Boston, MA). Of the 69 subjects 

screened, 51 had clearly defined spectral DTI waves deemed suitable for analysis and were 

included in the study. 

Peak RV free wall myocardial velocities during systole (S’), early diastole (E’), atrial contraction 

(A’), IVA, isovolumic contraction, isovolumic relaxation, systolic and diastolic times, and MPI 

were measured (Figure 1A and B). The average of 3 samples of each of the measurements was 

used for data analysis. MPI 

was calculated as the sum of 

isovolumic contraction and 

relaxation times divided by the 

ejection time.14 Velocities were 

reported in centimeters per 

second (cm/s), intervals in milliseconds (ms), and IVA in cm/s2. 

Cardiac MRI 
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Figure 2: Diagram illustrating the CMR 
measurements of RV sinus and RVOT 
performed on ventricular short-axis images 
obtained from steady-state free-precession cine 
magnetic resonance. 

CMR studies were performed on a 1.5 Tesla Philips Achieva scanner (Philips Medical Systems, 

Best, the Netherlands). Ventricular dimensions and function were assessed with an ECG-gated 

steady state free-precession cine MR pulse sequence during brief periods of breath-holding in the 

following planes: ventricular 2-chamber (vertical long-axis), 4-chamber (horizontal long-axis), 

and short-axis planes (perpendicular to the ventricular long-axis plane based on the previous 4-

chamber images), with 12 to 14 equidistant slices (slice thickness 6-8 mm; interslice space 0-2 

mm) completely covering both ventricles.15 The CMR data was analyzed using commercially 

available software packages (Q-MASS, Medis Inc, Leiden, the Netherlands) by a single observer 

(SK). The end-diastolic and end-systolic 

volumes, mass at end diastole, stroke volumes, 

and ejection fractions were measured 

separately for the left ventricle, global RV, RV 

sinus, and RVOT as described in an earlier 

report from our center.12 The septal and 

parietal bands were used as markers for the 

boundary between the RV sinus and RVOT and 

were included with the RVOT (Figure 2). 

Ventricular end-diastolic volumes and mass were adjusted to body surface area calculated using 

the Haycock formula.16 

Statistical Analysis 
Continuous variables were expressed as mean ± SD or median and range, as appropriate. Pearson 

correlation coefficients and linear regression analysis were used to explore the relationships 

between DTI and CMR variables. Stratified correlations were performed according to RVOT EF 

<30% versus ≥30% and Fisher’s Z transformation was used to compare the correlations. The 

threshold value of RVOT EF 30% was chosen based on 2 considerations. First, previous research 

showed that lower RVOT EF is an independent predictor of subnormal peak oxygen 

consumption;8 and second, the median value RVOT EF in this cohort was 30%. Non-paired t-

tests were used for comparison of variables between the lower and higher RVOT EF groups.  
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Figure 3: Graphs showing correlations between 
RV free wall peak S0 and global RV EF stratifying 
by higher and lower RVOT EF. Data points, 
regression line, and confidence limits for RVOT 
EF >30% are shown in red (A) and for RVOT EF 
<30% in blue (B) 

Receiver operating characteristic (ROC) curves were used to identify cut-off values of peak S’ 

and IVA that provided the best combination of sensitivity and specificity for global RVEF >45%. 

To assess interobserver variability, DTI measurements performed by observer 1 (CT) were 

compared with those performed by observer 2 (SK) in a sample of 11 patients. The mean 

difference between the two observers was calculated along with a 95% confidence interval. A P 

value <0.05 was considered statistically significant. Commercially available statistical software 

packages were used for data analysis (SAS 9.2, SAS Institute Inc., Cary, NC and Minitab 14, 

Minitab Inc., State College, PA). 

 
RESULTS 

Echocardiograms and CMR examinations in 51 patients with repaired TOF who met inclusion 

criteria were analyzed. Patient demographics, CMR, and DTI data are summarized in Table 1. 

The echocardiograms and CMR examinations were performed on the same day in 36 patients 

(71%). The interval between echocardiograms and CMR was <1 week in 7 patients (13%), 

between 1-2 weeks in 3 patients (6%), and between 2-4 weeks in 5 patients (10%).   

Table 2 summarizes the results of the regression analyses of RV free wall DTI parameters and 

both global and regional RV EF in all patients. Peak S’ and IVA correlated with global RV EF 

and with RV sinus EF but only peak S’ correlated with RVOT EF. In contrast, peak E’ and A’ 

velocities did not correlate with CMR-measured global or regional RV EF. RV MPI was 

abnormal (0.52 ± 0.08) but did not demonstrate 

statistically significant association with global, 

sinus, or RVOT EF. Repeat analysis restricted to 

the 36 patients who had both tests performed on 

the same day showed similar results to those found 

in the entire cohort. 

The median RVOT ejection fraction in all patients 

by CMR was 29.8 (range 3.2 to 54.4). There were 

30 patients with RVOT EF ≥30% and 35 patients 

with global RV EF ≥45%. Table 3 compares 

demographic, CMR, and DTI data between 
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patients with RVOT EF <30% and those with RVOT EF ≥ 30%. Analyses of correlations 

stratifying by lower versus higher RVOT EF showed that the correlation between RV free wall 

peak S’ and global RV EF was weak (r = 0.23) in patients with ≥moderate RVOT dysfunction 

(RVOT EF <30%; n = 21) but was substantially higher (r = 0.66) in those with RVOT EF ≥30% 

(n = 30) (P = 0.06 for comparison between correlation coefficients) (Figure 3 A and B). Peak S’ 

≥8.4 cm/s and IVA ≥95 cm/s2 (areas under the ROC curve 0.77 and 0.68, respectively) best 

discriminated between patients with global RV EF above and below 45%. The sensitivity, 

specificity, positive and negative predictive values of different peak S’ and IVA cutoff values to 

detect global RV EF ≤45% are summarized in Table 4. 

Analysis of interobserver variability of DTI measurements showed that the differences between 

the 2 observers were small and statistically insignificant. The mean differences in DTI 

measurements and their respective confidence intervals are shown in Table 5.  

Table 1: Demographic characteristics, CMR, and DTI data of the 51 study patients  
Patient demographics Median              Range 

Age (years) 19.1                 9.7 - 71.6 
Body surface area (m2) 1.72                  0.94 - 2.28 
Height (cm) 162                   127 – 190.5 
Weight (kg) 64.2                  24.7 - 102.0 
Interval between echocardiogram and CMR (days) 0                      -31 to 30 

CMR data Mean ± SD         Range 

End diastolic volume index (ml/m2)  
Global RV 163.8 ± 59.2     91.3 - 309.2  
RV sinus 119.2 ± 47.5     63.9 - 221.9   
RVOT 45.2 ± 19.8       15.0-97.7 

End systolic volume index (ml/m2)  
Global RV 91.1 ± 47.9       38.3 - 261.0 
RV sinus 63.7 ± 35.0       24.9 - 176.7 
RVOT 31.4 ± 18.5       9.2 - 90.8 

RV EF (%)  
Global RV 46.1 ± 9.8         15.2 - 60.7 
RV sinus 47.9 ± 9.9         18.4 - 61.5 
RVOT 33 ± 13.1          3.2 - 54.4 
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DTI data Mean ± SD      Range 

RV basal free wall velocities (cm/s)  
Peak systolic annular (S’) 8.4 ± 2.0           5.4 - 12.5 
Peak early diastolic (E’) 9.7 ± 3.1           5.1 - 17.3 
Peak velocity with atrial contraction (A’) 6.5 ± 2.0           3.2 - 11.2 
Isovolumic contraction time (ms) 85.8 ± 17.2       55 - 121 
Isovolumic relaxation time (ms) 71.4±19.6         24 - 125 
Ejection time (ms) 298 ± 38           201 - 375 
Systolic time (ms) 392 ± 49           290 - 507 
Diastolic time (ms) 488 ± 106         308 - 750 
Isovolumic acceleration (cm/s2) 102 ± 37           46 - 240 
RV myocardial performance index 0.52±0.08         0.28 - 0.69 
RV, Right Ventricle, DTI, Doppler Tissue Imaging, RVOT, right ventricular outflow tract 
 
Table 2: Correlations between RV free wall DTI parameters and CMR-measured global and 

regional RV ejection fractions in all subjects (n=51) 

Correlations Regression Slope Pearson 
Correlation 

P value 

Peak S’ v. global RV EF 2.1 0.43 0.002 
Peak S’ v. RV sinus EF 2.0 0.41 0.003 
Peak S’ v. RVOT EF 2.1 0.32 0.025 
Peak E’ v. global RV EF 0.45 0.14 0.32 
Peak E’ v. RV sinus EF 0.52 0.16 0.26 
Peak E’ v. RVOT EF 0.24 0.06 0.69 
Log IVA v. global RV EF 12.9 0.42 0.005 
Log IVA v. RV sinus EF 13.0 0.42 0.006 
Log IVA v. RVOT EF 10.5 0.26 0.09 
MPI v. global RV EF 5.8 0.05 0.73 
MPI v. RV sinus EF 6.2 0.05 0.72 
MPI v. RVOT EF 5.0 0.03 0.83 
S’, systolic right ventricular free wall velocity; E’, early diastolic velocity; RV, right ventricle; 

RVOT, right ventricular outflow tract; EF, ejection fraction; IVA, isovolumic acceleration; MPI, 

myocardial performance index 
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Table 3: Comparison of demographic, CMR, and DTI data between patients with RVOT EF 

<30%  (n=21) and those with RVOT EF ≥ 30% (n=30) 

Patient demographics RVOT EF < 30 
Median            Range 

RVOT EF ≥ 30 
Median             Range 

P 

Age (years) 22.3                10.8 - 43.2 18.0                9.7 - 71.6 0.98 
Body surface area (m2) 1.65                0.94 - 2.2 1.80                0.94 - 2.28 0.51 
Height (cm) 161                 127 - 155 165                 132 - 190.5 0.11 
Weight (kg) 63.0                 25.4 -101.0 67.6                24.7 - 102 0.78 
Interval betweenechocardiogram 
and CMR (days) 

0                      0 - 31 0                      0 - 30 0.83 

CMR data Mean ± SD  Mean ± SD  

End diastolic volume index (ml/m2)    
Global RV 175.0 ± 71.4 155.7 ± 48.2 0.29 
RV sinus 124.7 ± 53 115 ± 43.3  0.49 
RVOT 52 ± 22.5 40.1 ± 16.0 0.05


 

End systolic volume index (ml/m2)    
Global RV 110.3 ± 63.4 77.1 ± 25.6 0.03


 

RV sinus 74.9 ± 46.1 55.3 ± 20.6 0.08 
RVOT 42.4 ± 22.0 23.2 ± 9.2 0.001


 

RV EF (%)    
Global RV 39.7 ± 10.7 50.6 ± 5.8 0.0001


 

RV sinus 42.9 ± 12.2 51.5 ± 5.6 0.006

 

RVOT 20.3 ± 7.7 42.2 ± 7.1 0.0001

 

DTI data    

RV basal free wall velocities (cm/s)    
Peak systolic annular (S’) 7.9 ± 2.2 8.7 ± 1.8 0.18 
Peak early diastolic (E’) 9.1 ± 3.0 10.0 ± 3.1 0.30 
Peak velocity with atrial contraction 
(A’) 

6.3 ± 2.0 6.6 ± 2.0 0.58 

Isovolumic contraction time (ms) 82.6 ± 13 88 ± 19 0.26 
Isovolumic relaxation time (ms) 71 ± 19 71 ± 20 0.97 
Ejection time (ms) 292 ± 39 302 ± 37 0.35 
Systolic time (ms) 380 ± 43 400 ± 53 0.15 
Diastolic time (ms) 483 ± 112 478 ± 131 0.88 
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Isovolumic acceleration (cm/s2) 98 ± 35 104 ± 39 0.56 
RV myocardial performance index 0.52 ± 0.1 0.53 ± 0.1 0.65 
RV, Right Ventricle, CMR, Cardiovascular Magnetic Resonance, DTI, Doppler Tissue Imaging, 

RVOT, right ventricular outflow tract. Asterisks denote statistical significance.  

 
Table 4: Diagnostic profile of different peak S’ and IVA cutoff values to detect global RV EF 
≤45% 

 Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

Positive Predictive 
Value (95% CI) 

Negative Predictive Value 
(95% CI) 

Peak S’     

<6 cm/s 13% 
(1.7%, 40%) 

92% 
(78%, 98%) 

40% 
(5.3%, 85%) 

72% 
(57%, 84%) 

<8.4 cm/s 93% 
(68%, 100%) 

61% 
(43%, 77%) 

50% 
(31%, 69%) 

96% 
(78%, 100%) 

<9.5 cm/s 100% 
(78%, 100%) 

42% 
(26%, 59%) 

42% 
(26%, 59%) 

100% 
(78%, 100%) 

Peak IVA     

<80 cm/s2 50% 
(21%, 79%) 

81% 
(63%, 93%) 

50% 
(21%, 79%) 

81% 
(63%, 93%) 

<95 cm/s2 75% 
(43%, 95%) 

61% 
(42%, 78%) 

43% 
(22%, 66%) 

86% 
(65%, 97%) 

<105 cm/s2 100% 
(74%, 100%) 

45% 
(27%, 64%) 

41% 
(24%, 61%) 

100% 
(77%, 100%) 

 
Table 5: Interobserver variability of DTI measurements. 

 
DTI measurement N Mean Difference (95% CI) P Value 
Peak systolic annular (S’) 11 -0.04 (-0.24, 0.17) 0.70 
Peak early diastolic (E’) 11 0.30 (-0.03, 0.63) 0.07 
Peak velocity with atrial contraction (A’) 11 0.11 (-0.21, 0.42) 0.47 
Isovolumic acceleration (cm/s2) 11 -1.1 (-8.0, 5.7) 0.72 
RV myocardial performance index (MPI) 10 0.04 (-0.02, 0.10) 0.18 
 
DISCUSSION 

Patients with repaired TOF require life long follow-up that includes serial assessment of RV 

function. Because the accuracy of quantitative assessment of RV function by two-dimensional 

echocardiography is hampered by the chamber’s complex geometry,17 non-geometric methods to 

assess RV myocardial motion and deformation have been explored. One such method—DTI—
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allows quantitative assessment of longitudinal RV function based on myocardial velocity 

estimation at the level of the tricuspid valve annulus.18, 19 Although several studies have 

examined the utility of RV free wall DTI in TOF,8-10, 20-23 these investigations have not addressed 

the potentially confounding effect of RVOT dysfunction on myocardial velocities at the base of 

the RV. 

The findings of our study show that the correlation between DTI measured peak RV S’ and CMR 

measured global RV EF is acceptable in repaired TOF patients with ≤mild RVOT dysfunction but 

is weak in those with ≥moderate RVOT dysfunction. This observation indicates that in patients 

with large akinetic or dyskinetic RVOT patches and/or scar tissue, measurements of tissue 

velocities at the base of the RV may not accurately reflect global RV systolic function. One 

potential explanation for this observation is that whereas in the normal heart the function of the 

inflow and outflow components of the RV are closely related,24 this relationship is weak and 

unpredictable in patients who have undergone TOF repair.12, 25 Consequently, in the presence of a 

dyskinetic RVOT, longitudinal tissue velocity at the based of the RV free wall does not reliably 

reflect global RV systolic function.  

The utility of echocardiographic DTI parameters may be improved if it were possible to assess 

for significant RVOT dysfunction. Uebing etl al. studied segmental electro-mechanical delay in 

adults with repaired TOF and proposed delayed mechanical activation of the RVOT as one of the 

determinants of RV dysfunction.26 Two- or 3-dimensional echocardiographic evaluation of 

RVOT dilation, detection of anterior wall akinesis or dyskinesis, or measurements of RVOT 

fractional shortening or ejection fraction may be helpful in assessing the size and function of the 

RVOT. However, the retrosternal location of the RVOT and restricted acoustic windows 

secondary to postoperative changes pose a significant challenge. Moreover, the accuracy and 

reproducibility of these measures have not been established. A regional approach by means of 

deformation imaging has been reported to provide more reliable quantitative parameters to 

identify segmental RV functional abnormalities.27 The utility of the 2D speckle-tracking 

algorithm for deformation analysis of normal and pressure-loaded RV has been reported.28 In 

addition, the added value of regional assessment by 2D speckle tracking is highlighted by the 

fact that it improved both sensitivity and specificity for measuring RV function compared with 

conventional parameters.27 Further studies using speckle tracking technique to evaluate the 

sequence of myocardial deformation and its relationship to mechanical activation patterns of the 
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RV sinus and RVOT may provide more insights into RV mechanics in TOF. However, the 

availability of relatively fewer speckle features in the RVOT due to its thin wall may pose a 

significant challenge. Therefore, continued refinement of speckle tracking algorithms is 

necessary to ensure accuracy and reproducibility. 

Two additional findings of our study are worth noting. First, DTI derived IVA of the RV free wall 

provided similar information to that gleaned from peak S’ velocity; and second, RV MPI did not 

correlate with CMR derived global or regional RV systolic function. The first observation is 

noteworthy because of the unresolved controversy regarding whether RV IVA is a load 

insensitive marker of RV myocardial contractility as suggested by Vogel et al.,29 or is it a load 

sensitive index of RV systolic function with no consistent relationship with regional myocardial 

contractility as suggested by Lyseggen et al.30 Although our study was not designed to directly 

address this controversy, we found that IVA had no advantage over peak S’ velocity in terms of 

correlation with CMR derived regional or global RV systolic function or in terms of 

distinguishing between patients with normal versus abnormal RV EF. Similarly, the literature is 

inconsistent with regard to the role of RV MPI in patients with repaired TOF. Not only does the 

range of reported values varies depending on the measurement technique used (pulsed Doppler 

or DTI),23 but also investigators are split on the clinical utility of MPI in this patient 

population.23, 31 Although the values of MPI in our study were abnormal in all patients and were 

similar to those reported by Yasuoka et al.23 and Schwerzmann et al,32 we did not find significant 

correlation between RV MPI and either global or regional RV EF measured by CMR. Taken 

together with previous reports, our results do not support the use of MPI as a sensitive or a 

specific tool to distinguish between TOF patients with normal and those with depressed RV 

systolic function. 

Clinical Implications 

Although the overall correlations between DTI measurement of peak S’ and global RV function 

measured by CMR were acceptable, we found that in patients with ≥moderate RVOT dysfunction 

these measurements do not provide reliable information about global RV function. The 

association of DTI measurements apart from peak S’ and IVA with CMR measured ejection 

fractions were relatively weak. Because at the time of the echocardiographic examination 

information about RVOT function is typically unavailable, we sought to identify cutoff values of 
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RV free wall peak S’ and IVA that would help the clinician decide whether global RV 

dysfunction is present. Our analysis demonstrated that peak S’ >8.4 cm/s and IVA >95cm/s2 

provide the best overall sensitivity and specificity for identifying global RVEF >45%. It is 

therefore reasonable in patients with lower peak S’ and IVA values to suspect RV dysfunction 

and to further evaluate the RV with a 3-dimensional modality such as CMR.  

Limitations 

The relatively small sample size is a limitation of this study and precluded subgroup analyses or 

evaluation of causation. Specifically, the study was not powered to determine whether factors 

other than RVOT dysfunction affect DTI measures of global RV systolic function. The cross 

sectional design of this study did not allow us to investigate whether DTI measurements are 

predictive of clinical outcomes. In addition, the non-simultaneous acquisition of the DTI and 

CMR image data might have introduced an error. However, the median interval between DTI and 

CMR studies was 0 days and a truly simultaneous image acquisition was not feasible. 

Furthermore, repeat analysis restricted to patients whose DTI and MRI were performed the same 

day showed similar results to those found in the entire cohort. Finally, the study comprised of 

mostly older children, adolescents, and adults with repaired TOF (mean age 19 years) and 

extrapolation of these findings to infants and younger children may not be applicable.  

 
CONCLUSIONS 
DTI derived RV free wall peak S’ and IVA show acceptable correlations with CMR-derived 

global RV EF in patients with repaired TOF. However, in those with ≥moderate RVOT 

dysfunction DTI indices measured at the base of the RV free wall may not accurately reflect 

global RV systolic function. Peak S’ <8.4 cm/s and IVA <95cm/s2 should prompt further 

investigation of RV function by CMR. Additional studies are warranted to investigate the utility 

of DTI and speckle tracking-based indices of segmental RV mechanics to predict clinical 

outcomes in patients with repaired TOF. 
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ABSTRACT 

Background: 

The purpose of this investigation was to test the hypothesis that flow patterns in the right 

ventricle (RV) are abnormal in patients with repaired tetralogy of Fallot (TOF). We utilized high-

resolution echo contrast particle imaging velocimetry (PIV) to investigate rotation intensity and 

kinetic energy dissipation of RV flow in TOF compared to normal controls. 

Methods: 
Forty-one subjects (16 with repaired TOF and varying degrees of RV dilation, and 25 normal 

controls) underwent prospective contrast imaging using the lipid-encapsulated microbubble 

(Definity, Lantheus) on Sequoia systems (Siemens). A mechanical index of 0.4, 3-beat high 

frame rate (>60 Hz) captures and harmonic frequencies were used. Rotation intensity and kinetic 

energy dissipation of flow in the RV and left ventricle were studied (Hyperflow, AMID s.r.l., 

Sulmona, Italy). Ventricular volumes and ejection fractions in all subjects were derived from 

same-day cardiac magnetic resonance (CMR). 

Results: 
Measurable planar maps were obtained for the LV in 14 patients and RV in 10 (TOF); LV in 23 

and RV in 21 (controls). Compared to controls, the TOF group had higher RV indexed end-

diastolic volumes (117.8±25.5 ml/m2 vs. 88 ±15.4 ml/m2, p<0.001) and lower RV ejection 

fractions (44.6±3.6% vs. 51.8±3.6%, p<0.001). Steady-streaming (heartbeat averaged) flow 

rotation intensities were higher in TOF for the LV (0.4±0.13 vs. 0.29±0.08, p=0.012) and RV 

(0.53±0.15 vs. 0.26±0.12, p<0.001), while kinetic energy dissipation in TOF ventricles was 

lower (for LV, 0.51±0.29 vs. 1.52±0.69, p<0.001; for RV 0.4±0.24 vs. 1.65±0.91, p<0.001).  

Conclusions: 
It is feasible to characterize RV and LV flow parameters and planar maps in adolescents and 

adults with repaired TOF using echo contrast PIV. Intraventricular flow patterns in the abnormal 

and/or enlarged RV of TOF differ from normal young adults. The rotation intensity and energy 

dissipation trends in this investigation suggest they may be quantitative markers of right and left 

ventricular compliance abnormalities in repaired TOF. This hypothesis merits further 

investigation. 
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INTRODUCTION 

Echocardiographic particle imaging velocimetry (Echo PIV) is an ultrasound technique for 

quantification of multidirectional blood flow within cardiac chambers by application of speckle 

tracking to contrast-enhanced two-dimensional echocardiographic images.1 Left ventricular (LV) 

and left atrial flows have been previously characterized using this technique.1-9 In the LV, vortical 

flow structures form below the mitral valve leaflets in early diastole and support redirection of 

blood from the LV inflow to the outflow.  It has been shown in a number of investigations that 

intraventricular flow patterns in the LV are altered with changes in the shape or contractility of 

the chamber.5, 6, 10-13 Flow in the right ventricle (RV) has not been previously characterized using 

Echo PIV. Concepts developed from the LV cannot be directly translated to the RV due to 

fundamental differences in the anatomy, myofiber arrangement and systolic and diastolic 

performance between the two.  

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart defect (CHD). Large 

numbers of patients with TOF repaired as infants and children are living into late adulthood. The 

RV in these patients bears most of the hemodynamic burden after repair; RV dilation and 

functional abnormalities are commonly seen.  The adaptive responses of the RV to long-term 

load stresses in this lesion are incompletely understood, 14 so assessment of intraventricular flow 

fields may provide information about the circulatory performance of the RV.  The purpose of this 

investigation was to test the hypothesis that flow patterns in the RV measured by Echo PIV are 

abnormal in patients with repaired TOF. The specific aims were to investigate (1) intraventricular 

flow rotation intensity and energy dissipation in TOF in comparison with normal controls using 

echo PIV, and (2) evaluate the differences and similarities in quantitative flow parameters 

between the RV and LV in TOF. 

 
METHODS 
Study design                   

This was a single-center prospective clinical study. The Institutional Review Board approved the 

study protocol. Inclusion criteria consisted of (1) patients with repaired TOF, (2) age ≥ 13 years, 

(3) absence of any intracardiac shunt on previous imaging studies, and (4) sinus rhythm. Specific 

exclusion criteria were (1) greater than mild tricuspid valve regurgitation, (2) greater than mild 

pulmonary valve regurgitation, (3) history of pulmonary valve replacement, (4) contraindications 
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Figure 1: Echo PIV results of LV blood flow 
velocity field in a normal control (panel A) and 
in a patient with TOF (panel B). Each panel 
shows one image of the velocity vector field at 
one instant (left), one color map image of the 
rotation level (vorticity stream-function) at 
another instant with superimposed velocities 
(middle), and the color map image of the 
rotation level for the steady-streaming 
(heartbeat averaged) flow field. Red indicates 
counter-clockwise rotation and blue indicates 
clockwise rotation.   

Figure 2: Echo PIV results of RV blood flow 
velocity field in a normal control (panel A) and 
in a patient with TOF (panel B). Each panel 
shows one image of the velocity vector field at 
one instant (left), one color map image of the 
rotation level (vorticity stream-function) at 
another instant with superimposed velocities 
(middle), and the color map image of the 
rotation level for the steady-streaming 
(heartbeat averaged) flow field. Red indicates 
counter-clockwise rotation and blue indicates 
clockwise rotation.   
 

to ultrasound contrast, and (5) lack of consent to participate in the study protocol. Young adult 

controls were recruited in response to an advertisement inviting participation, which was 

approved by the institutional review board and was placed in the institutional employee 

newsletter. Informed, written consent was obtained from all patients or legal guardians, as well 

as the recruited controls. 

Echocardiography  
All examinations were performed using Sequoia 512 system (Siemens Medical Solutions, 

Mountain View, CA, USA), equipped with low mechanical index (MI) real-time pulse sequence 

schemes (1.7 MHz; Contrast Pulse Sequencing). Prior to administration of ultrasound contrast, 

all patients underwent complete diagnostic imaging including spectral and color Doppler 

evaluation of the ventricular inflow, outflow, and valves according to the standard institutional 

practice for CHD evaluation. For echo PIV, the lipid-encapsulated microbubble, Definity 

(Lantheus, North Billerica, MA, USA), was infused as a 3% dilution (4–6 mL/min). A 

mechanical index of 0.4 and settings to achieve the highest possible frame rate (consistently 
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>60Hz) were used. Two to three three-beat captures of two-dimensional images were obtained 

for the RV (apical 4 chamber view) and separate captures were obtained for the LV (apical four 

chamber view). The contrast images were exported to a dedicated echo PIV software program 

(Hyperflow, AMID s.r.l., Sulmona, Italy) for analysis as described previously.13 Figures 1 and 2 

demonstrate Echo PIV tracking and steady-streaming (heartbeat averaged) color map of flow 

fields  in normal controls and in TOF for  the LV and RV respectively. The software evaluated 

blood velocities and, from these, generated parameters of kinetic energy dissipation and vortex 

properties in the flow field. The kinetic energy dissipation is a measure of the amount of energy 

loss by friction within the RV and LV; it increases when the flow is more irregular (turbulent) 

and mechanical performance is reduced. The lower the energy dissipation in blood flow through 

the ventricular chamber, the higher the ventricular efficiency. The kinetic energy dissipation can 

be computed from the appropriate combination of spatial variation of the velocity vector field.12 

It is normalized with the average amount of kinetic energy in the heartbeat to be a dimensionless 

parameter not directly influenced by chamber size, and it characterizes the amount of kinetic 

energy dissipated with respect to that available. The vortex is automatically delineated in the 

steady-streaming (heartbeat-averaged) field including the rotation from inlet to outlet and its 

area, as percentage of chamber area, is evaluated. The flow rotation intensity is the amount of 

swirl calculated inside this vortex (its circulation) normalized with the total swirl in the whole 

chamber. The diastolic rotation is the un-normalized circulation (summing up the clockwise and 

counterclockwise values) in the whole chamber in the diastolic period.  These rotation properties 

characterize the circulatory component of intra-ventricular flow.  

Cardiac Magnetic Resonance  
Quantitative RV volumes were obtained from cardiovascular magnetic resonance (CMR) 

performed within 2 hours of the Echo PIV study. Contiguous Echo PIV and CMR examinations 

were performed in controls in the same manner as in TOF patients. A 1.5 T scanner (Intera R 

12.6.1.3, Philips, Best, The Netherlands) with a five channel cardiac coil (Philips) was used. 

Cardiac synchronization was performed with vector electrocardiography. Ventricular dimensions 

and function were assessed using steady-state free-precession cine (repetition time 2.8–3.2 ms, 

echo time 1.4–1.6 ms, field of view 380 x380 mm, matrix sizes ranging from 160 x 130 to 228 x 

216) during brief periods of breath-holding in the following planes: ventricular two-chamber, 

four-chamber, LV and RV outflow tract, and short axis with 12–14 equidistant slices (slice 
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thickness, 6–8 mm, interslice spacing 0–2 mm). Measurements of LV and RV end-diastolic and 

end-systolic volumes were obtained from short-axis cine stack by manual tracing of endocardial 

contours. A single observer (LL) performed all measurements using commercially available 

software packages (Medis, Leiden, the Netherlands). Ventricular end-diastolic volumes and mass 

were adjusted to body surface area using the Haycock formula. Each normal control underwent 

quantitative CMR assessment from steady state free-precession cine images acquired at rest in 

the two-chamber, four-chamber, and short-axis planes as above. 

Statistics 
Data are presented as means ± standard deviations; categorical variables are reported as 

frequency and percentage. A comparison of continuous variables was accomplished with linear 

regression analysis. Echo PIV data were compared between the TOF group and normal controls a 

two-tailed unpaired Student’s t test. To assess intraobserver and interobserver agreements, 

measurements of flow rotation intensity and energy dissipation in the LV and RV were repeated 

in 10 randomly chosen TOF studies by the primary observer, and by a second blinded observer. 

Bland-Altman plots were derived to identify possible bias (mean divergence) and the limits of 

agreement (2 standard deviation of the divergence).  Mean percentage error was calculated as the 

absolute difference between the two sets of observations, divided by the mean of the 

observations: {Absolute (X1-X2)/Mean (X1, X2)} x 100, where X1-X2 is the absolute value of the 

difference between observer 1 and observer 2.  In addition, intraclass correlation coefficients 

were calculated according to standard methodology. A p value of 0.05 was considered 

significant. Statistical analyses were performed using SPSS version 17.0.2 (SPSS Inc., Chicago, 

IL) and Minitab 16.1 (Minitab Inc., State College, PA). 

 
RESULTS 
The study population consisted of 41 subjects: 16 patients with TOF (10 male, 6 female) and 25 

(15 male, 10 female) normal adult controls.  In the TOF group, 11 patents (69%) had a primary 

repair and 5 (31%) had previous shunt palliation before definite repair. Nine patients (57%)were 

repaired without a transannular patch, 5 (31%) were repaired by use of a transannular patch and 

the details of repair were unknown in 2 (12%) patients. For the TOF group, planar maps suitable 

for intraventricular flow analysis were obtained for the LV in 14 patients and RV in 10 patients. 

For controls, intraventricular flow analysis was feasible for the LV in 23 and RV in 21 subjects. 
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Those that were excluded from analysis were either due to suboptimal image quality in the apical 

4-chamber view (often from RV dilation), or because of bubble density that was too high 

(saturation) that prohibited analysis of bubble velocity.  None of the TOF patients had evidence 

of antegrade diastolic flow in the pulmonary artery, coincident with atrial systole (restrictive RV 

physiology). 

Demographic data and CMR measurements in TOF and control subjects who had measurable 

planar maps are shown in Table 1.  There was no significant difference between the TOF group 

and controls for body weight, body surface area, heart rate, LV indexed end-diastolic volume 

and, LV ejection fraction. Compared with controls, the TOF group had higher RV indexed end 

diastolic volume (117.8±25.5 ml/m2 vs. 88±15.4 ml/m2, p<0.001) and lower RV ejection fraction 

(44.6±3.6% vs. 51.8±3.6%, p<0.001). All except one TOF subject had CMR measured RV end 

diastolic volume less than 150 ml/m2.  The single subject with relatively higher RV end diastolic 

volume  (177 ml/m2) had only mild TR and PR (by echo and MRI) and qualitatively mild RV 

dilatation on echocardiography. Measurements of pulsed Doppler of the tricuspid inflow and 

tissue Doppler of the lateral tricuspid annulus showed mild elevation in the E/e’ ratio in the TOF 

group (6.8±2.4 vs. 3.8±1.4 in controls, p<0.001), indicating abnormal diastolic filling.  

Table 1:  Demographics, CMR data in control and TOF patients 

Variable 

Controls (n=23)  TOF (n=14) 

p value Mean ± SD Range Mean ± SD Range 

Age (year) 34.4±8.4 23.0-43.0 22.3±8.9 13.0-42.6 <0.001 
Gender (M*/F†) 14/9  9/5   
Weight (kg) 79.8±15.3 58.5-112.5 77.7±20.1 40.9-108.2 0.752 
Body surface area (m2) 2.0±0.2 1.66-2.45 2.0±0.3 1.4-2.4 0.676 
Heart rate (beats/min) 71.8±9.8 53.0-92.1 72.0±14.2 52.1-115.4 0.928 
LV‡ indexed EDV| | 
(ml/ m2) 

83.6±13.1 59.7-104.4 86.1±12.1 63.0-109.0 0.501 

LV EF# (%) 58.9±4.4 54.4-66.4 56.6±2.2 52.0-60.0 0.181 
RV§ indexed EDV  
(ml/ m2) 

88±15.4 62.5-102.3 117.8±25.5 97.0-177.0 0.016 

RV EF (%) 51.8±3.6 47.3-62.8 44.6±3.6 40.0-50.4 <0.001 
*M: Male; †F: Female; ‡LV: Left ventricle; §RV: Right ventricle; | |EDV: End-diastolic volume; 
#EF: Ejection fraction 
 
Table 2 shows intraventricular flow parameters compared between the groups.  Flow rotation 

intensity in the LV was higher in TOF compared to controls (0.40±0.13 in TOF vs. 0.29±0.08 in 
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controls, p=0.012). The diastolic rotation in the LV was also lower in TOF. Dissipation of kinetic 

energy within the LV was lower in TOF  (0.51±0.29 for TOF vs. 1.52±0.69 in controls, p<0.001). 

For the RV in TOF, flow rotation intensity was significantly higher (0.53±0.15 vs. 0.26±0.12, 

p<0.001), while kinetic energy dissipation was lower (0.4±0.24 vs. 1.65±0.91, p<0.001).  When 

measures of flow rotation intensity and energy dissipation were compared with patient age, 

RVEDV, RV ejection fraction and RV E/e’, no correlations were found. (Table 3). Bland-Altman 

analysis showed good intraobserver and interobserver agreements for flow rotation intensity and 

energy dissipation measurements for the LV and RV in TOF as represented in Figures 3 and 4. 

The mean percentage error between observers for flow rotation intensity was 21% for the LV and 

23% for the RV. For kinetic energy dissipation, the mean percentage error was 14% for the LV 

and 16% for the RV.  The results of intraclass correlations are shown in Table 4. For both LV and 

RV, intraclass correlations for kinetic energy dissipation were greater than those for flow rotation 

intensity.  

Table 2: LV and RV flow parameters in controls vs. TOF patients 

Variable 
Control LV (n=23)  TOF LV (n=14) 

p value Mean ± SD Range  Mean ± SD Range 

Flow rotation intensity (abs) [-] 0.29±0.08 0.13-0.42  0.4±0.13 0.16-0.7 0.012 
Kinetic energy dissipation [-] 1.52±0.69 0.47-3.26  0.51±0.29 0.11-0.97 <0.001 
Vortex Area [-] 0.19±0.05 0.08-0.26  0.26±0.10 0.11-0.41 0.019 
Diastolic rotation  [cm2/s] 203.3±84.7 90.4-380.8  87.6±44.4 29.4-170.6 <0.001 

 Control RV (n=21)  TOF RV (n=10)  
Flow rotation intensity  (abs) 0.26±0.12 0.04-0.58  0.53±0.15 0.29-0.78 <0.001 
Kinetic energy dissipation 1.65±0.91 0.15-3.33  0.40±0.24 0.19-0.84 <0.001 
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Figure 3: Bland-Altman analysis of 
intraobserver agreements for flow rotation 
intensity and energy dissipation for RV and LV 
in TOF   
 

Figure 4: Bland-Altman analysis of 
interobserver agreements for flow rotation 
intensity and energy dissipation for RV and LV 
in TOF 

Table 3. Correlations of intraventricular flow parameters in TOF with patient age, 
ventricular end diastolic volume and ejection fraction 

 LV RV 
r P r p 

Age vs. 

Energy Dissipation 0.059 0.840 0.187 0.604 

Flow rotation intensity 0.015 0.958 0.179 0.621 

EDV vs. 

Energy Dissipation 0.150 0.642 0.388 0.342 

Flow rotation intensity 0.071 0.827 0.102 0.811 

EF vs. 

Energy Dissipation 0.320 0.311 0.234 0.576 

Flow rotation intensity 0.249 0.435 0.667 0.071 

EDV: End-diastolic volume; EF: Ejection fraction; LV: Left ventricle; RV: Right ventricle 

Table 4. Intraobserver and Interobserver concordance 
 Intraobserver Interobserver 

Measurement ICC 95% CL ICC 95% CL 
LV flow rotation intensity 0.651 0.033-

0.909 
0.626 0.069-

0.912 
LV kinetic energy dissipation 0.970 0.909-

0.990 
0.932 0.801-

0.978 
RV flow rotation intensity 0.643 0.067-

0.898 
0.624 0.036-

0.891 
RV kinetic energy dissipation 0.974 0.901-

0.994 
0.900 0.651-

0.974 
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DISCUSSION 
Two-dimensional echocardiography remains the primary imaging modality for repaired CHD, 

with its excellent temporal and spatial resolution, portability and low cost.15 Patients with 

repaired TOF undergo echocardiographic assessments as part of routine follow up. There is 

limited experience with contrast echocardiography in children and adults with CHD; however, 

recent clinical trials have shown that ultrasonic contrast imaging is safe in this population.16 

This is the first report of quantifying intraventricular flow for the RV in CHD using Echo PIV.  

Intraventricular flow properties of the RV have been difficult to assess because of its complex 

shape. Previous studies have highlighted an unsteady flow distribution within the RV inlet. 17 

Interestingly, the RV has a relatively streamlined geometry that allows easy transit, i.e. conduit of 

blood, which differs markedly from the LV where flow has to make a U-turn from the inlet to the 

outlet.17 Thus, in contrast to the LV, dominant vortices do not appear fundamental for the normal 

RV flow transit.17 Previous work on RV flow utilized either direct numerical simulation 

combined with geometry extracted from echocardiography17, or four-dimensional phase-contrast 

cardiovascular magnetic resonance imaging (CMR).9 Using the latter, it was shown that 

asymmetric and transient diastolic flow patterns are formed below the tricuspid valve that rapidly 

dissipate in diastole, and the superior aspect of the rotating flow moves into the RV outflow 

tract.18, 19 Presence of helical flow in the RV outflow tract and pulmonary arteries has been 

demonstrated by CMR.19, 20 However, in the apical aspect of the RV, there is very limited flow.18 

The main findings of the present study are the following: (1) Measurement of intra-ventricular 

flow parameters by PIV is feasible in both ventricles for normal individuals and most patients 

after surgical repair of TOF; (2) in this group of patients with repaired TOF and relatively 

favorable hemodynamic outcome with preserved systolic function, RV and LV flow parameters 

were different from those of normal controls.  Although subjects with TOF had mild to moderate 

RV dilation and normal or low normal RV ejection fraction, these were not severe changes and 

were not associated with statistically significant alterations in LV ejection fraction or end-

diastolic volume compared to controls. The calculated flow rotation intensities in both RV and 

LV were higher in TOF, while the energy dissipation was low. We speculate that the ventricular 

dilatation combined with its non-compliance is responsible for the reduction of energy 

dissipation, which is due to the conservation of kinetic energy in a coherent non-turbulent intra-

ventricular rotational motion. Ventricular non-compliance and change in geometry could be 
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responsible for a failure to dissipate energy, and as a consequence, the maintenance of high intra-

ventricular rotational energy. It has to be noted that the TOF cohort had mild diastolic filling 

abnormality evident on Doppler with a mean E/e’ ratio > 6.  

Finite element simulations in normal and volume loaded animal hearts using real-time 3-

dimensional geometric data have demonstrated alterations in RV flow fields with changes in RV 

geometry, 21 and our observations would support that concept. Our work is also agreement with 

early studies of Bellhouse et al who showed altered strength of flow in dilated ventricles.22 

Significance of flow rotation intensity (measured as diastolic rotation) has been studied in the 

LV. The intracavitary kinetic energy contributes to vortex formation in the LV and efficient 

energy transfer with low dissipation. Changes in diastolic rotation (referred to as “vortex 

strength” by Abe et al,13 although it is not strictly a measure of a vortex property) correlated with 

LV mechanics and was associated with adverse clinical outcomes in adult patients with heart 

failure.13 In a similar way, our findings in TOF would suggest a relation between RV flow 

properties and RV performance. 

Diastolic filling is associated with a continuous energy transfer process between the blood and 

myocardium that affects performance of the ventricle.23 Chamber compliance, right atrial 

function, pulmonary vascular resistance and intraventricular flow- all affect diastolic filling and 

energy distribution of the RV. Based on CMR studies in a small number of patients with 

hypoplastic left heart syndrome, De Vecchi et al. suggested that abnormal flow patterns with 

vortex formation occur in the systemic RV, and this might cause changes in the intraventricular 

pressure gradient and the rate of energy transfer. 23 Shape of the ventricle was also found to have 

a role, with spherical (as opposed to elliptical) RV shape facilitating better energy transfer.  

Although findings of this study demonstrate the feasibility of Echo PIV for both ventricles, it has 

to be noted that planar maps suitable for intraventricular flow analysis were not obtained in all 

subjects. Among 41 subjects, LV analyses were achieved in 37 (92% of controls and 88% of 

TOF) and RV analyses in 31 (84% of controls and 63% of TOF). Besides image quality, the 

factors influencing feasibility are the appropriate density of contrast microbubbles and sufficient 

frame rate.   Images in this series excluded from analyses were either due to suboptimal image 

quality or unsuitable bubble density. For intraventricular blood motion analysis, the bubble 

density must be sufficient to appreciate their motion, and well below saturation to ensure that 

bubbles are distinguishable. When these limiting factors are avoided, the bubble density was 
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demonstrated to have only a weak influence on the results of blood motion analysis.7 The general 

rule is that images for Echo PIV analysis need to be acquired when the bubble density is such 

that blood motion is visually well appreciable. Secondly, a sufficiently high frame rate is 

required. The high frame reduces the limitation of Echo PIV with high velocities where the 

modulus is underestimated although the direction remains correctly evaluated. This has been 

previously demonstrated experimentally4 and in an artificial phantom.24 Based on these 

validation studies and previous clinical applications, a frame rate above 60 Hz was assumed 

sufficient to appreciate intracavitary flow velocities and was used in our study.  

Study Limitations 
This investigation consisted of a small group of older patients with repaired TOF with more or 

less homogenous residua and not more than mild tricuspid valve or mild pulmonary valve 

regurgitation. By design, we chose to minimize the effects of greater degrees of regurgitation 

flow on intracavitary RV flow. Therefore, the results of this study may not be generalizable to 

younger patients or those with less favorable hemodynamics after TOF repair. The absence of 

TOF patients with severe RV dilation precluded meaningful subgroup analysis of flow 

parameters. Though controls and patients did not differ in body weight, heart rate or left 

ventricular size or function, they were significantly older compared to patients; so some of the 

differences in flow patterns may be secondary to maturational changes.  Inability to include the 

RV infundibulum in the flow fields is another weakness of this investigation. Depending on the 

acquisition frame rate, Echo PIV can underestimate high velocities, and the spatial resolution of 

current ultrasound limits accurate imaging of the small-scale features of ventricular flow.1 All 

measurements were limited to the information available on the 2D scanned slice of the actual 3D 

flow field. A complete time-resolved, 3-dimensional, and 3-directional flow field was not 

measured in this study. It is therefore implicitly assumed that the information on the scan-plane is 

representative of the 3D flow. While the reliability of this assumption cannot be validated here, 

alterations of fluid dynamics cannot be strictly regional, and therefore presumptions that they 

influence the entire flow domain are likely sound. Four-dimensional cine phase-contrast CMR 

allows visualization of the changing, multidirectional flow fields through the entire heart and 

great vessels with full 3-dimensional coverage.9,10 However, CMR 4-dimensional flow 

techniques are hampered by the requirement for long acquisition times and complex and time-

consuming post-acquisition data analysis.10 The current investigation was not designed to 
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identify the precise causes most responsible for the RV compliance changes, which could include 

the septal patch, intrinsic myocardial abnormalities, intraventricular conduction delay, 

infundibular muscle resection and ventriculotomy. Similarly, this study does not provide insight 

into the mechanism for the LV changes that could, in addition to the foregoing, include 

ventriculo-ventricular interactions. 

 
CONCLUSIONS 
Characterization of RV and LV flow parameters in TOF is feasible using echo contrast PIV. It 

demonstrated that flow patterns in TOF present abnormal properties with higher circulation and 

reduced energy dissipation that are potentially related to ventricular compliance changes. These 

insights into RV and LV functional properties of TOF merit further investigation, including 

evaluation of intra-ventricular PIV characteristics of the hypertrophic, restrictive, or 

dysfunctional RV in TOF with poorer result from surgical repair. 
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ABSTRACT 
Background: The systemic right ventricle (RV) in congenital heart disease (CHD) is susceptible 

to progressive dilation and dysfunction.  

Methods: An echocardiographic (2DE) means for serial monitoring of the RV would be of great 

value in this clinical setting. We utilized 2DE with knowledge-based reconstruction (KBR) for 

evaluation of systemic RV. Patients with d-transposition of great arteries (TGA) repaired with an 

atrial switch, and without implanted pacemakers were prospectively recruited for same day 2DE-

KBR and cardiac magnetic resonance (CMR). RV images were acquired in various 2D imaging 

planes using a 3D space localizing device attached to the imaging transducer and 3D 

reconstruction performed. RV end diastolic volume (EDV), end systolic volume (ESV) and 

ejection fraction (EF) were calculated and compared with volumetric CMR analysis.  

Results: Fifteen patients (7 female, 8 male, age 24±7 years old, weight 67±12 kg) were studied. 

There was good agreement of 2DE-KBR and CMR measurements. The mean RV EDV (ml) was 

221±39 with 2DE-KBR and 231±35 with CMR (r=0.80); mean ESV was 129±35 with KBR and 

132±30 with CMR (r=0.82), EF 42±10 % (KBR) and 43±7 % with CMR (r=0.86). For 2DE-

KBR, the mean inter-observer variabilities were 4.6%, 2.6%, 4.3% and repeatabilities were 95%, 

96%, 95%; the intra-observer variabilities were 3.2%, 3.1%, 2.3%, and repeatabilities were 96%, 

96%, 97%, respectively for EDV, ESV and EF.  

Conclusion: This study demonstrates clinical feasibility of quantifying systemic RV volumes 

and function using 2DE-KBR in adolescents and young adults with repaired d-TGA, and good 

agreement of measurements with CMR. 
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INTRODUCTION 

Two-dimensional echocardiography with knowledge-based 3-dimensional reconstruction (2DE-

KBR) is an imaging tool that has been recently introduced. This is based on piecewise smooth 

subdivision surface (PSSS) reconstruction technology that creates a “knowledge base” for the 

right ventricle (RV) using image data acquired from combinations of views,1-4 and has been 

validated against CMR.2, 5 ,6 The purpose of our study was to examine the feasibility and 

reliability of 2DE-KBR in the evaluation of the systemic RV in adolescents and young adults 

with repaired congenital heart disease (CHD).  The specific aims were (1) to measure end 

diastolic volumes (EDV), end systolic volumes (ESV) and ejection fractions (EF) for the 

systemic RV in patients with d-transposition of great arteries (TGA) post atrial switch using 

2DE-KBR, and (2) to compare 2DE-KBR data with contiguously measured RV volumes and EF 

from CMR.   

 
METHODS    
This was a single center prospective research trial. The Institutional Review Board approved the 

study protocol. Informed, written consent was obtained from all patients. Any adolescent or 

young adult followed in our center with (1) cardiac diagnosis of d-TGA repaired with an atrial 

switch, and (2) age > 13 years was eligible to be included. Specific exclusion criteria consisted of 

(1) known arrhythmias, (2) presence of implanted pacemaker leads or cardioverter defibrillator, 

or  (3) lack of consent to participate in the protocol. Patients were recruited for 2DE-KBR and 

CMR imaging on the same day. All studies were performed exclusively for research purposes. 

Patients were not screened for difficult acoustic windows or 2D image quality prior to inclusion. 

CMR was performed immediately preceding 2DE-KBR. CMR utilized 1.5T scanner (Achieva 

3.2.1.0 2010, Philips, Best, The Netherlands) with a 32-channel cardiac coil. Cardiac 

synchronization was performed with vector electrocardiography. Ventricular volumes and 

function were assessed using steady-state free-precession cine sequences (repetition time 500 ms, 

echo time 60 ms, flip angle 60 ms, field of view 180 X180 mm, voxel size 1.71) during brief 

periods of breath-holding in the following planes: ventricular two-chamber, four-chamber, left 

and right ventricular outflow tract, short-axis stack (12 to 14 equidistant slices with slice 

thickness, 7 mm; no interslice gap); axial stack (slice thickness 8mm, interslice gap 1) and 

multiple oblique coronal planes parallel to the superior and inferior cavae.  
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Echocardiographic examinations were performed using a Vivid 7 system (GE, Milwaukee, WI) 

connected to a Windows XP based computer (Ventripoint, Seattle, WA). A single sonographer 

(AP) with 5 years of experience acquired images in all patients. This sonographer had received 5 

hours of hands-on training with 2DE-KBR acquisition in 3 healthy volunteers prior to scanning 

the first patient enrolled. The 2DE-KBR system employs a commercially available, 

electromagnetic field generator along with a field disturbance sensor firmly attached to the 

transducer to enable high precision positional information for each scan plane in 3D space. The 

ultrasound and positional data are then stored for processing into 3D representations and surface 

rendering of the RV.  

Acoustic captures (3 seconds) with the best possible coverage of the systemic RV and RV 

specific rotated (foreshortened apical) and inflow-outflow (parasternal long axis and 

foreshortened apical) views were obtained. The patient was asked to hold his/her breath for up to 

5 seconds during acquisition of each image and was not allowed to change position during the 

entire acquisition. The times taken by the sonographer from start to finish for two separate 2DE-

KBR acquisitions in each patient were noted. 

KBR post-processing was performed independently by two blinded observers (AP and PG). Both 

observers had 1 year of cardiac imaging research experience and received 6 hours of training in 

2DE-KBR analysis. All acquired views in each study were utilized for analysis. The analysis 

involved three steps as shown in Figure 1: (a) selection of end diastolic and end systolic frame 

(b) point placement at designated anatomic RV landmarks, and (c) 3D reconstruction. Using 

chamber size and valve motion, the accuracy of the default selection of end diastolic and end 

systolic frames in all cine loops was confirmed or modified by the user as necessary.  
Points were placed on anatomical structures for the RV mandated by the protocol with the aid of 

a 3D image viewer. This ensured that the points were well distributed around the structure 

(Figure 2, Panels A-D).  The structures were pulmonary annulus (2 points), tricuspid annulus (3 

points), RV apex (1 point), sub-pulmonary region (1 point), RV septum (4-5 points) and RV 

endocardium (4-5 points) as described previously.6 Endocardial points were placed at the base of 

the RV trabeculations. A minimum of 15 points was placed for each study. Point placements by 

the 2 observers in all studies were checked for anatomic accuracy and corrections made if 

necessary. The reconstructed RV volume overlaid on each 2D image frame was reviewed in end 

diastole and end systole, and optimized as needed by addition or deletion of points and revised 

D

-2 
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reconstruction. The system communicated via a secured internet connection to a web-based 

server where surface reconstruction of the RV was created using the points entered on the 2D 

images and the 3D coordinates acquired from the tracking system (Figure 2).    

For CMR analysis, measurements of LV and RV end-diastolic and end-systolic volumes were 

obtained from short axis cine stack by manual tracing of endocardial contours. Using 

commercially available software package (QMass MR 7.2, Medis, Leiden, the Netherlands), all 

measurements were made by a third observer (LL) blinded to the results of 2DE-KBR analyses.  

The papillary muscles and trabeculae were included in the volume to provide better 

reproducibility for RV measurements.7 To ensure accuracy, CMR tracings were performed with 

the assistance of the long-axis images to visually confirm the basal and apical slices. Volumes 

measured by both modalities were indexed to body surface area. Times taken for post-processing 

2DE-KBR and CMR images in each study were recorded. 2DE-KBR derived RV volumes and 

EF were compared to the CMR measurements.  2DE-KBR measurements in all patients were 

compared between the two observers to assess interobserver variability. The first observer 

performed repeated 2DE-KBR measurements 4 weeks apart in all patients to assess intraobserver 

variability.  

RV volumes and EF by 2DE-KBR and CMR are reported as means ± standard deviations. For 

comparisons between modalities, the average of the 2 observers was used as the 2DE-KBR 

measurement and paired-samples t test was applied. The Bland- Altman method was used to 

determine the inter-and intra-observer agreement for repeated KBR measurements. Statistical 

significance was defined as p<0.05. Statistical analysis was performed with Minitab 16.1 

software package (Minitab Inc, State College, PA). 

 
RESULTS 
Between January 2011 and July 2011, 15 patients were studied. The examinations were done 

23±6 years after atrial switch. The median patient age was 24±7 years (13-46 years); the median 

weight was 67 ± 12 kg (50-95 kg). The qualitative 2DE grade of tricuspid regurgitation was mild 

in all patients. All patients completed the 2DE-KBR protocol, and image analysis was feasible in 

all studies. One patient experienced claustrophobia during the CMR component of the study. 

Though acquisition protocol was incomplete in this patient, the cine images required for 

measuring RV volumes and function had been obtained prior to termination of the study, and was 
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therefore suitable for analysis. Demographics, acquisition and post processing times are shown in 

Table 1. 

Table 1:  Patient demographics, acquisition and post processing times 
Patient Age at 

study  
Height 
(cm) 

Weight 
(kg) 

BSA 
(m2) 

SBP 
(mmHg) 

DBP 
(mmHg) 

HR 
(beats/min) 

KBR 
Acquisition 

(min) 

KBR post-processing 
(min) 

CMR 
post-

processing 
(min) (years) 

                Scan 
1 

Scan 
2 

Observer 
1 

Observer 
2 

Observer 
3 

1 26 165 76 1.9 135 73 53 7 6 38 39 32 

2 46 157 64 1.7 100 66 54 7 5 32 34 34 

3 26 170 58 1.7 111 76 71 6 5 36 37 37 

4 22 163 52 1.5 129 71 63 9 8 30 39 34 

5 23 163 77 1.9 142 72 48 8 7 27 31 27 

6 21 176 73 1.9 135 71 47 9 8 35 39 29 

7 14 165 56 1.6 124 60 74 9 8 30 28 31 

8 22 186 69 1.9 122 78 41 11 8 37 36 36 

9 24 162 95 2.1 94 59 47 13 13 31 38 34 

10 25 170 68 1.8 130 62 67 6 5 23 27 26 

11 22 178 77 2 127 75 110 10 7 34 34 37 

12 23 175 59 1.7 112 69 63 11 7 30 31 28 

13 22 168 64 1.7 116 67 44 7 6 26 29 30 

14 28 178 74 1.9 122 86 76 9 8 30 34 37 

15 27 168 81 1.9 115 86 55 9 6 25 29 22 

BSA: body surface area; SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart 

rate; KBR: knowledge-based reconstruction; CMR: cardiac magnetic resonance 

 

The measurements of RV EDV, ESV and EF (Table 2) correlated well between both modalities 

(Figure 3). The mean indexed RV EDV (ml/m2) was 122 ± 4 with 2DE-KBR and 128 ± 4 with 

CMR (r=0.80); the mean indexed RV ESV (ml/m2) was 71 ± 5 with 2DE-KBR and 73 ± 4 with 

CMR (r=0.81) and the mean EF (%) 42 ± 10 with 2DE-KBR and 43 ± 7 with CMR (r=0.86). 

Pairedt-tesing showed good agreement of 2DE-KBR with CMR for EDV, ESV and EF. KBR 

tended to underestimate EDV and ESV compared to CMR, the mean underestimation of EDV 

was 4.3%, and ESV was 2.3%.  
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Table 2: Measurements from two-dimensional echocardiography-knowledge based 

reconstruction and cardiovascular magnetic resonance 

  2DE-KBR CMR 

 EDV ESV EDVI ESVI EF EDV ESV EDVI ESVI EF 

Patient (ml) (ml) (ml/ 
m2) 

(ml/ 
m2) (%) (ml) (ml) (ml/ 

m2) 
ml/ 
m2) (%) 

1 211 100 113 54 53 223 119 119 64 47 
2 195 120 117 78 39 182 101 109 61 44 
3 215 130 130 78 40 203 111 123 67 46 
4 162 116 105 75 29 184 126 119 82 31 
5 228 136 122 73 40 214 131 114 70 39 
6 283 182 150 96 36 307 190 162 101 38 
7 139 60 87 37 57 215 111 135 70 49 
8 212 120 112 63 43 234 126 124 67 46 
9 230 138 112 67 40 223 119 108 58 47 
10 233 150 130 84 36 258 160 144 90 38 
11 236 153 121 79 35 259 158 133 81 39 
12 189 62 112 37 67 194 76 115 45 61 
13 260 146 151 85 44 252 131 147 76 48 
14 264 154 138 81 42 272 174 142 91 36 
15 257 174 133 89 33 246 151 127 78 39 

2DE-KBR:Two dimensional echocardiography-knowledge based reconstruction; CMR: cardiac 

magnetic resonance; EDV: End diastolic volume; ESV: End systolic volume; EDVi: End 

diastolic volume indexed; ESVi: end systolic volume indexed; EF: ejection fraction 

 

All images for 2DE-KBR were acquired in a timely fashion; the acquisition time was 7.5 ± 1.5 

min (5-12). During 2DE-KBR post processing, 4-5 reconstructions were required to obtain 

optimal results. The post-processing time for RV analysis by 2DE-KBR was 32.6 ± 4 min, and 

this was similar to the average CMR post-processing time of 32 ± 4 min for the RV (p=0.278). 

There was a significant learning curve in the post-processing for 2DE-KBR, with more time 

required for analysis early in the study period and substantial reduction of time in later studies. 

Mean post-processing times for the first 5 and the last 5 studies were 37min and 25min 

respectively. This may be attributable to the improvement in the familiarity of the observers with 

the software. 
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Figure 1: Three-dimensional 
reconstruction of the systemic RV in a 
26-year old patient with atrial switch for 
d-transposition of great arteries. A-1 and 
A-2: Determination of end diastole and 
end systole on each required view and 
point placements in these views. B-1 
and B-2: RV endocardial and septal 
borders on each image shown in yellow 
color. C-1 and C-2: 2DE-KBR 
reconstructions in end diastolic and end 
systolic frames. 

Figure 2: KBR RV reconstruction model. 
The different views enable evaluation of 
the three-dimensional shape of the 
reconstruction and enables repeated 
reconstruction (if necessary) by placing 
additional points in the 2D image. Panel 
A:  Three-dimensional RV reconstruction 
model with scan plane. Panel B: RV 
reconstruction mesh view with spatially 
localized points. Panel C: RV 
reconstruction mesh view with 
intersections. Panel D: Combined end 
diastolic and end systolic image of the 
reconstruction. 

There was good agreement for EDV, ESV, 

and EF between the two 2DE-KBR 

observers (Figure 4). The inter-observer 

variabilities were 4.6%, 2.6%, 4.3% and 

repeatabilities were 95 %, 96 %, 95 % for 

EDV, ESV and EF respectively. The intra-

observer variabilities were 3.2%, 3.1%, 

2.3%, and repeatabilities were 96%, 96%, 

97%, respectively for EDV, ESV and EF.  

DISCUSSION 

Atrial switch operations for d-TGA are 

associated with progressive deterioration of systemic RV function, development of arrhythmias, 

atrial baffle leaks and obstructions.8-10 The proposed pathophysiologic mechanisms of RV 
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Figure 3: Regression relationships of 2DE-KBR and CMR for RV EDV (Panel A), ESV 
(Panel B) and EF (Panel C). 

Figure 4: Bland–Altman plots for inter-observer (upper panel) and intra-observer (lower panel) 
agreement of 2DE-KBR with differences plotted against mean values for each measurement.  
 
dysfunction include excessive myocardial hypertrophy resulting in demand ischemia,11,12 

perfusion abnormalities,13 and progressive tricuspid valve failure.9, 14,15 There is a high incidence 

of heart failure in young adults with systemic RV, with mortality related to heart failure as high 

as 47% in symptomatic patients.15 Even in asymptomatic patients, a high frequency of RV 

dysfunction has been shown.15 Therefore, these patients require serial and lifelong follow up of 

systemic RV function.  

CMR is considered the reference standard for quantifying RV volumes and EF, but there are 

several situations in which its use for serial follow up of CHD may be limited. 3DE is an 

alternative modality, with semiautomated software post processing reported to be comparable 

with CMR measurements in children16 and adults with CHD.17 The lower resolution of 3DE 
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often makes endocardial border delineation difficult, and this has been associated with 

underestimations of RV volumes. The challenges of 3DE are often magnified in patients with 

ultrasound window limitations and with moderate and severe RV dilation.  In addition, the 

accuracy of 3D quantification algorithms has not been validated for the systemic RV. Typically, 

patients with systemic RV have severely dilated ventricles that often render full volume 3D 

acquisition and quantification difficult. This is because such algorithms have been created based 

on assumptions of normal RV geometry, and may not hold true for a remodeled systemic RV.  

PSSS technology, the backbone of KBR has been previously validated for RV volume 

measurements. 1, 2, 4 PSSS derived volumetric measurements from CMR images of the systemic 

RV have been shown to correlate well with the Simpson’s method.18 For 2DE-KBR, the user 

enters points at key anatomic landmarks of the RV that are used to create a 3D surface with the 

aid of a database that contains knowledge of the shape of normal and abnormal human RV. The 

systemic RV catalog contains varied shapes of RV expected in d-TGA after atrial switch.   

Identification of entire endocardial borders is not necessary for reconstruction, a great advantage 

in patients with dilated RV and ultrasound window limitations. 

The present study represents the first clinical experience with 2DE-KBR in young adults and its 

first independent validation in patients with systemic RV. As an extension of standard 2DE, the 

technology holds promise for the serial follow up assessment of RV function in CHD. The 2DE-

KBR derived volumes and EF compared well with CMR, and post-processing times were similar 

to CMR. The 2DE-KBR post processing requires point placement alone, which may be more 

user friendly compared to tracing the entire border for the RV slice in CMR post-processing.  

Dragulescu et al has recently reported their experience with 2DE-KBR for evaluation of the 

subpulmonary RV in young patients with repaired tetralogy of Fallot.6 They found excellent 

feasibility and reproducibility for the technique, and mild underestimation of volumes compared 

to CMR. The correlations for EDV, ESV and EF with CMR were superior in comparison to our 

study. Differences in patient ages and diagnoses may account for the stronger correlation 

observed by Dragulescu et al. Our average post processing times were > 15 minutes, which again 

may be attributable to the relatively older patients with difficult ultrasound windows included in 

our study who may have required more point revisions and reconstructions. Differences in the 

patterns of RV remodeling and hypertrophy between atrial switch TGA and repaired tetralogy of 

Fallot may account for variations between these reports.  
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Since placement of anatomical structure points is a key element of 2DE-KBR analyses, 

consistent and uniform point placements are necessary. In our experience, addition of more RV 

points did not improve the quality of reconstruction, and equivalent tracking and reconstruction 

results were obtained with fewer, correctly placed points. Point placement at the RV apex and the 

pulmonary valve was especially important for satisfactory reconstruction; even small changes in 

these placements significantly impacted volume measurements. 

Limitations 

Clinical application of 2DE-KBR requires additional computer equipment, special scanning bed 

and training. Patient position must be constant during the entire image acquisition to minimize 

movement/breathing related artifacts, so application of the technology to younger, potentially 

less cooperative patients may be limited. The acquisition process requires relatively stable heart 

rate rendering the method difficult in patients with arrhythmias. The time commitment required 

for acquisition and post processing may affect echocardiography laboratory workflow. These 

limitations will likely diminish with improvements in the technology. Due to the presence of the 

low strength magnet underneath the special scanning bed, patients with pacemakers were not 

studied. Evaluation of safety and feasibility in patients with pacemakers is important given the 

prevalence of pacing after atrial switch. Visualization of the true apex for point placement may 

be difficult in patients with severely dilated RV. Though we were able to satisfactorily define RV 

apex in all our studies, modified views were necessary during acquisition. Finally, the number of 

patients studied in this series is relatively small. While the study evaluated reproducibility of 

measurements, it did not evaluate variability related to image acquisition. A multicenter study 

would be needed to include a larger number of patients with systemic RV, and this is planned for 

the near future. 
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ABSTRACT 

Background: 
Our purpose was to test the following hypotheses: (1) Patients with hypoplastic left heart 

syndrome (HLHS) who develop significant tricuspid regurgitation (TR) or require tricuspid valve 

(TV) surgery in the medium-term, have detectable TV abnormalities by three-dimensional 

echocardiography (3DE) pre-stage 1 palliation; (2) TR is associated with reduced survival and 

increased TV intervention. 

Methods and Results: 
Infants were prospectively studied with 3DE and 2DE pre-stage 1, and followed-up for the end-

points of TR, TV surgery, transplantation or death. From pre-stage 1 3DE, spatial coordinates of 

TV annulus and leaflets were extracted; annulus size, leaflet area, prolapse volume, tethering 

volume, bending angle, and papillary muscle angle measured. TR was assessed pre-stage 1 and at 

latest follow up. Of 70 patients, 62 (88.6%) had ≤mild TR; 8 (11.4%) had ≥moderate TR pre-

stage 1. Pre-stage 1 tethering volume correlated to leaflet area (r=0.736; p<0.001), annulus area 

(r=0.651; p<0.001), right ventricular (RV) end-diastolic area (r=0.347; p=0.003), fractional area 

change (r=-0.387; p<0.001) and TR grade (r=0.447; p<0.001). At follow-up, 46 (65.7%) had 

≤mild TR (group A), 24 (34.3%) had ≥moderate TR (group B). Pre-stage 1 3DE showed greater 

TV tethering volume and flatter annulus in group B. Survival was better in group A. 

Conclusion: 

Increased TV tethering volume and flatter bending angle pre-stage 1 palliation is associated with 

TV failure at medium-term follow-up. Increased pre-stage 1 tethering is related to having larger 

TV annulus, larger leaflet area, larger RV size and reduced systolic function. TR progression 

results in increased TV intervention and decreased survival.  
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INTRODUCTION 

Tricuspid regurgitation (TR) is associated with morbidity and mortality in children with 

hypoplastic left heart syndrome (HLHS).1-3 Cross-sectional studies using two-dimensional 

echocardiography (2DE), three dimensional echocardiography (3DE), and intraoperative surgical 

inspection of the tricuspid valve (TV) after stage 1 palliation have suggested multiple etiological 

factors for TR in HLHS. These include annular and ventricular dilation, leaflet prolapse and 

tethering, leaflet dysplasia, papillary muscle displacement and right ventricular (RV) 

dyssynchrony. 4-6  

Real time 3DE has emerged as a clinically useful tool for anatomic and functional assessment of 

atrioventricular valves before and after surgical repair.7, 8Several studies have shown the added 

value of 3DE over 2DE in the evaluation of mitral valve disease.9-17 In pediatric subjects, real-

time transthoracic 3DE generates optimal images of the TV.8-10 Quantitative 3DE permits 

evaluation of the spatial relationships between the TV annulus, leaflets, and the supporting 

apparatus by measurement of tethering and prolapse volumes, leaflet and annular areas and 

papillary muscle (PM) angles. 4, 11 We have reported the use of quantitative 3DE to assess 

mechanisms of TR, and demonstrated that this technique is able to detect areas of TV tethering 

and prolapse in HLHS. 4 

Previous studies have evaluated mechanisms for TR in HLHS at or beyond the time of the 

second stage palliation, however there is a paucity of literature on TV function prior to stage 1, 

and its potential implications on TR and RV function at follow up. The relevance of pre-stage 1 

TR in the management of HLHS is unknown because there are no longitudinal studies on 

evolution of TV function over time. After our initial reports on the use of 3DE in the assessment 

of HLHS, we established a prospective, longitudinal, bi-institutional study since 2007 to serially 

examine TV function using 2DE and 3DE. Our primary hypothesis was that patients who 

develop significant TR at any stage have functional abnormalities of the TV prior to stage 1 

palliation. Accordingly, the specific aims of the present study were to (1) prospectively derive 

parameters for quantitative assessment of the TV by real-time 3DE prior to stage 1 palliation, 

and (2) correlate the severity of TR at follow up with medium term outcomes in patients with 

HLHS. 
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METHODS 

Patient population 

This was a prospective study of patients with classic HLHS born at the Stollery Children’s 

Hospital, University of Alberta and the Children’s Hospital and Medical Center, University of 

Nebraska Medical Center from January 2007. Variants of HLHS such as heterotaxy or 

unbalanced atrioventricular septal defect were excluded. Patients were also excluded if their 

gestational age was <35 weeks, or extracardiac malformations were present. Institutional Review 

Board approvals were obtained from both institutions and informed consent was obtained from 

parents of all recruited patients. 

Prior to stage 1 palliation, all patients were cared for in a neonatal intensive care unit on 

prostaglandin E1. The physicians responsible for clinical care determined the requirement for 

ventilation or inotropic support. Patient demographics and acid-base status at the time of 

echocardiogram were recorded.  Patients underwent stage 1 palliation with a right ventricle–to–

pulmonary artery conduit (Sano shunt) as the provision for pulmonary blood flow. Elective 

bidirectional cavopulmonary anastomosis was performed between 4 and 6 months of age on the 

basis of the treating cardiologist’s clinical assessment, including level of urgency for single 

ventricular unloading, trends in arterial oxygenation, and somatic growth. Data was assessed via 

review of surgical database and clinical records for outcomes including the occurrence and 

timing of TV repair, further palliative surgery, cardiac transplant or death.  

Two-dimensional echocardiography 

Standard 2DE was obtained prior to stage 1 palliation and at follow-up on iE33 (Philips Medical 

Systems, Andover, MA) or Vivid 7 (GE Medical Systems, Milwaukee, Wisconsin) ultrasound 

systems with electrocardiogram tracing. Prior to stage 1 palliation and at latest follow-up, the 

following 2DE measurements were included:  (1) RV fractional area change (FAC), (2) RV 

diastolic area, (3) left ventricular (LV) diastolic area, (4) RV sphericity index, and (5) degree of 

TR.  Right ventricular areas were measured from the apical 4-chamber view by tracing the RV 

endocardium in systole and diastole, and percentage FAC calculated as (end-diastolic area - end-

systolic area)/end-diastolic area X 100. Sphericity index was measured at end-diastole from the 

apical 4-chamber view, with the long-axis dimension measured from the midpoint of the TV 
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annulus to the RV apex, and the short axis dimension measured from the free wall to the septum 

perpendicular to the long-axis dimension at its mid-point. Left ventricular size was measured as 

LV area at end-diastole from the apical 4-chamber view. Ventricular sizes were indexed to body 

surface area calculated using the Haycock formula.  

Tricuspid regurgitation was assessed with 2DE prior to stage 1 palliation and at most recent 

follow up  (prior to TV surgery, cardiac transplantation, death or conclusion of the study) by 

qualitative grading. The severity of TR was graded as follows: trivial (narrow single jet), mild 

(multiple narrow jets), moderate (wide jet reaching mid-portion of the right atrium), and severe 

(wide jet reaching the back wall of the right atrium). The TR grades at latest follow-up were 

grouped as mild or less (group A) and moderate or greater (group B) for analysis.  

Three-dimensional echocardiography  

The iE33 ultrasound system and matrix X7-2 transthoracic transducer (Philips Medical Systems, 

Andover, MA) were used for image acquisition prior to stage 1 palliation. Images were acquired 

during an expiratory breath-hold if the patient was ventilated, or free breathing if not ventilated. 

Multi-beat acquisitions (with electrocardiogram gating to merge pyramidal scans obtained over 4 

or 7 heart beats) were used to maximize frame rate in all patients. Multiple full-volume datasets 

were acquired in the apical window using the high–frame rate mode and the smallest sector 

format was used to acquire an image optimized for spatial and temporal resolution. Care was 

taken to minimize stitch artifacts by avoiding significant respiratory changes and by reducing 

transducer movement during image acquisition. Analysis was performed only on the 3D dataset 

without stitch artifact from respiratory movement.  

3DE quantification 

The raw 3DE datasets were transferred from the ultrasound system to an offline system for 

analysis (TomTec Inc., Unterschleissheim, Germany) as described previously.4 In brief, one 

experienced observer (TC) performed all analyses in a blinded fashion. End-diastole was defined 

as the frame after TV closure, and end-systole was defined as the frame before TV opening. The 

number of frames between end-diastole and end-systole were counted and mid-systole was 

defined as the midpoint. Twelve radial planes were obtained (every 15 degrees) around the center 

of the TV annulus and the annulus was delineated at the leaflet hinge-points in mid-systole. To 
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Figure 1: Derivation of three-dimensional model of the tricuspid valve components for 
characterization of morphology.  
This figure demonstrates the methodology used to quantify the targeted tricuspid valve 
parameters. Panels A and B shows the tricuspid valve in a subject with a smaller tethering 
volume, and panels C and D a large tethering volume. The raw leaflet coordinates from the 9 
radial planes, and best-fit annulus from the 12 radial planes, are shown in the left panels.  Also 
shown in the left panels is a best-fist annular surface, which defines the surface of zero tether or 
prolapse.  The corresponding right panels show the best-fit leaflet surface and the annular plane, 
which intersect at the annulus. For measurement of bending angle (panel E), the annulus was 
divided into anterior and posterior sections as defined by the bending points, identified in the 
figure near the mid-septum. The annular points in each section were fit with a plane, and the 
bending angle was measured as the angle between the normal lines for each plane. 

delineate the three-dimensional surface of the leaflets, 9 radial planes (20 degrees between each) 

were obtained around the center point of the TV annulus. In mid-systole, 9 coordinate points 

were placed along the leaflet from annulus to annulus on each plane. To mark the anterior PM, 

the tip and base of the anterior papillary muscle was triangulated from three planes that were 

centered on the TV annulus at three equidistant points. From each point in turn, the plane was 

rotated manually until the tip of the PM was identified and a marker was placed. From the same 

annular point, the base of the PM was marked using the same technique. This was performed 

from three TV annular points such that the PM tip and base were each marked by three markers.  

All points were converted into 

spatial coordinates (x, y and z) and 

exported into Matlab (MathWorks 

Inc., Natick, MA) for analysis. This 

proprietary software was used to 

develop 3D models of the TV and 

its apparatus for analysis as 

described previously.4,11 Briefly, by 

using the extracted x, y, and z 

spatial coordinates, the software 

defined two separate surfaces, one 

surface that is fit to the TV leaflets and one that is fit to the annulus.  The coordinate system was 

rotated and translated so that the origin (0,0,0) is at the center of the annulus and the z-axis is 

perpendicular to the best fit plane to the annulus, as shown in Figure 1 panels A and  C, for two 
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representative subjects.  In this new frame of reference, the leaflet and annular surfaces were 

defined by z-coordinates over a uniformly spaced x-y grid, with points every 1.0 mm.  The best 

fit annular surfaces for two sample cases are shown in Figure 1 panels A and C, showing the 

uniformly spaced mesh grid that defines a smooth surface passing through all annular points.  A 

similar surface was defined for the leaflet points, shown in Figure 1 panels B and D, with a solid 

texture to highlight the volume contained by the leaflet.  The volume was calculated as the sum 

of elemental rectangular volumes defined in the x-y dimension by the uniformly spaced grid and 

in the z-dimension (the vertical dimension in Figure 1) by the two surfaces at each of the x-y 

coordinates. The tethering volume was defined as the volume between the surfaces below the 

annulus (toward the RV), and the prolapse volume was the volume between the surfaces above 

the annulus (toward the right atrium). The leaflet and annular areas were calculated as the areas 

of these respective surfaces, where the annulus defines the intersection of the surfaces. The 

annular bending angle was measured using a previously reported method, illustrated in Figure 

1.4 Briefly, the annulus was divided into anterior and posterior sections, as defined by the 

bending points, identified in the figure near the mid-septum. The annular points in each of these 

sections were fit with a plane (nonnegative least-squares), from which the bending angle was 

measured as the angle between the normal lines for each plane. The line of the PM was defined 

as the best-fit line between the points identifying the tip and the base of the anterior PM. The 

angle of this line to the annular plane was then measured. 

Statistics 

Continuous variables are presented as median (range) or mean ± standard deviation as 

appropriate. Comparisons of normally distributed continuous variables between groups were 

made using Student-t test. Comparisons of non-normally distributed variables were made using 

Mann-Whitney U test. Total count and percentages are reported for categorical variables. 

Pearson product-moment correlation coefficients were used to determine the strength of the 

relationship between continuous variables. Abnormal TV tethering was defined as a tethering 

volume of >0.69 mL/m2 per our previous work.4 Comparisons of outcomes (mortality or 

transplant) among patients grouped by categorical variables such as gender, morphologic type, 

and tricuspid regurgitation were compared using Fisher’s exact test for 2X2 tables, and the 

Freeman-Halton extension of Fisher’s exact test for 2X3 tables. Intra-observer and inter-observer 



 136 

agreements for 20 repeated quantitative 3DE measurements were determined using Bland 

Altman analysis to identify possible bias (mean divergence) and the limits of agreement (2 

standard deviation of the divergence). The level of statistical significance was set at p<0.05. 

Analysis was performed using commercially available statistical software (SPSS Version 19.0, 

SPSS Inc., Chicago, IL and MedCalc version 13.0.2, Ostend, Belgium) 

RESULTS 

The study cohort consisted of 70 infants with HLHS. Forty-five patients completed bidirectional 

cavopulmonary anastomosis at a mean age of 5.8 ±1.5 months, and 20 patients have undergone 

Fontan completion at a mean age of 34.6 ±5.8 months. Seven patients required TV surgery, 8 

have undergone cardiac transplantation for deteriorating RV function, and there were 25 deaths.  

Prior to stage 1 palliation, 62 patients (88.6%) had ≤mild TR; 8 patients (11.4%) had ≥moderate 
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Figure 2: Medium-term survival in patients with 
low and high tricuspid valve tethering volumes 
prestage 1. 

Figure 3: Correlations of prestage 1 
tethering volume with tricuspid valve (TV) 
leaflet and annulus areas are stronger than 
those with right ventricular (RV) end-
diastolic area and fractional area change 
(FAC). 

TR. At latest follow-up, 46 (65.7%) patients had ≤mild TR (group A), 24 (34.3%) had ≥moderate 

TR (Group B). The 2DE characteristics at pre-stage 1 palliation and at latest follow-up compared 

between groups A and B are shown in Table 1. At pre-stage 1, the right ventricular FAC, RV end-

diastolic area or RV sphericity index in group B were no different to group A. There was a trend 

toward smaller LV end-diastolic area in group B. At latest follow-up there was no difference 

between the two groups in 2DE RV parameters.  

The morphology, surgical history and outcomes are shown in Table 2. The pre-stage 1 palliation 

3DE data for all patients and comparisons between groups A and B are shown in Table 3. Low 

pre-stage 1 tethering volume conferred significant survival benefit over those patients with high 

tethering volume (Figure 2).  Survival to 53 months in the low indexed tethering volume group 

was 72% and in the high indexed tethering 

volume group was 41  %; p=0.042. Other 

pre-stage 1 3DE parameters (TV leaflet and 

annular areas, bending and papillary muscle 

angles) were not found to have a statistically 

significant relationship with survival. While 

greater tethering volume (p=0.009) and 

bending angle (p=0.022) was demonstrated 

in group B compared to group A, there were no 

statistically significant differences in leaflet 

area, annulus area, or papillary muscle angle 

between the groups. Pre-stage 1 tethering 

volume correlated to leaflet area (r=0.74; 

p<0.001), annulus area (r=0.65; p<0.001), 

RV end-diastolic area (r=0.35; p=0.003), and 

FAC (r=-0.39; p<0.001) as shown in Figure 

3. Tethering volume also correlated significantly with TR grade at follow up (r=0.45; p<0.001). 
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Figure 4: Bland–Altman plots of 
intraobserver agreements for quantitative 
tricuspid valve measurements on 3-
dimensional echocardiography. 

Figure 5: Bland–Altman plots of  
interobserver agreements for quantitative 
tricuspid valve measurements on 3-
dimensional echocardiography.  

The TV prolapse volumes were very small in all patients with no statistically significant 

difference between the groups.  

All patients in group B had significant morbidity with 7 requiring TV surgery (vs. 0 in group A; 

p=0.005) and 6 progressing to transplantation (vs. 2 in group A, p=0.038). Twelve of 46 patients 

in group A (26%) died, as compared to 13 of 24 (54%) from group B (p=0.027). The Bland-

Altman analysis showed good intra-observer and inter-observer agreements for quantitative 3DE 

measurements as represented in Figures 4 and 5.  

 

DISCUSSION 

The main finding of the present study is that TV failure at medium term follow-up in HLHS is 

associated with a larger tethering volume and bending angle (flatter annulus) in the first weeks of 

life, prior to any surgical intervention. This larger tethering volume is related to larger TV 

annulus area, total TV leaflet size, and to a lesser extent larger RV size and reduced RV systolic 

function. Previous studies in HLHS have shown a trend toward increased risk of mortality with 

greater degrees of preoperative TR.12 The present study confirms that progression of TR results 

in increased TV intervention and decreased survival.  Furthermore, our findings suggest that TV 

tethering soon after birth may be an important precursor for early and intermediate TV failure in 

HLHS. We speculate that this early tethering manifests mostly from in utero developmental 

variations13 in TV and RV structural components.  
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Tricuspid valve failure in HLHS 

Normal TV function requires coordinated action of multiple components: annulus, leaflets, 

subvalvar apparatus (chordae and papillary muscles) as well as normal RA and RV function. 

Abnormalities in any of these components may result in abnormal function.14 Pediatric data on 

TV function is limited, especially for the TV in a systemic circulation. In adults with 

congenitally corrected transposition, a morphologically abnormal TV predicts the development 

of TR, and significant TR precedes RV dysfunction.15  In contrast to the mitral valve, the 

morphologic TV (with its variable PM morphology and PM attachments to the interventricular 

septum), is likely to be less suited to function as a systemic atrioventricular valve. The TV in 

HLHS is even more vulnerable as it is exposed to various volume and pressure load stresses. 

Tricuspid regurgitation in turn may cause significant volume loading during staged palliation, 

leading to dilatation, geometry changes and dysfunction of the systemic RV.16, 17 RV dilatation 

from volume overloading may further progress TR. Multiple observational studies have shown 

that TR is an important contributor to RV failure, and has a negative impact on medium and 

long-term outcomes.18, 19 

Our group has previously demonstrated a role for interventricular septal position, hence LV 

function, in maintaining an elliptical TV annulus shape. In conjunction with RV free wall motion 

during systolic contraction, the annulus shape is important for maintaining TV leaflet coaptation 

in normal biventricular hearts.20 In a cross-sectional study of HLHS, this mechanism was found 

to be disturbed in those with significant TR. In addition, the TV annulus was flatter, a geometry 

known to increase leaflet stress,21 and the anterior PM was more laterally displaced.20 Using 

3DE, our group then demonstrated that TR in HLHS is associated with 2 distinct mechanisms of 

failure: tethering or prolapse of the TV leaflets. Those with TV tethering had a flattened annulus 

(increased bending angle) and a more laterally displaced anterior PM, while those with TV 

prolapse had a more dilated annulus, smaller septal leaflet size, and were older. 4 

 

 

Tethering and tricuspid valve failure 
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Tethering is an important risk factor for atrioventricular valve regurgitation,22, 23. Tethering is 

known to be associated with PM position 4 and ventricular size, and is possibly an adaptation to 

ischemia.24 In our cohort of neonatal HLHS, some degree of tethering was almost universally 

present prior to any surgical intervention, demonstrated by the very small prolapse volume 

measured. This finding would suggest that early HLHS tethering is unlikely to be secondary to 

an ischemic insult related to the cardiopulmonary bypass, while intrinsic myocardial ischemia 

due to reduced coronary perfusion remains possible.  The tethering volume instead was 

moderately associated with increased TV annulus size and TV leaflet area in a cohort that had 

little TR prior to first stage surgery, hence the usual pathophysiology of annulus dilation and 

subsequent increased atrial surface leaflet area from tethering and reducing coaptation area, was 

not the likely explanation. This coupled with a weak association with increased RV size and 

reduced RV function would further support an alternative explanation of congenital TV tethering 

in HLHS, as compared to current concepts in functional TV incompetence.  

The lack of significant prolapse volumes in our very young cohort, despite previous data that 

prolapse is an important mechanism of TR in HLHS in older patients,4 lends support to the 

concept that TR associated with leaflet prolapse evolves, rather than being a congenital 

abnormality in this condition. Leaflet growth is likely an important factor for maintaining normal 

leaflet coaptation. The AV valves are able to adapt to stresses by increasing leaflet length and 

thickness as demonstrated in both human and animal studies.25-27 Leaflet tethering, RV dilation 

and dysfunction likely influence this adaptation in HLHS. Although tethering forces influence 

leaflets to compensate and expand, as demonstrated by in vitro studies,28 our data suggest that 

too much early tethering is clinically unfavorable. Tricuspid valve failure may represent an 

inability of TV reserve to adequately compensate for the increased demand of greater congenital 

leaflet tethering, and the rapid annular dilation that accompanies volume and pressure loading 

stressors after stage 1 palliation. This hypothesis should be tested in future longitudinal 3DE 

studies assessing the effects of early tethering and subsequent TV leaflet size. 

Although there was no statistically significant difference in indexed LV area between groups, 

there was a trend towards smaller LV areas in group B. Septal position is likely an important 

contributor to normal TV function, especially affecting the septal leaflet. It has been 

demonstrated in the systemic RV of congenitally corrected transposition of the great arteries that 
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increasing LV pressure reduces TR, possibly due to a change in the septal position.29 A 

pathological study suggested that septal leaflet support apparatus differed in HLHS patients with 

smaller LV (mitral atresia / aortic atresia).30 This pathological series did not have clinical 

correlates to identify which patient group had significant TR,30 however it is possible that 

structural differences in sub-valve apparatus may also affect TV function. 

Clinical implications 

Tricuspid regurgitation is an important risk factor for morbidity and mortality in HLHS. 

Understanding the predictors and evolution of TR may improve the understanding of TV and RV 

failure in HLHS. Tricuspid valve repair has been reported in up to 25% of early survivors.31 

However, there are limited technical options for repair and the commonly employed techniques 

do not directly address leaflet tethering. 32 Though volume unloading with the cavopulmonary 

shunt results in RV remodeling, its impact on TR is minimal.33 The need for innovative new 

surgical approaches to this complex valve is pressing. The pursuit of understanding the TV unit 

(annulus function, leaflet function, chordae and papillary muscle function, interactions with atrial 

and ventricular function) and its adaptive reserve may prove valuable for surgical teams in the 

development of surgical approaches that address the functional abnormalities.  

Study Limitations 

This study assessed TV function using quantitative 3DE at a single time point (prior to stage 1 

intervention), so the evolution of TR was not studied by 3DE. Comparison with quantitative 3DE 

measurements at follow-up was not performed, and is a recognized limitation of this study. Right 

ventricular function was assessed using only 2DE parameters. TR at follow up was graded 

qualitatively because there are no widely accepted guidelines to grade TR in children. Functional 

parameters were measured only at mid-systole therefore dynamic changes in annulus and leaflets 

were not assessed.  Patients were recruited from two institutions with potential differences in pre-

operative and post-operative strategies, although both institutions used Norwood procedure with 

the Sano modification as the initial palliation. Finally, the cohort does not represent the entire 

spectrum of patients with palliated HLHS, in part because of the exclusion of patients with 

variants of HLHS.  

CONCLUSIONS 
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Quantitative 3DE indices of increased tricuspid valve tethering volume and a flatter annulus 

early in life are associated with valve failure at medium term follow up of HLHS. Having low 

TV tethering volume before stage 1 palliation is associated with improved survival. The potential 

of 3DE quantitated tricuspid valve function in the neonatal period for risk stratification of HLHS 

warrants further investigation.  
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ABSTRACT 
Background: Right ventricular (RV) failure is a major cause of morbidity and mortality in 

patients with hypoplastic left heart syndrome (HLHS), but the longitudinal course of RV 

volumes through staged palliation (SP) has not been previously investigated. The aim of this 

study was to evaluate RV volume and function longitudinally through SP of HLHS using real-

time three-dimensional echocardiography. 

Methods: A total of 18 subjects with HLHS were prospectively studied at four time points from 

diagnosis through stage 2 (SP2). Real-time three-dimensional echocardiographic full-volume 

data sets were acquired in high-frame rate mode with electrocardiographic gating. Volumetric 

and functional analyses were performed using a semiautomatic contour detection algorithm. 

Eighteen age-matched and sex-matched normal infants (aged 0-6 months) were studied at 

comparable time points as controls. 

Results: Presurgical examinations (pre-stage 1 [SP1]; n = 18) were performed at a mean age of 4 

days, post-SP1 examinations (n = 17) at a mean age of 20 days, pre-SP2 examinations (n = 14) at 

a mean age of 4.6 months, and post-SP2 examinations (n = 14) at a mean age of 5.5 months, 

constituting a total of 63 examinations. The mean values of RV end-diastolic volume indexed to 

body surface area (EDVi) at the four time points were 87 ± 30, 104 ± 39, 112 ± 34, and 102 ± 35 

mL/m(2), respectively. There was an increase in EDVi (P = .024) from pre-SP1 to post-SP1 but 

no significant change between post-SP1 and pre-SP2. The decrease in EDVi after SP2 did not 

reach statistical significance. Mean RV ejection fractions (EFs) were 50 ± 5%, 45 ± 5%, 46 ± 

5%, and 38 ± 4%, respectively. There was a trend toward decreasing EF throughout SP, with 

statistically significant decreases from pre-SP1 to post-SP1 (P = .003) and from pre-SP2 to post-

SP2 (P < .001). In normal infants, the mean RV EDVi was 50 ± 10 mL/m(2) (approximately half 

that of patients with HLHS), and the mean EF was 51 ± 3%. There was good interobserver 

agreement for EDVi, end-systolic volume indexed to body surface area, and EF. 

Conclusions: Real-time three-dimensional echocardiography is a reproducible means for 

evaluating RV volumes and EFs in patients with HLHS. Indexed RV diastolic volume remains 

stable to slightly increased, and RV EF deteriorates as the first two stages of surgical palliation 

are accomplished. The findings of this study highlight the adverse physiology of HLHS, which 

deteriorates even among early survivors despite SP. 
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INTRODUCTION 
Despite advances in surgical techniques and perioperative management, hypoplastic left heart 

syndrome (HLHS) remains one of the most high-risk congenital heart diseases (CHDs), with 

only 65% of children born with HLHS reaching the age of 5 years.1 One of the primary causes 

of morbidity and mortality among this population is right ventricular (RV) failure after surgical 

staged palliation (SP). RV dysfunction before SP has been shown to be associated with decreased 

intermediate-term and overall survival in HLHS.2 An important contributor to RV failure in 

HLHS is progressive tricuspid valve regurgitation leading to RV dilation and changes in RV 

geometry. Serial examinations of RV performance over the course of SP may provide valuable 

information to guide the medical and surgical management of patients with HLHS. Current 

knowledge of RV volume and function in HLHS are derived mostly from cross-sectional 

studies,3,4 but the longitudinal course of RV performance through SP has not been previously 

studied. The current strategy for surgical management of HLHS incorporates three surgical 

palliative stages. The first stage (SP1; Norwood) consists of reconstruction of the hypoplastic 

aorta to augment its size and establish its origin from the pulmonary root, coupled with 

construction of a source of pulmonary blood flow either as a conduit from the right ventricle or 

as a systemic–to–pulmonary arterial shunt. The atrial septum is excised to ensure decompression 

of the left atrium. The result is a circulation with total mixing of saturated and desaturated blood 

within the right heart, a volume-loaded right ventricle delivering both systemic and pulmonary 

cardiac output, and a right ventricle afterloaded to the level of the aortic blood pressure. Stage 2 

(SP2; Glenn) involves takedown of the SP1 source of pulmonary blood flow when pulmonary 

vascular resistance permits adequate prograde pulmonary blood flow without ventricular support. 

A superior vena cava–to–pulmonary artery connection then supplies pulmonary blood flow, and 

the RV volume overload is thus decreased or eliminated. In stage 3 (Fontan), separation of the 

systemic venous and pulmonary venous blood is accomplished when the patient has achieved 

chronic accommodation to SP2 and is large enough to receive a direct connection from the 

inferior vena cava to the pulmonary arteries adequate for the long term. There remains 

considerable attrition at and between each stage, with most attrition usually between SP1 and 

SP2. 

Assessments of RV volume and function in patients with HLHS are difficult. The nongeometric 

shape of the right ventricle hampers assessments from conventional two-dimensional (2D) 
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echocardiographic measures. Conventional measures of ventricular shortening are not applicable 

to the single right ventricle, because of the fundamental differences in geometry. Changes in RV 

volume load and geometry between stages render applications of 2D techniques even more 

challenging. Cardiac magnetic resonance (CMR) imaging is the current reference standard for 

the quantification of RV volumes and ejection fraction (EF), but there are several limitations for 

performing CMR imaging in routine clinical practice for neonates and infants. Besides the issues 

of high cost, low availability, and relative contraindications, performing CMR imaging in these 

fragile infants is technically difficult and necessitates the administration of general anesthesia. 

Real-time three-dimensional (3D) echocardiography (RT3DE) is well suited for volumetric and 

functional assessment of the right ventricle in this setting. There have been significant 

improvements in both 3D transducer technology (matrix array) and volumetric quantification 

techniques in recent years. Both transthoracic and transesophageal RT3DE have been validated 

for the evaluation of RV volumes and function.5,6 RT3DE has been shown to provide a fast and 

reproducible assessment of RV volumes and EF with fair to good accuracy compared with CMR 

reference data in CHD.7 Segmental analysis of the right ventricle in patients with CHD is 

feasible using RT3DE.8 Moreover, RT3DE has been shown to have good interobserver and 

intraobserver test-retest reproducibility for the assessment of RV volumes and EF in patients with 

CHD and healthy controls, which makes it a valuable technique for serial follow-up.9 Because 

RV failure is an important cause of morbidity and mortality after SP, an accurate and 

reproducible technique for serial RV assessment would facilitate the early identification of RV 

dysfunction and improve risk stratification in HLHS. The aim of our study was to prospectively 

evaluate RV volumes and function in patients with HLHS using RT3DE through SP. 

 
METHODS 
This was a prospective longitudinal observational study of patients with HLHS at a tertiary 

pediatric referral center. The institutional review board at the University of Nebraska Medical 

Center and the Children’s Hospital and Medical Center approved the study protocol. Informed, 

written consent was obtained from the legal guardians of all patients who met the inclusion 

criteria. 
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Patients 
Patients were prospectively enrolled between February 2009 and September 2011. The two 

anatomic subtypes of HLHS included were aortic atresia/mitral atresia and aortic atresia/mitral 

stenosis. Variants of HLHS such as unbalanced atrioventricular septal defect, double-outlet right 

ventricle with mitral atresia and arch hypoplasia, and critical aortic stenosis were excluded. 

Patients were also excluded if their gestational age was <36 weeks, their birth weights were <2.5 

kg, or extracardiac malformations were present. Thirteen of these patients were diagnosed by 

prenatal echocardiography. Patients diagnosed prenatally were delivered at a high-risk perinatal 

center, started on prostaglandin E1 infusion, mechanically ventilated when necessary for apnea, 

and transported for tertiary-level care. All patients underwent SP1 palliation with a right 

ventricle–to–pulmonary artery conduit (Sano shunt) as the provision for pulmonary blood flow, 

per our institutional practice. Elective bidirectional cavopulmonary anastomosis (SP2) was 

performed usually between 4 and 6 months of age on the basis of the treating cardiologist’s 

clinical analysis, including level of urgency for single ventricular unloading, trends in arterial 

oxygenation, and somatic growth. 

Transthoracic research echocardiography was performed at four time points: the neonatal period 

as soon as the diagnosis was made in our center (pre-SP1), after the first palliative surgery (post-

SP1), before the second palliative surgery (pre-SP2), and after the second palliative surgery 

(post-SP2). Post-SP1 and post-SP2 echocardiographic studies were performed $5 days after each 

surgery, with the patient breathing spontaneously and without any inotropic support. Seventeen 

neonates were receiving prostaglandin E1 infusion at the time of the pre-SP1 examination. The 

pre-SP1 examinations were performed during mechanical ventilation in the six neonates who had 

to be electively ventilated because of apnea from prostaglandin E1 infusion (before transport to 

our center) at the time of the study. The ventilated infants were not pharmacologically paralyzed 

to suppress respiratory effort. Eighteen age-matched and sex matched infants (aged 0–6 months) 

with structurally normal hearts were studied at comparable time points to serve as controls. 

Three-Dimensional Echocardiography 
The iE33 ultrasound system and matrix X7-2 transthoracic transducer (Philips Medical Systems, 

Andover, MA) were used for the acquisition of real-time 3D echocardiographic research images. 

Large-sector (full-volume), narrow-sector (Live 3D; Philips Medical Systems), and focused 

wide-sector (Live 3D zoom) data sets were acquired using the high–frame rate mode (53 6 7 
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Figure 1: Example of RV cast in a patient with 
HLHS after SP1 palliative surgery. The cast 
computation was completed by the application of a 
semiautomatic RV contour detection algorithm with 
manual correction options. 

volumes/sec for the full volume data sets) by a single experienced sonographer (A.P.) in all 

patients. The full-volume mode used electrocardiographic gating to merge pyramidal scans 

obtained over seven consecutive heartbeats. The data sets were obtained from the apical or 

slightly medial four chamber, parasternal long-axis, and subxiphoid views in grayscale and with 

color Doppler. To minimize stitch artifacts, the acquisitions were performed during quiet 

breathing or with the patient mechanically ventilated, and with minimum transducer movement 

during acquisition. Four full-volume data sets of the entire right ventricle were obtained in each 

study. The raw full-volume data sets were transferred from the ultrasound system via CD-ROM 

or flash drive to a dedicated research workstation for offline analysis using 4D RV Function 

version 1.2 (Image Arena platform; TomTec Imaging Systems, Unterschleissheim, Germany). 

One good-quality full-volume data set in each study (without stitch artifacts) was selected for 

analysis. The software performed RV border detection over one cardiac cycle using a physics-

based modeling algorithm. The algorithm consisted of the construction of an initial RV ‘‘cast’’ 

and semiautomatic RV contour detection with manual correction options, the details of which 

have been described elsewhere.7 Briefly, this four-dimensional RV cast computation method was 

accomplished in the following steps: (1) Three landmarks were defined for construction of the 

initial RV cast, and a cut plane that passed through the landmarks was calculated to derive a four-

chamber view for RV endocardial border tracing. (2) On the basis of the known 3D coordinates 

of the four chamber view, a short-axis view was computed (perpendicular to the four-chamber 

view), and endocardial border was traced in this view. (3) A coronal view (orthogonal to the 

short-axis view) was computed on the basis of the tricuspid valve landmark, and the previous 

two tracings, which was then optimized by the user. (4)Asecond outer contour of the coronal 

view was traced between the tricuspid and pulmonary 

(neoaortic valve) annuli. (5) On the basis of the contours of 

the three previously traced planes (four-chamber, short-

axis, and coronal), the program applied a 3D surface with 

specific RV properties to create the initial 3D RV cast, 

which was stored as a triangulated mesh. (6) Finally, using 

the initial cast surface as a guide, a semiautomatic contour 

detection algorithm with manual correction options was 

applied to complete the computation 
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(Figure 1). The contour tracing and cast computation were considered  adequate if identification 

of the anatomic landmarks from the automatically displayed RV volume by the software and 

manual tracing of the RV endocardial border at end-systole and end-diastole in the three planes 

were feasible. The full volume 3D echocardiographic data sets were analyzed using this software 

by a single observer (B.A.G.). Twenty measurements at the four time points were repeated in 

randomly chosen patients by a second observer (P.G.) to assess interobserver variability. 

Statistical Analysis 
Continuous data are expressed as mean 6 SD and categorical data as proportions. Total counts 

and percentages are reported for categorical variables. Paired t tests were applied to compare 

ventricular volumes and EF between palliative stages. The level of statistical significance was set 

at P < 0.05. Interobserver variability was tested using the method of Bland and Altman and by 

calculating the mean percentage error. Mean percentage error was derived as the absolute 

difference between the two sets of observations, divided by the mean of the observations: [jX1 _ 

X2j/mean(X1, X2)] _ 100. Analysis was performed using Minitab version 16.1 (Minitab Inc., 

State College, PA). 

 
RESULTS 
Between February 2009 and September 2011, 18 patients were enrolled for the study. Patient 

demographics are shown in Table 1. Pre-SP1 examinations (n = 18) were performed at a mean 

age of 4 days (range, 2–11 days), post-SP1 examinations (n = 17) at a mean age of 20 days  

(range, 15–28 days), pre-SP2 examinations (n = 14) at a mean age of 4.6 months (range, 4.0–5.2 

months), and post-SP2 examinations (n = 14) at a mean age of 5.5 months (range, 5.1–6.0 

months), constituting a total of 63 studies. The pre-SP1 echocardiographic studies in six neonates 

were performed during mechanical ventilation. Fourteen patients completed all four serial 
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examinations, and four patients died. Of the patient deaths, three were during the period between 

SP1 and SP2, and one preceded SP1. 
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Figure 2: RV EDVi values in patients with 
HLHS at four time points across SP, shown 
as means and standard deviations 

Figure 3: RV ESVi values in patients with 
HLHS at four time points across SP, shown 
as means and standard deviations. 

Figure 4: Indexed RV EFs in patients with 
HLHS at four time points across SP, shown 
as means and standard deviations. 

It was feasible to draw contours for RV cast 

computation in all 63 studies. The mean values of 

RVend-diastolic volume (EDV) indexed to body 

surface area (EDVi) at the four time points were 

87 6 30, 104 6 39, 112 6 34, and 102 6 35 mL/m2, 

respectively. There was an increase in EDVi (P 

= .024) from pre-SP1 to post-SP1 but no 

significant change between post-SP1 and pre-SP2 

(P=.302), as shown in Figure 2. The decrease in 

EDVi after SP2 did not reach statistical 

significance (P = 0.392). There was a statistically 

significant increase in the mean RV end-systolic 

volume (ESV) indexed to body surface area 

(ESVi) noted through SP (Figure 3). The mean 

RV EFs at the four time points were 5065%, 

4565%, 4665%, and 3864%, respectively. There 

was a trend toward decreasing EF throughout SP, as 

shown in Figure 4, with a statistically significant 

decrease from pre-SP1 to post-SP1 (P = .003) and 

from pre-SP2 to post-SP2 (P < 0.001). Statistical 

power analysis of the paired t test was performed 

for comparison of mean EDV, ESV, and EF to 

examine the ability to detect differences at the 

levels of confidence specified (sample size = 14, 

power = 95%, a = 0.05; standard deviations of the 

differences for EDV, ESV, and EF of 18 ml/m2, 14 

ml/m2, and 4.25%, respectively). These results 

demonstrate confidence with the ability to 

accurately detect a change of about 20% in EDV, 25% in ESV, and 10% in EF on the basis of this 

sample size. There were too few deaths in this series for meaningful statistical analysis. 
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Figure 5: Bland-Altman analyses 
of interobserver variability between 
observers 1 and 2 for RV ESV (A), 
EDV (B), and EF (C) are shown. 

However, at the pre-SP1 examination, two of the four patients who ultimately died had EDVi 

values > 2 standard deviations above the mean, and one of these also had an EF > 2 standard 

deviations below the mean. 

Serial RT3DE-derived EDVi, ESVi, and EF at the four time points in the study are shown in 

Table 2. In normal infants, the mean RV EDVi was 50 6 10 mL/m2 (approximately half that in  

patients with HLHS), and the mean EF was 5163%. Bland-

Altman analysis showed good interobserver agreement for 

EDVi, ESVi, and EF measurements (Figure5).The mean 

percentage errors between observers for measurements of 

RV EDV, ESV, and EF were 5%, 4%, and 6%, respectively.  

 
DISCUSSION 
Although survival of patients with HLHS has improved 

with SP, favorable long-term outcome is dependent on 

continued satisfactory performance of the right ventricle as 

the systemic arterial pump. SP of HLHS results in 

alterations in RV loading, with high RV afterload and 

preload at SP1 and relief of the preload but persistence of 

the high afterload at SP2. In addition to the planned 

changes in ventricular loading conditions, the clinical 

course in SP of HLHS is seldom entirely smooth. 

Perioperative and nonperioperative hemodynamic crises 

commonly occur, and these have the potential to affect RV 

function adversely. Issues related to neoaortic obstruction, excessive or diminished pulmonary 

blood flow, and impaired coronary perfusion complicate the 

medical management of these infants, especially in the first 
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year of life. Furthermore, progressive tricuspid valve regurgitation can result in significant 

volume loading in some patients at unpredictable times in SP. Interstage mortality in palliative 

reconstruction of HLHS undoubtedly arises from a multiplicity of factors. Although the number 

of deaths in this series is too small to draw definitive conclusions, our data suggest that RV 

dilation and dysfunction out of proportion to the usual in HLHS before SP1 may be common 

among those who die. 

Understanding how RV volume and EF change at various points in SP may provide key clues to 

improve the management of patients with HLHS. Unfortunately, because of its complex 

asymmetric geometry, accurate functional assessment of the right ventricle continues to be a 

challenge despite technological advances in imaging modalities.10-12 The current state of 

routine echocardiographic evaluation of RV size and function in SP of HLHS is a qualitative 

assessment, in which there is often limited clinical confidence. Several confounding factors 

render a quantitative assessment of the right ventricle in HLHS particularly difficult. First, there 

are fundamental differences in ventricular geometry between a functionally single right ventricle 

after SP and the normal systemic morphologic left ventricle.13 The geometry of the right 

ventricle in HLHS is even less predictable than in a structurally normal heart, because of varying 

degrees of dilation and hypertrophy of the right atrium and right ventricle. Second, the left 

ventricle in HLHS ranges from a mildly hypoplastic non-apex-forming chamber to a nearly 

nonexistent cavity. The heterogeneity of the left ventricle in HLHS variably affects the size, 

shape, and function of the systemic right ventricle.14,15 Third, the loading conditions of the 

right ventricle vary across SP often associated with a significant increase in preload after SP1 

and a reduction after SP2. This loading and unloading alter the geometry and function of the 

right ventricle.16 Fourth, associated valvular abnormalities, tricuspid regurgitation in particular, 

inconsistently and unpredictably alter the geometry, volume, and function of the right ventricle. 

Although CMR imaging is the current reference standard for volumetric analysis of the right 

ventricle, its use is limited in infants with CHD because of the need for general anesthesia, the 

time requirements for the study, the inability to perform imaging at the bedside, and the cost 

incurred over multiple studies. Echocardiography does not have these limitations and is better 

suited for rapid and accurate serial examinations. The feasibility of estimating RV volumes using 

RT3DE has been reported in several studies, and good correlation between RT3DE-derived and 

CMR-derived RV volumes has been shown.17-19 It has also been shown that 3D 
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echocardiographically derived RV volumes are more reproducible than those from 2D 

echocardiography in both adults19 and children,20 possibly because 3D echocardiography does 

not involve the geometric assumptions of 2D echocardiography. Three-dimensional 

echocardiography has also been demonstrated to provide accurate measurements of volume and 

function of the right ventricle in both structurally normal hearts and in CHD.11,18-24 Although a 

recent meta-analysis found underestimation of RV volumes and EF by 3D echocardiography,21 

in the setting of CHD, RT3DE-derived RV volumes have been shown to have good correlation 

with CMR-derived volumes.3,7 Although RT3DE is being used with increasing frequency for 

the determination of RV function and volume, we are aware of only a few studies that have used 

this technology in single-ventricle heart disease. Altmann et al.25 showed good correlation and 

agreement for 3D echocardiography with CMR imaging for single ventricular volumes, mass, 

and EF. Friedberg et al.,4 in a validation study of RT3DE with CMR, evaluated eight pediatric 

patients with HLHS at different ages and different points along SP. It has been demonstrated that 

matrix-array RT3DE and volumetric analysis using the disk summation method can reliably 

measure single-ventricle volumes in infants and young children, with good agreement shown 

with CMR imaging.3 Nineteen patients in that series had HLHS (ranging in age from 0.1 to 61 

months) and represented a continuum across SP.3 The difference in methodology between their 

study and ours, in which volumes were obtained with a semiautomatic contour program, may 

account for the small differences found in RV volumes between the two studies. Studies based on 

CMR imaging and RT3DE studies have shown somewhat lower reproducibility for ESV 

compared with EDV or EF. Coefficients of variation of 6.1% for ESV, 1.9% for EDV, and 2.2% 

for EF have been reported for the right ventricle in normal subjects by RT3DE.5 The larger 

variability in ESV has been attributed to the more difficult endocardial border identification in 

end-systole because of more densely packed trabeculations and papillary muscles. We speculate 

that the shape, hypertrophy, and muscular compaction of the systemic RV in our study group 

may have represented an advantage for defining end-systole, resulting in a slightly superior 

interobserver agreement.  

The studies cited above used cross-sectional analyses of patients for measurement validation, but 

we know of no report of serial RT3DE in patients with HLHS across SP. Using RT3DE, we were 

able to describe an increase in EDVi from pre-SP1 to post-SP1 physiology. This may be due in 

part to decreasing pulmonary vascular resistance as a result of normal maturational changes of 
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the pulmonary vascular bed. The decrease in pulmonary vascular resistance promotes a greater 

volume of pulmonary blood flow, which then augments the RV preload, dilating the ventricle. A 

dilated right ventricle may become further volume loaded if significant tricuspid regurgitation 

develops after SP1. Deterioration in function of the right ventricle after the extensive SP1 

surgical procedure and an adaptation to volume load may also contribute to later RV dilation. 

Indeed, our data demonstrate a decrease in EF from pre-SP1 to post-SP1. Our recent work using 

2D speckle-tracking echocardiography in HLHS has also shown progressive decline in RV 

contractility (evidenced by reduced strain rate) as EDV increases.26 Changes in vascular 

afterload or increased wall stress from dilation may also play a role in the changes from pre-SP1 

to post-SP1. 

Between post-SP1 and pre-SP2, there were no significant changes in EDVi and EF, which was 

expected, because the time interval is short, and no surgical interventions take place to abruptly 

alter the physiology. However, from pre-SP2 to post-SP2, EDVi was unchanged, and the EF 

decreased significantly. The increases in EDV and ESV (with SP1) as well as the decrease in EF 

(with SP1 and SP2) are indicative of deteriorating RV function. In the setting of HLHS, at least 

three factors are responsible for these changes: (1) chronic pressure overload, (2) attrition of 

myocardial function with each surgical intervention or clinical crisis, and (3) ventricular dilation 

leading to tricuspid regurgitation. There are reports of decreasing stroke volume after SP2,27,28 

but data on volume unloading after SP2 in patients with HLHS are scarce. In a prospective CMR 

study, ventricular volumes 6 to 9 months after SP2 (hemi-Fontan procedure) were not 

statistically different from pre-hemi-Fontan data,16 and this matches our observations. This 

suggests that although SP2 unloads the right ventricle from increased preload, this advantage 

may be offset by the adverse impact of the ongoing supraphysiologic afterload conditions faced 

by the systemic right ventricle. This is consistent with the observations of Berman and 

Kimball,29 who reported no reduction in volume (measured as an end-diastolic area of 19.2 6 5.9 

cm2/m2 before SP2 vs 18.065.9 cm2/m2 afterward) in six patients with single morphologic right 

ventricles. In contrast, Forbes et al.,30 in a series of eight patients with tricuspid 

atresia/pulmonary atresia who had SP2 performed at 1.4 61 year of age, reported decreased left 

ventricular EDV (derived using the biplane Simpson’s method) from a mean Z-score of 4.0 to a 

score of <1.4 at 10 6 6 months after surgery, with no significant change in the EF. We speculate 

that ventricular morphology may play a pivotal role in whether preload reductions result in 
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smaller ventricular volumes and preserved EF (in the single left ventricle) or neither (as in the 

single right ventricle). Greater afterload, a lower mass/volume ratio, and decreased EF have been 

reported in the single right ventricle compared with the single left ventricle, despite no 

significant differences in preload or contractility between the two ventricular morphologies.31 

The impact of the type of SP1 (i.e., placement of a valveless conduit directly from the right 

ventricle into the pulmonary artery as the source of pulmonary blood flow [Sano shunt] vs 

modified Blalock-Thomas-Taussig shunt) on RV loading conditions and RV function remains 

unknown. No significant difference in RV function or RV shape was seen between the two types 

of shunt during SP1 and early after SP2 using 2D echocardiographic and Doppler variables.32 In 

the Blalock-Thomas-Taussig shunt group, the only significant change in RV size occurred with 

the shunt at SP2.32 In theory, the coronary arterial blood flow is less threatened by a direct right 

ventricle–to– pulmonary artery conduit than by the continuous runoff of the Blalock-Thomas-

Taussig shunt. However, the disruption of the RV myocardium from the creation of the right 

ventricle–to–pulmonary artery conduit is potentially a threat to ventricular function. The relative 

impact of all these factors on RV function is unknown and may vary considerably on a case-by-

case basis. A comparison between shunt types was not feasible as part of the present study, 

because all patients had right ventricle–to–pulmonary artery conduits as the source of pulmonary 

blood flow at SP1, per our institutional practice. 

Study Limitations  
The present study had limitations. First, the software used for RV quantitation was originally 

created for a structurally normal right ventricle with an adjacent, structurally normal left 

ventricle and a normal RVoutflow tract. In the absence of a true left ventricle, abnormal RV 

morphology, and the atypical location of the RVoutflow (neoaorta) in our study population, the 

software required manual refinement of tracking. Technical refinements in the current version of 

the software are clearly necessary to make it more robust for the single right ventricle. 

Second, the study cohort was small, with 14 patients completing all four serial assessments 

through SP. This was due to the interstage mortality, which remains a major problem in HLHS 

despite improvements in surgical techniques, perioperative care, and the institution of home 

monitoring programs.  

The post-SP1 and post-SP2 echocardiograms were performed ≥5 days after each surgery, when 

the patients may not have achieved a ‘‘steady state’’ after the recent cardiopulmonary bypass and 
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inotropic therapy. The time frame when these infants would reach an adequate steady state or 

baseline during the post-SP hospitalization (before hospital discharge) is unknown; postoperative 

real-time 3D echocardiographic examinations were deferred until the patient was breathing 

spontaneously and was without any inotropic support. 

A further limitation to the present study is that there were no CMR comparisons performed to 

validate the volume measurements obtained. It was not feasible to perform CMR imaging in 

these infants, because of their small size, extensive medical support needs, and the risks 

associated with transport and anesthesia required for CMR. The volumetric measurements in the 

study were not tested for intraobserver agreement. 

Finally, significant regional variation has been shown in the adaptive responses in patients with 

subpulmonary right ventricles,8 and the adaptive response of the systemic right ventricle to 

chronic load stresses remains incompletely understood. The serial EF data obtained in our study 

represent global RV systolic function, although it is known that marked differences in regional 

function exist in the systemic right ventricle as well. 

 
CONCLUSIONS 
The physiology of HLHS is complex, and despite advances in SP, morbidity and mortality 

continue to be a concern. RT3DE is a reproducible means for evaluating RV volumes and EF in 

patients with HLHS with several practical advantages over CMR. It has enabled us to make the 

disturbing observation that indexed RV diastolic volume remains stable to slightly increased, and 

RV EF deteriorates in patients with HLHS as the first two stages of surgical palliation are 

accomplished. Using CMR imaging to confirm the changes in RV volumes and function we have 

observed by 3D echocardiography would be beneficial. Further 3D echocardiographic 

investigation to document the changes in RV volumes and function surrounding the third stage of 

surgical palliation is planned. 
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SUMMARY – MODERN ECHOCARDIOGRAPHY IN PEDIATRIC RIGHT HEART 

ASSESSMENT 

My aims in this thesis were to investigate the feasibility and usefulness of newer 

echocardiographic tools of right heart assessment in the setting of pediatric and adult congenital 

heart disease.  The 9 projects outlined in this thesis studied the right heart in pediatric and 

congenital heart disease, encompassing the systemic veins, the right atrium, and the right 

ventricle. These projects focused on chamber size, volumes, flow and function. 

In chapter 1, normal values for systemic venous diameters, Doppler filling fractions, inferior 

vena caval collapsibility indices, and right atrial measurements are presented from a sample of 

healthy subjects spanning the pediatric age and size. This investigation found that measurement 

of systemic venous diameters, collapsibility indices, and right atrial volumes is feasible in 

children and adolescents. Venous diameters increased predictably with growth. Inferior vena 

cava collapsibility indices and hepatic venous filling fractions in this study compared closely 

with those reported in adults.  

In chapter 2, utilization of speckle tracking echocardiography for the right and left atria in the 

pediatric and adolescent age group, and measurement of strain and strain rate indices are 

reported.   This investigation found that maturational changes in right and left atrial strain and 

strain rate occur in children, and these changes are especially profound in infancy. Consequently, 

atrial performance indices in children and adolescents must be interpreted in light of heart rate 

and age. Normal values and percentiles for atrial strain and strain rate from this research will 

provide a foundation for the study of pediatric atrial physiology and function in disease states. 

In chapter 3, we first established that right ventricular segmental velocities and longitudinal 

displacement are reliably obtained by a method of echocardiographic speckle tracking called 
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Velocity Vector Imaging. We showed that longitudinal displacement is a reproducible measure of 

right ventricular systolic function and time to peak displacement could be useful in the 

assessment of intraventricular synchrony.  

Chapter 4 reports investigation of regional right ventricular mechanics using Velocity Vector 

Imaging in patients with congenital right heart disease. Right ventricular mechanics was studied 

before and after pulmonary valve replacement in tetralogy of Fallot and similar right heart 

diseases. Velocity Vector Imaging derived right ventricular mechanics showed mild improvement 

after pulmonary valve replacement, but the right ventricle was not normalized despite 

physiologic improvement in loading conditions. This suggested intrinsic dysfunction or chronic 

myocardial injury in the right ventricle that is nonmodifiable, or requires earlier intervention to 

optimize physiology. Echocardiographic Velocity Vector Imaging therefore appeared to be a 

potentially useful quantitative tool for follow-up evaluation of right ventricular performance after 

congenital heart surgery. 

In chapter 5, we continued our investigations on right ventricular function in repaired tetralogy 

of Fallot, focusing on regional right ventricular function. We studied right ventricular global 

function and outflow tract function separately. Findings of this work showed that in patients with 

repaired tetralogy of Fallot, tissue Doppler indices of right ventricular function showed 

reasonable correlation with cardiovascular magnetic resonance-derived global right ventricular 

ejection fraction, however this correlation was substantially weaker in those with moderate and 

severe dysfunction of the right ventricular outflow tract. Peak S’ wave velocity of tricuspid 

annulus <8.4 cm/s and isovolumic acceleration <95cm/s2 by tissue Doppler imaging should 

prompt an evaluation of right ventricular function by cardiovascular magnetic resonance. 
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Chapter 6 describes research into intraventricular flow patterns of the right ventricle in normal 

patients and in patients with repaired tetralogy of Fallot. Using the modern echocardiographic 

technique of contrast particle imaging velocimetry, the feasibility of characterizing right 

ventricular flow parameters was demonstrated in tetralogy of Fallot. It was found that 

intraventricular flow patterns in the abnormal and/or enlarged right ventricle of patients with 

tetralogy differ from those in normal young adults. Quantitative parameters of rotation intensity 

and energy dissipation for the right ventricle were obtained. The rotation intensity and energy 

dissipation trends in this investigation suggest that they may be quantitative markers of right 

ventricular compliance abnormalities in tetralogy of Fallot, which could be obtained by non-

invasive modern echocardiography.  

In chapter 7, the feasibility and reliability of two-dimensional echocardiography with 

knowledge-based reconstruction in the evaluation of the systemic right ventricle was examined 

in patients with congenital heart disease. This modern echocardiographic method is based on a 

technique that creates a “knowledge base” for the right ventricle using image data previously 

acquired from combinations of multi-modality imaging views. A two-dimensional 

echocardiographic means for serial monitoring would be of great clinical value for the systemic 

right ventricle in patients with d-transposition of great arteries palliated with the atrial switch. 

Results showed good agreement of knowledge-based reconstruction based right ventricular 

volume measurements with cardiovascular magnetic resonance measurements. The post-

processing times were also similar. This was the first clinical study of this method in young 

adults, and its first independent validation for the systemic right ventricle. As an extension of 

standard two-dimensional echocardiography, this method holds promise for serial follow-up of 

right ventricular function in congenital heart disease.  
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In chapter 8, three-dimensional echocardiography for studying the single right ventricle and 

tricuspid valve in hypoplastic left heart syndrome is described.  Tricuspid valve regurgitation and 

right ventricular dysfunction are associated with significant morbidity and mortality in patients 

with this disease. The tricuspid valve was quantitatively assessed by three-dimensional 

echocardiography. Increased tricuspid valve tethering and flatter annulus before stage 1 palliation 

were associated with tricuspid valve failure at medium-term follow-up. Increased tricuspid valve 

tethering was related to having larger valve annulus, larger right ventricular size, and reduced 

right ventricular systolic function. Progressive tricuspid regurgitation resulted in decreased 

patient survival. Insights from this work on mechanistic aspects of regurgitation may prove 

valuable for the development of surgical approaches to the tricuspid valve. 

In chapter 9, investigation of the longitudinal course of right ventricular volumes and function 

through staged palliation of hypoplastic left heart syndrome is described. This study 

demonstrated that real-time three-dimensional echocardiography is a reproducible means for 

evaluating right ventricular volumes and ejection fractions in patients with hypoplastic left heart. 

The findings of this study highlight the adverse physiology of this disease. The right ventricular 

end diastolic volume indexed to body surface area remained stable to slightly increased, and 

right ventricular ejection fraction deteriorated at completion of stage 2 surgical palliation. 

The research in this thesis has thus added significantly to the existing knowledge of right heart 

assessment in children with normal hearts and with congenital heart diseases. We now have 

normative reference data on right heart structures and atrial strain. We are also one step further 

into the understanding of right ventricular function in post-operative tetralogy of Fallot and in 

systemic right ventricles. This may allow for earlier detection of pathological states in the right 

heart and thereby translate into improved outcomes in pediatric and congenital heart disease.   
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SUMMARY IN DUTCH 
 

Samenvatting: Moderne echocardiografie in het beoordelen van de rechterkamer functie in de 

congenitale cardiologie. 

 

Het doel van de studies in dit proefschrift  is het onderzoek naar de mogelijkheden en de 

bruikbaarheid van nieuwere echografische methoden voor het beoordelen van de rechter 

ventrikel functie in de congenitale (kinder-) cardiologie. De 9 projecten, die dit proefschrift 

vormen, beschrijven de rechterharthelft in congenitale hartziektes op de kinder- en volwassen 

leeftijd en omvatten de systemische venen, het rechter atrium en de rechter ventrikel. De 

projecten zijn gericht op de kamer groottes, volumes, flow en functie. 

 

In hoofdstuk 1 worden normale waarden gepresenteerd voor systemische veneuze diameters, 

Doppler filling fractions, onderste vene cava inferior collaps indices, en rechter 

boezemdiameters. Deze waardes zijn afkomstig van een cohort gezonde vrijwilligers die de hele 

pediatrische leeftijdsgroep omvatten. Dit onderzoek stelde vast dat systemische veneuze 

diameters, onderste vene cava inferior collaps indices, en rechter boezemdiameters goed zijn vast 

te stellen bij alle kinderen en jong volwassenen. Veneuze diameters nemen voorspelbaar toe met 

de groei. Onderste vene cava inferior collaps indices en hepatische venen vullings-fracties in 

deze studie zijn goed vergelijkbaar met waardes die bij volwassenen gevonden zijn. 

 

In hoofdstuk 2 wordt het gebruik van speckle tracking echocardiografie voor het rechter en linker 

atrium in de pediatrische en jong volwassen leeftijdsgroepen gerapporteerd. Ook worden atriale 

strain en strain rate indices gerapporteerd. Het onderzoek stelde vast dat in kinderen groei 
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geïnduceerde veranderingen in linker en rechter atriale strain plaatsvinden en dat deze het meest 

duidelijk zijn op de jonge kinderleeftijd. Dat betekent dat bij de beoordeling van de 

boezemfunctie uitgesproken rekening moet worden gehouden met leeftijd en hartfrequentie. 

Normaalwaarden en percentielen voor atriale strain en strain rate indices uit dit onderzoek 

kunnen dienen als een basis voor de studie van de atriale fysiologie op de kinderleeftijd en de 

atriale functie bij ziekte. 

 

In hoofdstuk 3 wordt voor het eerst beschreven dat echografische speckle tracking (meer 

specifiek Velocity Vector Imaging) in staat is om rechter kamer segment snelheden en 

longitudinale verplaatsing betrouwbaar in beeld te brengen. We toonden aan dat longitudinale 

verplaatsing een reproduceerbare parameter is voor de rechter kamer systolische functie en dat 

de tijd tot de piek verplaatsing gebruikt kan worden in het bepalen van intraventriculaire 

synchronie. 

 

Hoofdstuk 4 rapporteert onderzoek naar regionale rechter kamer mechanica middels Velocity 

Vector Imaging in patiënten met een congenitale rechter ventrikel ziekte. Rechter ventrikel 

mechanica werd bestudeerd voor en na pulmonaal-klepvervanging in tetralogie van Fallot en 

vergelijkbare rechter ventrikel ziektes.  Velocity Vector Imaging afgeleide rechter ventrikel 

mechanica toonde een kleine verbetering  na pulmonaal-klepvervanging, maar de rechter 

ventrikel normaliseerde niet ondanks de fysiologische verbetering in afterload. Dit suggereerde 

een intrinsieke dysfunctie of een chronische myocardiale beschadiging die niet te herstellen is, of 

een eerdere interventie behoeft. Echografische Velocity Vector Imaging lijkt daarmee een 
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bruikbaar kwantitatief instrument te zijn om follow up evaluatie van de rechter kamer functie te 

verrichten in patiënten na congenitale hart chirurgie. 

 

In hoofdstuk 5 wordt het onderzoek voortgezet naar de rechter ventrikel functie in patiënten met 

een geopereerde tetralogie van Fallot met het focus op de regionale rechter ventrikel functie. Wij 

bestudeerden de globale rechter ventrikel functie en de outflow track functie apart. Dit werk 

toonde aan dat in patiënten met een gecorrigeerde tetralogie van Fallot, tissue Doppler indices 

van de rechter ventrikel functie een redelijke correlatie hadden met de globale rechter ventrikel 

ejectiefractie bepaald middels MRI.  Echter deze relatie was alleen belangrijk zwakker in 

patiënten met een matige tot ernstige dysfunctie van de rechter ventrikel outflow track. Bij  een 

piek S’ wave velocity van de tricuspidalis annulus van <8.4 cm/s en bij een isovolumetrische 

acceleratie <95cm/s2 met tissue Doppler imaging moet de rechter ventrikel functie bepaald 

worden middels MRI.  

 

Hoofdstuk 6 beschrijft onderzoek naar intraventriculaire flowpatronen van de rechter ventrikel in 

controle patiënten en in patiënten met een gecorrigeerde tetralogie van Fallot. Door 

gebruikmaking van de moderne echografische techniek ‘contrast particle imaging velocimetry’ 

kon worden aangetoond dat rechter ventrikel flow parameters in tetralogie van Fallot patiënten 

goed bepaald kunnen worden. Aangetoond werd dat intraventriculaire flowpatronen in de 

vergrote en verwijde rechter ventrikel in patiënten met een gecorrigeerde tetralogie van Fallot 

verschilden van controle jong volwassenen. Kwantitatieve parameters van ‘rotation intensity’ en 

‘energy dissipation’ voor de rechter ventrikel werden bepaald. De rotation intensity en energy 

dissipation trends in dit onderzoek, die dus met non invasieve moderne echocardiografie bepaald 
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kunnen worden, suggereren dat zij als kwantitatieve parameters van afwijkende rechter ventrikel 

compliance in tetralogie van Fallot gebruikt kunnen worden.  

 

In hoofdstuk 7 worden de mogelijkheden en de betrouwbaarheid onderzocht van 2-dimensionale 

echocardiografie gecombineerd met op kennis gebaseerde reconstructie in het bepalen van de 

systemische rechter ventrikel beoordeeld in patiënten met een congenitale hartziekte. Deze 

moderne echocardiografische methode is gebaseerd op een techniek die een ‘kennis database’ 

voor de rechter ventrikel creëert door gebruik te maken van eerder vergaarde imaging data uit 

multimodale imaging beelden. Een 2-dimensionale echocardiografische methode zou van grote 

waarde zijn voor seriële monitoring van de systemische rechter kamer van patiënten met een d-

transpositie van de grote arteriën gepallieerd met een atriale switch. De resultaten toonden een 

goede overeenkomst van de kennis-based reconstructie based RV volume metingen met MRI 

metingen. De post processing tijden waren ook vergelijkbaar. Dit was de eerste klinische studie 

met deze methode in jong volwassenen en de eerste onafhankelijke validatie voor de systemische 

rechter ventrikel. Als een uitbreiding van de standaard 2-dimensionale echocardiografie zou deze 

methode beloftevol kunnen zijn in de seriële follow-up van rechter kamer functie in congenitale 

hartziektes. 

 

 

In hoofdstuk 8 wordt 3-dimensionale echocardiografie voor de bestudering van de enkele rechter 

ventrikel en de tricuspidalisklep in het hypoplastische linker hart syndroom beschreven. In 

patiënten met deze ziekte is tricuspidalis insufficiëntie en rechter ventrikel dysfunctie 

geassocieerd met belangrijke morbiditeit en mortaliteit. De tricuspidalisklep-functie werd door 3-
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dimensionale echocardiografie kwantitatief bepaald. Verhoogde tricuspidaliskleptethering en 

flatter annulus voor stadium 1 palliatie was geassocieerd met trisucpidalisklepfalen op medium 

term follow up. Verhoogde tricuspidaliskleptethering was gerelateerd aan een grotere valve 

annulus, een grotere RV diameter en aan verminderde RV systolische functie. Progressieve 

tricuspidalis-insufficiëntie resulteerde in een verminderde levensverwachting. Inzichten uit dit 

werk zouden van nut kunnen zijn voor het ontwikkelen van chirurgische methoden om de 

tricuspidalis te repareren.  

 

In hoofdstuk 9 wordt een longitudinaal beloop van RV volumes en RV functie beschreven in 

patiënten met gestageerde palliatie van het hypoplastische linker hart syndroom. De studie laat 

zien dat real-time 3-dimensionale echocardiografie een reproduceerbare methode is voor het 

evalueren van RV volumes en RV functie in patiënten met het hypoplastische linker hart 

syndroom. De bevindingen benadrukken de afwijkende fysiologie in deze ziekte. Het op 

lichaamsoppervlak geïndexeerde RV eind diastolische volume blijft stabiel tot licht verhoogd en 

de RV ejectiefractie deterioreert na completering van de 2-stage chirurgische palliatie. 

 

Het onderzoek in dit proefschrift draagt belangrijk bij aan de bestaande kennis van het bepalen 

van de rechter ventrikel functie in kinderen met een normaal hart en in kinderen met een 

congenital vitium. We hebben nu genormaliseerde referentie data voor rechtzijdige structuren en 

atriale strain. We hebben ook een stap gemaakt in het begrip van de rechterkamer-functie in post 

operatieve Fallot patiënten en in systemische rechter ventrikels. Dit alles kan bijdragen aan een 

vroegere herkenning van pathologie in het rechter hart en daarmee bijdragen aan een betere 

uitkomst voor patiënten met een congenitale hartziekte. 
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