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The Pediatric Heart Network’s (PHN) Single Ventricle 
Reconstruction (SVR) trial randomized newborns with 

single right ventricle anomalies undergoing the Norwood 
procedure at 15 North American sites to either the modi-
fied Blalock-Taussig shunt (MBTS) or right ventricular-to- 
pulmonary artery shunt (RVPAS) to provide pulmonary blood 
flow. The primary end point, transplantation-free survival 12 

months postrandomization, was significantly higher for the 
RVPAS compared with the MBTS group. When follow-up 
beyond 1 year was included, however, transplantation-free 
survival was not different between the 2 groups (mean follow-
up, 32±11 months in nontransplanted survivors).1
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Background—The Pediatric Heart Network’s Single Ventricle Reconstruction (SVR) trial randomized infants with single 
right ventricles (RVs) undergoing a Norwood procedure to a modified Blalock-Taussig or RV-to-pulmonary artery shunt. 
This report compares RV parameters in the 2 groups using 3-dimensional echocardiography.

Methods and Results—Three-dimensional echocardiography studies were obtained at 10 of 15 SVR centers. Of the 549 
subjects, 314 underwent 3-dimensional echocardiography studies at 1 to 4 time points (pre-Norwood, post-Norwood, 
pre–stage II, and 14 months) for a total of 757 3-dimensional echocardiography studies. Of these, 565 (75%) were 
acceptable for analysis. RV volume, mass, mass:volume ratio, ejection fraction, and severity of tricuspid regurgitation 
did not differ by shunt type. RV volumes and mass did not change after the Norwood, but increased from pre-Norwood 
to pre–stage II (end-diastolic volume [milliliters]/body surface area [BSA]1.3, end-systolic volume [milliliters]/BSA1.3, 
and mass [grams]/BSA1.3 mean difference [95% confidence interval]=25.0 [8.7–41.3], 19.3 [8.3–30.4], and 17.9  
[7.3–28.5], then decreased by 14 months (end-diastolic volume/BSA1.3, end-systolic volume/BSA1.3, and mass/BSA1.3 
mean difference [95% confidence interval]=−24.4 [−35.0 to −13.7], −9.8 [−17.9 to −1.7], and −15.3 [−22.0 to −8.6]. 
Ejection fraction decreased from pre-Norwood to pre–stage II (mean difference [95% confidence interval]=−3.7 [−6.9 
to −0.5]), but did not decrease further by 14 months.

Conclusions—We found no statistically significant differences between study groups in 3-dimensional echocardiography 
measures of RV size and function, or magnitude of tricuspid regurgitation. Volume unloading was seen after stage II, 
as expected, but ejection fraction did not improve. This study provides insights into the remodeling of the operated 
univentricular RV in infancy.
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A secondary aim of the SVR trial was to compare the effect 
of MBTS with RVPAS on echocardiographic indices of RV 
function and tricuspid regurgitation (TR). Both shunt types 
result in RV volume overload and are often associated with 
hemodynamically significant TR. In addition, the RVPAS 
requires a right ventriculotomy, which has the potential to 
result in regional wall dysfunction, aneurysm formation, and 
dysrhythmia, all of which may negatively influence RV func-
tion. The presence of regurgitation through the RVPAS adds 
to RV volume overload.

Because of inherent and well-recognized difficulties in 
measuring single RV size and function by 2-dimensional 
imaging, 3-dimensional echocardiographic (3DE) analy-
sis was incorporated into the SVR trial. Prior studies have 
validated the accuracy and reproducibility of both right and 
left ventricular volumetrics by 3DE in small hearts and at 
rapid heart rates, both in vivo and in vitro, and with small 
animals as well as humans. These studies demonstrated 
that 3DE analysis of ventricular size and function in young 
pediatric patients correlates well with MRI, albeit with a 
tendency for volumes to be smaller by 3DE than by MRI.2–4 
Three-dimensional echocardiographic determination of the 
vena contracta also provides a reliable quantitative indica-
tor of TR.5 Thus, for the SVR trial, 3DE was incorporated 
to provide serial, noninvasive analysis of RV size and func-
tion and of TR before and after the Norwood and stage II 
procedures. The hypothesis of the present analysis was that 
RV systolic function would be better and the severity of TR 
would be lower in subjects having the RVPAS compared 
with those with the MBTS.

Methods
Subjects and Echocardiographic Analyses
As previously reported, infants with single RV anomalies were 
randomly assigned to receive an MBTS or RVPAS during the 
Norwood procedure at 15 medical centers.1 Per protocol, 3DE 
studies were obtained: (1) before the Norwood procedure, 
(2) 15.5±12.1 days after the Norwood procedure at hospital dis-
charge, (3) 17.7±25.5 days before the stage II procedure, and 
(4) at 14 months after randomization (8.9±2.0 months post the 
stage II procedure). Ten of the 15 medical centers participating 
in the SVR trial contributed to the 3DE analysis. Sedation varied 
according to local practice. The protocol was approved by each 
center’s Institutional Review Board, and written consent was ob-
tained from a parent or guardian.

All centers received a training DVD developed by the SVR Trial 
3DE Core Laboratory (Boston Children’s Hospital, Boston, MA) 
to standardize 3DE acquisitions. The protocol for the 3DE acquisi-
tions and analysis of RV size and function was based on previous 
reports.2–4 Electrocardiographically gated full-volume 3DE acqui-
sitions were performed with 2 to 4 or 5 to 7 MHz matrix array 
transthoracic probes and 3DE ultrasound systems (SONOS 7500 
and iE33, Philips Medical Systems, Andover MA). Data sets were 
acquired with probe placement either in the subcostal or apical 
position, after ensuring that the entire ventricle could be viewed 
simultaneously in orthogonal planes. The probe was held motion-
less during a 4-beat acquisition, and the 3D volume data sets were 
evaluated to ensure the entire ventricle was scanned with mini-
mal spatial and temporal artifacts. Full-volume color-flow 3DE 
acquisitions of the TR jet were acquired from the apex during 6 
cardiac cycles. The full-volume digital gray-scale and color-flow 
acquisition data were transferred and stored to CD/DVD. These 
data, along with anthropometric and blood pressure measurements, 

were sent to the Data Coordinating Center (New England Research 
Institutes, Watertown, MA). The digital data sets were deidentified 
and then transferred by CD/DVD to the 3DE Core Laboratory for 
subsequent analysis, which was blinded to outcomes.

RV volume and mass were measured with dedicated off-line 
computers and software as previously described (4D Echo View, 
TomTec, Munich, Germany).2–4 An image of the entire RV with clear 
depiction of the endocardial and epicardial borders was necessary 
for studies to be considered acceptable for data analysis. Each study 
was initially analyzed by a pediatric echocardiographic technician 
trained in 3DE measurements, and all measurements were confirmed 
by the director of the core laboratory (G.R.M.). End diastole was 
chosen as the largest chamber cavity size and the frame immedi-
ately before atrioventricular valve closure. End systole was chosen 
as the smallest chamber size and the frame before the onset of atrio-
ventricular valve opening. Using the motion images for reference, 
the endocardial and epicardial borders of corresponding sequential 
cross-sectional planes were manually traced using the still images 
(Figure 1). A minimum of 6 discs were traced and volumes calculat-
ed by summation of discs methodology.2–4 Ejection fraction (EF) was 
calculated as (EDV−ESV)/EDV, where EDV is end-diastolic volume 
and ESV is end-systolic volume. Myocardial mass was calculated as 
myocardial volume between the epicardial and endocardial borders 
multiplied by the myocardial density (1.05 g/mL).

TR vena contracta was measured as the smallest systolic regurgitant 
jet area traversing the tricuspid valve leaflets. From the 3D color-flow 
data sets, dedicated software (Q-lab 6.0, Philips Medical Systems, 
Andover, MA) provided simultaneous long-axis planes of the color-
flow TR jet. From these images, a cut plane was placed perpendicular 
to the orthogonal long axis planes of the regurgitant jet, providing 
simultaneous visualization of the corresponding cross-sectional area 
(Figure 2). This perpendicular cut plane was moved along the length 
of the regurgitant jet to ensure choosing the narrowest cross-sectional 
area, as shown in the corresponding long- and short-axis views. This 
cross-sectional area was manually traced and represented the area of 
the vena contracta. When >1 regurgitant jet was visualized, the indi-
vidual vena contracta areas were summed. The vena contracta, also 
known as the effective tricuspid regurgitant orifice area, was recorded 
as a raw area measurement (centimeter squared) and then indexed to 
body surface area (BSA; centimeter squared per meter squared).

Statistical Analyses
Three-dimensional echo indices are shown as raw data and also in-
dexed to BSA based on the relationship to BSA previously deter-
mined for systemic left ventricles.6 Shunt comparisons at each trial 
visit were performed using the actual shunt type in place at the end of 
the Norwood procedure with Student t test or the Wilcoxon rank-sum 
test for continuous 3DE indices and a Fisher exact test for dichoto-
mous indices. Changes in RV volumes before and after the Norwood 
and stage II procedures were examined with a paired t test. To ex-
amine whether 3DE indices varied by shunt type, changes in 3DE 
indices before and after the Norwood and stage II procedures were 
analyzed with Student t test. Correlations between RV end-diastolic 
and end-systolic volumes and tricuspid regurgitant orifice area at 
each trial visit were assessed with the Pearson correlation coefficient. 
Analyses were performed in R version 2.12.0. Two-sided P values 
<0.05 were considered statistically significant.

Results
A total of 549 patients (281 RVPAS and 268 MBTS) were 
evaluated in the trial.1 An echocardiogram was attempted in 
349 of 484 subjects (80%) at the 10 sites with 3DE capa-
bility, and ≥1 3DE was deemed acceptable by the Core 
Laboratory in 314 subjects (90%). In general, baseline char-
acteristics were similar for those subjects with a 3DE versus 
those without a 3DE (Table 1). There was no statistically 
significant difference in shunt type between those with or 
without a 3DE (P=0.49). All baseline 2DE indices were 
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similar for subjects with and without a 3DE. Hispanic eth-
nicity was more common in subjects with a 3DE (P=0.05), 
attributable to a high proportion of Hispanic patients at 1 
contributing site. Obstructed pulmonary venous return was 
less likely in subjects with a 3DE (P=0.03). The lack of 
important statistically significant differences in the groups 
with and without a 3DE suggests that the 3DE analytic 
cohort is likely representative of the trial sample.

A total of 757 3DE studies were obtained across all 4 trial vis-
its; 565 (75%) were deemed acceptable for analysis (78 before 
Norwood procedure, 215 at Norwood discharge, 147 before stage 
II operation, and 125 at month 14 after randomization). The suc-
cess rate for obtaining an adequate 3DE varied from 54% to 86% 
(mean, 73%). Three-dimensional echocardiograms obtained at 
the 14-month visit were less likely to be deemed acceptable for 
analysis than echocardiograms obtained at previous visits (63% 

Figure 1. Summation of disc methodol-
ogy for measurement of right ventricular 
diastolic volume in hypoplastic left heart 
syndrome. A, Long-axis view of right ven-
tricle with multiple discs; B, Correspond-
ing orthogonal view of right ventricle with 
multiple discs; C, Single cross-sectional 
area from disc as shown in A and B; 
D, Corresponding summation of discs as 
shown in A, B, and C.

Figure 2. Measurement of vena contracta cross-
sectional area in patient with severe tricuspid 
regurgitation in hypoplastic left heart syndrome. 
A, Long-axis color-flow jet of severe tricuspid 
regurgitation; B, Corresponding orthogonal long-
axis view of tricuspid regurgitation color-flow jet; 
C, Corresponding cross-sectional view of tricuspid 
regurgitation color-flow jet from A and B; D, Three-
dimensional display of corresponding tricuspid 
regurgitation color-flow jet.
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acceptable at 14 months versus 78% acceptable at pre-Norwood 
[P=0.004], 85% at Norwood discharge [P<0.001], and 72% at 
pre–stage II [P=0.09]). Sedation was not associated with an 
improvement in obtaining an acceptable 3DE overall (general-
ized estimating equation model, P=0.84 adjusting for site) or at 
each visit (pre-Norwood, P=0.99; post-Norwood, P=0.20; pre–
stage II, P=0.95; 14-month, P=0.58).

RV Size and Function
RV volume, mass (indexed to BSA), EF, and RV mass:volume 
ratio did not differ for the MBTS group and the RVPAS group 
at any trial visit (Table 2). Considering all subjects with 3DE 
regardless of shunt type, there were no changes in RV EDV, 
ESV, mass, or EF using pairwise comparisons from pre- 
Norwood to discharge after the Norwood procedure (Table 3). 
Pairwise comparisons of the pre-Norwood echo to the pre–
stage II echo showed significant increases in RV EDV, ESV, 
and mass, and a significant decrease in RV EF (Table 4). In 
contrast, from the pre–stage II visit to the 14-month visit, 
paired comparisons showed significant decreases in RV vol-
umes and mass, although the RV EF did not change (Table 5).

Tricuspid Regurgitation
The severity of TR did not differ between the shunt groups at 
any trial visit (Table 2). Paired comparisons showed that TR 
increased for both shunt groups after the Norwood procedure 

(Table 3), then remained stable in both groups thereafter 
(Tables 4 and 5). In the combined study group, RV EDV and 
ESV were positively associated with the tricuspid regurgitant 
orifice area (all parameters indexed to BSA) at all study visits 
except the post-Norwood visit (all P<0.01; Pearson correlation 
coefficients, 0.32–0.45). A small number of subjects (13/146; 
9%) had concomitant tricuspid valve surgery at stage II. This 
number was too small to analyze the efficacy of valve repair 
further in reducing TR.

Discussion
The PHN SVR study is the first multicenter trial in congenital 
heart disease to report the use and feasibility of 3DE indices of 
RV volume and EF as secondary end points. This analysis does 
not support the study hypothesis that the RVPAS and MBTS 
groups would differ in 3DE measures of RV size and function 
and magnitude of TR. No significant difference by shunt, or 
indeed any clinically relevant difference by shunt, was found in 
any of the 3DE variables examined at any stage of repair during 
the first 14 months after randomization. Analysis of 2DE data 
from the SVR trial also suggests that RV volume and RV func-
tion do not vary between the 2 shunt types at 14 months of age.7

It is conceivable that the 2 shunt types lead to effects on 
the RV that were beyond the scope of the 3DE measurements 
that were made. Some of these changes may include mechani-
cal dyssynchrony or altered contraction and strain patterns.8,9 

Table 1. Pre-Norwood Characteristics of Single Ventricle Reconstruction Trial Subjects With and Without 
a 3D Echocardiogram

Subjects With ≥1  
Acceptable 3D Echo (n=314) All Other Randomized (n=235) P Value

Age at randomization, d 4.9±4.3 5.3±3.6 0.22

Male 194 (62%) 146 (62%) 1.00

Race

  White 251 (81%) 185 (79%) 0.76

  Black 49 (16%) 37 (16%) …

  Asian 6 (2%) 4 (2%) …

  Other 5 (2%) 7 (3%) …

  Hispanic 67 (21.8%) 34 (14.7%) 0.05

Birth weight, kg 3.1±0.5 3.1±0.6 0.11

Gestational age, wk 38 (38 to 39) 38 (37 to 39) 0.32

Anatomic diagnosis

  Hypoplastic left heart syndrome 272 (87%) 202 (86%) 0.92

  Other 42 (13%) 33 (14%) …

2D echo at pre-Norwood

  Native ascending aorta, cm 0.3 (0.2 to 0.5) 0.3 (0.2 to 0.5) 0.58

  Native ascending aorta z score −3.9 (−4.5 to −2.4) −3.6 (−4.5 to −2.3) 0.36

  RV ejection fraction, % 46.3±9.0 46.2±8.1 0.93

  RV end-diastolic volume (mL)/BSA1.3 83.8 (72.4 to 100.4) 82.8 (66.5 to 96.9) 0.42

  RV end-systolic volume (mL)/BSA1.3 45.8 (36.2 to 56.4) 45.3 (34.9 to 55.2) 0.61

  RV end-diastolic area (cm2)/BSA0.8 21.1±4.5 20.8±4.7 0.49

  Moderate/severe tricuspid valve regurgitation 37 (12%) 28 (12%) 0.89

  LV mass (g)/BSA1.3 22.4 (15.1 to 32.1) 19.7 (14.2 to 28.3) 0.12

Data presented as mean±SD, median (first quartile to third quartile), or n (%). BSA indicates body surface area; LV, left ventricle; and 
RV, right ventricle.
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Techniques for 3DE evaluation of regional RV wall motion 
were unavailable at the time that this study was performed; 
those tools are currently in early stages of development. 
Differences in RV volume and function also may become 
manifest over a more extended period of follow-up than was 
present in the current study; the ongoing longitudinal evalua-
tion of the SVR cohort should provide additional information.

Before the current study, data examining serial changes 
in ventricular volume, systolic function, and mass in a large 
number of patients with a systemic single RV were limited. 
This 3DE study provides insights into the remodeling of 
the operated single RV in the first 14 months of life, albeit 
with paired rather than longitudinal comparisons attribut-
able to limitations in the number of infants with serial 3D 

echocardiograms. We found a significant decrease in RV 
diastolic and systolic volume and mass and no significant 
change in EF during the pre–stage II to the 14-month (pre-
Fontan) interval. Bellsham-Revell et al,10 in a serial MRI 
study in a similar patient group, also recently found a sig-
nificant decrease in RV diastolic volume from pre–stage II 
to pre-Fontan, but observed a significant increase in EF. In 
their study, the post–stage II MRI was done at a mean age 
of 2.9 years. In the current study, the post–stage II echocar-
diograms were obtained at a mean age of 1.2 years. Similar 
changes in RV volumetrics and EF may become manifest in 
our cohort over longer term follow-up.

Until the stage II surgery, the single RV has increased 
volume because it is handling cardiac output for both the 

Table 2. Three-Dimensional Echocardiographic Indices by Shunt Type at Each Visit

Pre-Norwood Post-Norwood* Pre–Stage II† 14 Mo

MBTS  
(n=37)

RVPAS  
(n=41) P Value

MBTS  
(n=104)

RVPAS  
(n=111) P Value

MBTS  
(n=63)

RVPAS  
(n=84) P Value

MBTS  
(n=50)

RVPAS  
(n=75) P Value

Age at echo, d 3.3±4.4 3.3±4.7 0.98 21.3±13.2 21.0±12.4 0.86 156.7±45.0 152.0±42.5 0.53 435.5±37.7 442.7±41.9 0.33

BSA, m2 0.22  
(0.20–0.23)

0.22  
(0.20–0.22)

0.36 0.22  
(0.20–0.23)

0.21  
(0.20–0.23)

0.33 0.32  
(0.29–0.34)

0.32  
(0.30–0.35)

0.21 0.42  
(0.41–0.44)

0.45  
(0.42–0.49)

<0.001

RV

      RV EDV  
(mL)/BSA1.3

105.6  
(93.4–127.8)

118.6  
(93.7–153.9)

0.12 120.2  
(99.5–141.9)

119.7  
(98.6–145.5)

0.56 152.0  
(120.3–176.3)

139.9  
(113.8–171.2)

0.62 104.7  
(86.2–133.3)

111.8  
(90.1–126.4)

0.66

    RV ESV  
(mL)/BSA1.3

52.8  
(40.1–60.5)

59.0  
(46.6–71.0)

0.07 61.1  
(47.0–69.5)

56.2  
(44.9–68.3)

0.19 77.9  
(60.4–92.6)

69.3  
(53.5–91.5)

0.69 55.3  
(41.8–68.9)

53.8  
(44.7–71.8)

0.75

    RV mass  
(g)/BSA1.3

74.0  
(59.3–81.4)

78.2  
(58.6–92.1)

0.39 78.6  
(68.6–90.4)

77.0  
(63.6–94.0)

0.22 89.3  
(71.7–102.9)

85.6  
(70.0–102.4)

0.85 66.2  
(53.6–81.0)

66.2  
(55.2–79.5)

0.68

    RV mass:  
volume ratio

0.67  
(0.57–0.72)

0.62  
(0.56–0.66)

0.06 0.66  
(0.61–0.74)

0.65  
(0.61–0.71)

0.22 0.62  
(0.55–0.66)

0.62  
(0.57–0.67)

0.23 0.63  
(0.57–0.68)

0.62  
(0.57–0.66)

0.97

    RV ejection 
fraction, %

52.3±6.7 51.4±7.2 0.69 50.4±7.3 52.6±7.5 0.22 48.0±7.3 47.7±8.4 0.62 46.9±7.2 46.8±6.4 0.73

Tricuspid 
regurgitation

    Regurgitant  
area (cm2)/
BSA

0.57  
(0.30–1.11)

0.45  
(0.32–0.91)

0.36 0.87  
(0.48–1.78)

0.70  
(0.46–1.29)

0.14 0.87  
(0.43–1.67)

0.71  
(0.38–1.00)

0.16 0.58  
(0.36–0.86)

0.51  
(0.33–0.91)

0.98

Data presented as mean±SD or median (first quartile–third quartile). BSA indicates body surface area; EDV, end-diastolic volume; ESV, end-systolic volume; MBTS, 
modified Blalock-Taussig shunt; RV, right ventricle; and RVPAS, right ventricular-to-pulmonary artery shunt.

*The 3-dimensional (3D) echos were obtained at 15.4±11.9 days after Norwood operation before hospital discharge.
†The 3D echos were obtained at 149±45 days after Norwood operation before stage II surgery.

Table 3. Three-Dimensional Echocardiographic Indices of RV Size and Function and Tricuspid Regurgitation Before and After the 
Norwood Procedure

Pre-Norwood (n=51) Post-Norwood (n=51) Mean Difference (95% CI) (n=51) P Value

Age at echo, d 2.7±3.0 17.2±6.9 14.5 (12.6 to 16.3) NA

RV EDV (mL)/BSA1.3 110.4 (87.9 to 134.6) 118.1 (95.0 to 151.5) 2.6 (−9.0 to 14.2) 0.66

RV ESV (mL)/BSA1.3 54.4 (44.4 to 65.7) 57.8 (43.4 to 69.0) 0.4 (−5.8 to 6.5) 0.90

RV mass (g)/BSA1.3 76.4 (60.0 to 87.2) 78.0 (66.4 to 89.8) 3.8 (−3.7 to 11.4) 0.31

RV mass:volume 0.65 (0.59 to 0.72) 0.66 (0.60 to 0.74) 0.02 (−0.03 to 0.06) 0.45

RV ejection fraction, % 51.7±7.2 53.5±8.2 1.8 (−1.0 to 4.7) 0.21

Tricuspid regurgitant area (cm2)/BSA (n=23) 0.35 (0.22 to 0.82)  0.70 (0.29 to 1.42) 0.46 (0.02 to 0.89) 0.04

Mean difference=mean of post-Norwood minus pre-Norwood difference in 3-dimensional echocardiographic (3DE) measure. 95% CI calculated as mean±1.96×SD/√n. 
Sample size limited to subjects with 3DE indices available at both pre- and post-Norwood visits (n=51). Data presented as mean±SD or median (first quartile to third 
quartile). BSA indicates body surface area; CI, confidence interval; EDV, end-diastolic volume; ESV, end-systolic volume; NA, not applicable; and RV, right ventricle.
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pulmonary and systemic circulations. After the stage II 
surgery, we found significant volume unloading, but the 
mass:volume ratio remained the same, and the RV EF did not 
improve, a significant long-term concern. It is possible that 
remodeling may require more time than was reflected in this 
study. The observed decrease in indexed RV volume after 
stage II surgery is consistent with prior small 2DE studies by 
Forbes et al11 in single left ventricles and a similar short-term 
study by Selamet Tierney et al12 in patients with systemic left 
or right ventricles. In a 3DE study of 18 patients with hypo-
plastic left heart syndrome, Kutty et al13 reported a nonsig-
nificant decrease in RV volume after the stage II surgery and 
also found deterioration in the RV EF, consistent with our 
findings. An acute decrease in EF is the expected response 
to the preload reduction as a result of the volume unloading 
surgery and does not necessarily imply myocardial injury 
because recovery of function generally occurs after myocar-
dial reverse remodeling is complete.

It is commonly thought that a decrease in RV volumes after 
the stage II procedure will result in a reduction in the mag-
nitude of TR. However, in this study, TR did not decrease 
between the post-Norwood study and the 14-month study, 
which is sufficiently beyond the stage II operation to have 
allowed for changes in tricuspid valve function in response 
to any RV remodeling resulting from volume unloading. 
This suggests that the demonstrated volume decrease after 
the stage II procedure may not lead to decreased TR and 
that RV volume overload is not the sole factor responsible 

for the development of TR in this cohort of patients. Only 
4 patients in the 3DE cohort had tricuspid valve surgery at 
stage II, so the efficacy of valve repair in reducing TR could 
not be assessed. The MRI study by Bellsham-Revell et al10 
also found no improvement in TR despite RV volume reduc-
tion after the stage II procedure.

The location, complex anatomy, and irregular shape of 
the RV pose a challenge to traditional imaging. The RV 
has complex contraction patterns, with its inflow and sinus 
exhibiting shortening primarily in a longitudinal direction, 
whereas the outflow tract contracts primarily in a circumfer-
ential manner.14 The accuracy of 3DE RV volumetrics com-
pared with MRI has been well established across a range of 
patient sizes (ranging from children to adults), both in nor-
mal populations and in disease states ranging from tetralogy 
of Fallot to univentricular hearts.2,15–21 In anticipation of this 
multicenter trial, the Core Laboratory, Boston Children’s 
Hospital, performed in vitro and in vivo studies to evaluate 
the reliability of 3DE to measure RV volumes, mass, and 
EF in this young pediatric age group similar to that encoun-
tered in this multicenter trial.2,3 The findings showed good 
correlation for diastolic and systolic volumes and RV mass. 
However, RV volumes by 3DE were consistently smaller by 
9%. Herberg et al22 compared 3DE volumes with small, cal-
ibrated, tissue-mimicking phantoms. Although the authors 
concluded that 3DE was a reliable method for calculation of 
small distances, areas, and volumes, 3D echo volume mea-
surements were consistently smaller. Similar to findings by 

Table 5. Three-Dimensional Echocardiographic Indices of RV Size and Function and Tricuspid Regurgitation Before the Stage II 
Procedure and at 14 Months

Pre–stage II (n=63) Month 14 (n=63) Mean Difference (95% CI) (n=63) P Value

Age at echo, d 155.7±47.9 446.2±47.2 153.0 (121.0 to 187.0) NA

RV EDV (mL)/BSA1.3 136.7 (112.5 to 170.2) 106.8 (86.4 to 129.9) −24.4 (−35.0 to −13.7) <0.001

RV ESV (mL)/BSA1.3 69.4 (52.8 to 91.5) 54.8 (42.4 to 73.3) −9.8 (−17.9 to −1.7) 0.02

RV mass (g)/BSA1.3 82.7 (66.0 to 98.4) 66.1 (53.2 to 83.1) −15.3 (−22.0 to −8.6) <0.001

RV mass:volume 0.61 (0.58 to 0.69) 0.62 (0.55 to 0.68) −0.01 (−0.04 to 0.02) 0.38

RV ejection fraction, % 48.2±7.6 46.4±7.1 −1.8 (−4.2 to 0.7) 0.16

Tricuspid regurgitant area (cm2)/BSA (n=33) 0.71 (0.38 to 1.16) 0.63 (0.43 to 1.11) −0.04 (−0.36 to 0.28) 0.81

Mean difference=mean of 14 mo minus pre–stage II difference in 3-dimensional echocardiographic (3DE) measure. 95% CI calculated as mean±1.96×SD/√n. 
Sample size limited to subjects with 3DE indices available at both pre–stage II and 14-month visits (n=63). Data presented as mean±SD or median (first quartile to 
third quartile). BSA indicates body surface area; CI, confidence interval; EDV, end-diastolic volume; ESV, end-systolic volume; NA, not applicable; RV, right ventricle.

Table 4. Three-Dimensional Echocardiographic Indices of RV Size and Function and Tricuspid Regurgitation Before the Norwood 
Procedure and Before the Stage II Procedure

Pre-Norwood (n=39) Pre–Stage II (n=39) Mean Difference (95% CI) (n=39) P Value

Age at echo, d 3.0±4.2 130.5±34.6 127.5 (116.3 to 138.7) NA

RV EDV (mL)/BSA1.3 118.8 (86.9 to 142.5) 144.0 (112.2 to 175.8) 25.0 (8.7 to 41.3) 0.004

RV ESV (mL)/BSA1.3 56.1 (39.4 to 70.3) 70.7 (54.7 to 90.5) 19.3 (8.3 to 30.4) 0.001

RV mass (g)/BSA1.3 73.6 (53.0 to 83.4) 85.4 (69.7 to 104.2) 17.9 (7.3 to 28.5) 0.002

RV mass:volume 0.61 (0.56 to 0.67) 0.62 (0.57 to 0.67) 0.01 (−0.02 to 0.05) 0.37

RV ejection fraction, % 52.4±7.8 48.6±7.6 −3.7 (−6.9 to −0.5) 0.02

Tricuspid regurgitant area (cm2)/BSA (n=15) 0.52 (0.33 to 1.0) 0.48 (0.29 to 1.27) 0.12 (−0.40 to 0.63) 0.63

Mean difference=mean of pre–stage II minus pre-Norwood difference in 3-dimensional echocardiographic (3DE) measure. 95% CI calculated as mean±1.96×SD/√n. 
Sample size limited to subjects with 3DE indices available at both pre-Norwood and pre–stage II visits (n=39). Data presented as mean±SD or median (first quartile 
to third quartile). BSA indicates body surface area; CI, confidence interval; EDV, end-diastolic volume; ESV, end-systolic volume; NA, not applicable; RV, right ventricle.
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Hoch et al,4 both compress and gain settings significantly 
affected 3DE measurements.

The Core Laboratory addressed inter- and intraobserver 
variability in both in vitro4 and in vivo studies.2,3 The in vivo 
studies included comparisons to MRI as the gold standard. 
Soriano et al,2 in their study comparing 3DE with MRI in 
young infants with single ventricles, reported good correla-
tion and agreement for intraobserver variability. Diastolic vol-
ume, systolic volume, and mass correlated and agreed well for 
interobserver variability. The intraclass coefficient for EF was 
0.75, and the mean difference was 0.04. Although this was 
statistically significant (P<0.02), the difference is small and 
thus not clinically significant.

For this multicenter trial, only studies with clear delinea-
tion of endocardial borders and in which the entire RV was 
included in the data set were accepted for mass and volume 
measurements. Although this rigorous threshold may in part 
be responsible for the lower feasibility rate of 75%, it should 
have contributed to the high standards for repeatability.

In a recent consensus document from the American Society 
of Echocardiography and the European Association of 
Echocardiography,23 the authors highlight the potential role 
of 3DE assessment of RV volumes and EF in postoperative 
patients. Despite the theoretical desirability of 3DE for the 
RV, however, it was difficult to obtain adequate images at all 
study visits, and there was considerable variability by site. 
Overall, the success rate declined as the subjects got older, 
regardless of sedation use. Recent technological advances, 
such as smaller transducers, improved temporal and spatial 
resolution of images, single-beat acquisitions, and advanced 
regional analysis of ventricular function, are likely to improve 
the success of acquiring adequate 3DE images in complex 
congenital heart disease. In particular, frame reordering may 
significantly increase 3DE temporal resolution, which is semi-
nal in improving measurements in young patients with high 
heart rates.24

Limitations
This study should be interpreted in light of its limitations. 
Overall, 75% of acquisitions were acceptable for data anal-
ysis, but the success rate varied widely by site. Therefore, 
statistical power to detect differences in RV size and func-
tion was limited compared with analyses of the trial’s 2D 
echo database. The variability in success also meant that 
many subjects did not have studies at multiple time points, 
thus necessitating paired comparisons at individual time 
points rather than longitudinal modeling. The cause of 
unacceptable data likely relates in part to suboptimal acous-
tic windows attributable to increasing age and the history 
of repeated sternotomy and in part to the inability to con-
trol respirations. Younger patients were more likely to have 
acceptable images, lending some credence to this view. 
Recent technological advances, not available at the time of 
the study, might have enhanced the proportion of acceptable 
studies. We also recognize the limitations inherent in the 
absence of validation data from MRI for the 3DE quantifica-
tion of TR in infants with hypoplastic left heart syndrome, 
but thought the measures systematically obtained in this 
study provide useful data in this population.

Conclusions
The PHN SVR trial is the first multicenter effort in congenital 
heart disease to report the use and feasibility of 3DE indices 
of RV volume and EF as secondary end points. RV size and 
function, and severity of TR, as measured by 3DE, are not 
different between RVPAS and MBTS patient groups from 
before the Norwood procedure until 14 months of age. The 
stage II operation results in a decrease in indexed RV volumes 
and mass, but the magnitude of TR does not decrease, and EF 
remains persistently low.
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CLINICAL PERSPECTIVE
The potential usefulness of 3-dimensional echocardiography for longitudinal evaluation of the systemic right ventricle was 
evaluated in a randomized study of infants with single right ventricular anomalies undergoing a Norwood procedure. Lon-
gitudinal evaluation was performed pre-Norwood, post-Norwood, pre–stage II, and at 14 months. Adequate images for 
quantitative analysis could be obtained in 75% of echocardiograms. Important findings included an increase in body surface 
area–adjusted right ventricular volume post-Norwood that decreased after a stage II procedure, reflecting the anticipated 
response to changes in cardiac output and pulmonary blood flow. Ejection fraction was unchanged after Norwood and fell 
slightly but progressively at each of the subsequent 2 evaluations. Severity of tricuspid regurgitation increased after Nor-
wood but did not improve with the fall in right ventricular volume after stage II. No statistically significant differences were 
found between groups managed with modified Blalock-Taussig or right ventricle-to-pulmonary artery shunt. This experience 
demonstrates the feasibility of quantitative 3-dimensional echocardiographic evaluation of the single right ventricular heart 
in a large cohort of infants and young children as well as the pattern of evolution of right ventricular size and function and 
severity of tricuspid regurgitation before the Fontan procedure. Important limitations of the technique that were identified 
include failure to obtain adequate images in 25% of samples, the importance of prior experience in this imaging modality to 
obtaining adequate images, and a higher success rate in younger patients.

 by guest on M
ay 19, 2018

http://circim
aging.ahajournals.org/

D
ow

nloaded from
 

http://circimaging.ahajournals.org/


for the Pediatric Heart Network Investigators
Saudek, Pierre C. Wong and Gail D. Pearson

F. Idriss, J. Blaine John, Wyman W. Lai, Minmin Lu, Shaji C. Menon, Richard G. Ohye, David
William L. Border, Steve Colan, Gregory Ensing, Mark K. Friedberg, David J. Goldberg, Salim 
Gerald R. Marx, Girish Shirali, Jami C. Levine, Lin T. Guey, James F. Cnota, Jeanne M. Baffa,

Lesions: Three-Dimensional Echocardiographic Analysis
Multicenter Study Comparing Shunt Type in the Norwood Procedure for Single-Ventricle

Print ISSN: 1941-9651. Online ISSN: 1942-0080 
Copyright © 2013 American Heart Association, Inc. All rights reserved.

Dallas, TX 75231
is published by the American Heart Association, 7272 Greenville Avenue,Circulation: Cardiovascular Imaging 

doi: 10.1161/CIRCIMAGING.113.000304
2013;6:934-942; originally published online October 4, 2013;Circ Cardiovasc Imaging. 

 http://circimaging.ahajournals.org/content/6/6/934
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

  
 http://circimaging.ahajournals.org//subscriptions/

is online at: Circulation: Cardiovascular Imaging  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer information about this process is available in the

requested is located, click Request Permissions in the middle column of the Web page under Services. Further
Center, not the Editorial Office. Once the online version of the published article for which permission is being 

 can be obtained via RightsLink, a service of the Copyright ClearanceCirculation: Cardiovascular Imagingin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on M
ay 19, 2018

http://circim
aging.ahajournals.org/

D
ow

nloaded from
 

http://circimaging.ahajournals.org/content/6/6/934
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circimaging.ahajournals.org//subscriptions/
http://circimaging.ahajournals.org/

