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of Fallot and hypoplastic left heart syndrome 
using three‑dimensional echocardiography
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Abstract 

Anomalies of the tricuspid valve (TV) are associated with worsened prognosis in congenital heart disease (CHD). Here, 
we present a descriptive study examining changes in TV morphology in two CHD conditions—repaired tetralogy of 
Fallot (rTOF) and hypoplastic left heart syndrome (HLSH), using three-dimensional echocardiography. Full volume 
acquisitions of the TV and right ventricle (RV) were performed from an RV-focused apical view using ECG gating 
over 2–5 consecutive cardiac cycles using 3D echocardiography, from which TV annulus and leaflet parameters were 
quantified. A total of 40 rTOF patients (age 14 ± 9.8 years), 40 HLHS patients (age1.0 ± 1.5 years) and 80 age and gen-
der matched controls were included. Among leaflet parameters, antero-posterior and posterior-septal TV coaptation 
heights were smaller in rTOF (p < 0.001) vs. control. Conversely, only the short-axis TV height was different in HLHS vs. 
controls (HLHS 1.6 ± 0.4 cm vs. control 1.4 ± 0.3 cm). TV leaflet parameters tended to be larger in HLHS, while leaflet 
coaptation distances were similar between groups. We demonstrate that 3D echocardiography for assessment of the 
TV is feasible in rTOF and HLHS patients and identifies unique differences in TV morphology. Future studies should 
clarify the clinical significance of TV morphology in these patient populations.
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Introduction
Tricuspid regurgitation (TR) and other abnormali-
ties of tricuspid valve (TV) function are associated with 
increased mortality in congenital heart disease (CHD) [1, 
2]. The concept of abnormal TV function irrespective of 
TR is acknowledged in current guidelines for TV replace-
ment in patients undergoing left-heart surgery [3, 4]. 
Tricuspid regurgitation and TV dysfunction are known 
to correlate with adverse clinical outcomes in both hypo-
plastic left heart syndrome (HLHS) [1] and repaired 
tetralogy of Fallot (rTOF) [2]. Previously, we reported 
gross structural changes in TV morphology in HLHS that 
can be quantified with 3D echocardiography of the tri-
cuspid valve [5, 6]. Here, we present a descriptive study 
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examining changes in the TV in rTOF, a condition with 
RV remodeling from chronic exposure to upstream after-
load, hypothesizing that advanced imaging of the TV 
using 3D echocardiography may provide insight into TV 
structure and function. We subsequently compare these 
changes to HLHS, a congenital condition with known 
gross anatomical changes to the TV.

Methods
This study was approved by the University of Nebraska 
Medical Center institutional review board. Informed 
consent was obtained from each patient, and the study 
protocol conforms to the ethical guidelines of the 1975 
Declaration of Helsinki as reflected in a priori approval 
by the institution’s human research committee. Par-
ticipants underwent prospective 3DE using the iE33 
system (Philips) or Vivid E9 (GE). Full volume acqui-
sitions of the TV and right ventricle (RV) were per-
formed from an RV-focused apical view using ECG 
gating over 2–5 consecutive cardiac cycles. Annular 
[area, perimeter, circularity, dimensions at late dias-
tole, inter-commissural distances (length of the annular 
chord between commissures)] and leaflet parameters 
[tenting height, tenting volume, area (anterior, pos-
terior, septal, total), coaptation heights [anteroseptal 
(AS), posteroseptal (PS), anteroposterior (AP)] were 
measured using custom software (TomTec Inc, Unter-
schleissheim Germany), as shown in Fig.  1 [7]. A sin-
gle board-certified echocardiographer identified the 
optimal 4-chamber and orthogonal view and manually 
initialized the tricuspid annulus (TA) by marking the 
TV leaflet hinge points in 8 planes rotated about the 
center (Fig. 1). The software resampled 80 points along 

the entire TA and tracked them throughout the cardiac 
cycle to determine TV parameters. Two-tailed inde-
pendent sample Student t-test was used to compare TA 
parameters between the rTOF group and its controls, 
and the HLHS group and its controls. Each popula-
tion had its own age-matched control group to account 
for differences in age and pathophysiology between 
groups. Exclusion criteria for rTOF patients include 
prior pulmonary valve replacement or tricuspid valve 
intervention.

Results
A total of 40 rTOF subjects (23:17  M:F, age 
14 ± 9.8  years, BSA 1.3 ± 0.5 m2), 40 HLHS subjects 
(23:17  M:F, age 1.0 ± 1.5  years, BSA 0.4 ± 0.2 m2), and 
80 age and gender matched controls (40 matched to the 
rTOF group and 40 to the HLHS group) were included 
in this study. Among HLHS patients, 7 were pre-Nor-
wood, 19 pre-Glenn, 10 pre-Fontan and 4 post-Fon-
tan. Patient characteristics and TV annulus and leaflet 
parameters from 3DE are summarized in Table 1. Tri-
cuspid valve annulus parameters in rTOF did not differ 
significantly from controls. Among leaflet parameters, 
however, AP and PS coaptation heights were signifi-
cantly smaller in rTOF (p < 0.001) than in controls, 
whereas individual and total leaflet areas were similar 
to controls. Among HLHS patients, only short-axis 
TV height was different from controls (1.6 ± 0.4 cm in 
HLHS vs. 1.4 ± 0.3  cm in controls; p < 0.05). Tricuspid 
valve leaflet parameters tended to be larger in HLHS, 
while leaflet coaptation distances were similar between 
groups.

Fig. 1  Volume acquisition of the tricuspid valve. Identification of tricuspid valve from (A) two and (B) four chamber views. C Estimated tricuspid 
valve contour. Shown on the right are tricuspid valve annulus and leaflet parameter measurements
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Discussion
Principally, we found: (1) As demonstrated previously 
in HLHS [5], 3D echocardiography of the TV is feasible 
in rTOF. (2) In HLHS, TV leaflets were uniformly larger 
compared to controls; this leaflet-annular disproportion 
results in greater tenting volumes in HLHS, while main-
taining normal leaflet coaptation distances; (3) Unlike in 
HLHS where gross structural abnormalities in the TV are 
present, 3D echocardiography identified significant dif-
ferences in TV structure and function in rTOF. Specifi-
cally, we see that the TV annulus was only mildly dilated, 
and septal leaflet coaptation heights were short.

In rTOF, the observed short septal leaflet coaptation 
height likely reflects anatomic changes due to the ven-
tricular septal patch, though the relation between sep-
tal leaflet coaptation and the development of TR is less 
clear. It is well established that RV dilatation second-
ary to volume overload contributes to the development 
of TR. Tricuspid annulus size is the strongest predictor 
of TR, but coaptation distance is also significant[5, 7]. 
These changes may reflect TV maladaptation secondary 
to surgical palliation, similar to what has been observed 
for the mitral valve [5]. In HLHS, the TV adapts to inter-
stage stress by increasing leaflet size out of proportion 
to growth, whereas changes in TV morphology in rTOF 

result from chronic volume overload [5, 8]. Our study 
has limitations. Within the HLHS cohort, patients at all 
stages of palliation and different anatomical subtypes 
were included, each of which with different loading 
conditions that impact TV function [5, 6, 9]. Moreover, 
rTOF patients have different degree of RV volume over-
load, depending on their age and timing from surgery, 
which influences TV function and is not addressed here. 
The relationship between septal leaflet tethering and TV 
regurgitation is unclear and requires further investiga-
tion. Moreover, the clinical significance of these findings 
requires longitudinal follow-up and is left to future stud-
ies. It remains possible that the changes are adaptation to 
altered loading conditions, and this too is left to future 
studies.

In summary, despite the lack of gross structural abnor-
malities as observed in HLHS, 3D echocardiography 
of the TV can provide meaningful structural and func-
tional differences in rTOF. Specifically, we confirmed 
prior studies identifying leaflet-annular disproportion 
in HLHS and identify a unique signature of septal leaflet 
coaptation in rTOF that is not observed in HLHS. These 
results may have implications for understanding TV mal-
adaptation to chronic changes in loading conditions in 
CHD, for timing surgical management, and potential for 

Table 1  Tricuspid valve annulus and leaflet parameters in tetralogy of Fallot and hypoplastic left heart syndrome

*p < 0.001 compared to respective controls; TOF tetralogy of Fallot, HLHS Hypoplastic Left Heart Syndrome, BSA body surface area, AP anteroposterior, AS anteroseptal, 
AP anteroposterior

TOF TOF Controls HLHS HLHS controls

Age 14.7 ± 9.8 14.8 ± 9.8 1.0 ± 1.5 1.0 ± 1.5

BSA 1.3 ± 0.54 1.4 ± 0.60 0.35 ± 0.17 0.42 ± 0.24

Annulus parameter

 Area (cm2) 6.5 ± 3.7 7.7 ± 3.9 2.5 ± 1.2 2.1 ± 0.9

 Perimeter (cm) 8.9 ± 2.8 9.8 ± 2.5 5.7 ± 1.3 5.3 ± 1.1

 Long axis length (cm) 3.1 ± 1.0 3.4 ± 0.8 2.0 ± 0.5 1.8 ± 0.4

 Short axis length (cm) 2.5 ± 0.9 2.8 ± 0.9 1.6 ± 0.4 1.4 ± 0.3

 Circularity 0.82 ± 0.1 0.83 ± 0.1 0.82 ± 0.1 0.80 ± 0.1

 Intercommissural distance anterior (mm) 24.5 ± 9.0 24.5 ± 7.4 14.9 ± 4.3 14.1 ± 3.3

 Intercommissural distance posterior (mm) 20.8 ± 7.0 25.0 ± 7.1 14.1 ± 5.1 12.4 ± 3.5

Intercommissural distance septal (mm) 24.2 ± 8.7 27.8 ± 8.1 14.9 ± 3.8 13.8 ± 4.2

 Leaflet parameters

 Tenting height (cm) 17.3 ± 5.7 20.7 ± 5.0 11.0 ± 3.5 11.0 ± 3.5

 Tenting volume (ml) 2.5 ± 1.9 2.6 ± 1.8 0.9 ± 0.6* 0.5 ± 0.3*

 Total leaflet area (cm2) 7.7 ± 4.0 7.7 ± 3.5 4.1 ± 1.9* 2.6 ± 1.1*

 Area anterior (cm2) 2.4 ± 1.4 2.0 ± 1.0 1.5 ± 1.1* 0.8 ± 0.4*

 Area posterior (cm2) 2.1 ± 1.1 2.5 ± 1.4 1.1 ± 0.7* 0.8 ± 0.5*

 Area septal (cm2) 2.8 ± 1.8 2.8 ± 1.5 1.3 ± 0.7* 0.8 ± 0.5*

 Coaptation height AS (mm) 17.8 ± 5.7* 22.6 ± 6.5* 10.5 ± 3.3 10.8 ± 3.6

 Coaptation height PS (cm) 16.7 ± 5.6* 22.2 ± 6.0* 10.3 ± 3.1 9.5 ± 3.9

 Coaptation height AP (mm) 19.9 ± 6.7 22.8 ± 6.8 11.2 ± 4.1 10.4 ± 4.1
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application to 3D printing of TV in congenital heart dis-
ease [10]. Future studies should clarify the clinical signifi-
cance of TV morphology in these congenital populations 
and evaluate its value for guiding the timing and specific 
nature of surgical interventions.
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