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Abstract
Fetal aortic balloon valvuloplasty (FAV) has shown promise in altering in utero progression of
aortic stenosis to hypoplastic left heart syndrome. In patients who achieve a biventricular
circulation after FAV, left ventricular (LV) compliance may be impaired. Echocardio-graphic
indexes of diastolic function were compared between patients with biventricular circulation after
FAV, congenital aortic stenosis (AS), and age-matched controls. In the neonatal period, patients
with FAV had similar LV, aortic, and mitral valve dimensions but more evidence of endocardial
fibroelastosis than patients with AS. Patients with FAV underwent more postnatal cardiac
interventions than patients with AS (p = 0.007). Mitral annular early diastolic tissue velocity (E′)
was lower in patients with FAV and those with AS and controls in the neonatal period and over
follow-up (p <0.001). Septal E′ was similar among all 3 groups in the neonatal period. In follow-
up patients, with FAV had lower septal E′ than patients with AS or controls (p <0.001). Early
mitral inflow velocity/E′ was higher in patients with FAV as neonates and at follow-up (p
<0.001). Mitral inflow pulse-wave Doppler-derived indexes of diastolic function were similar
between groups. In conclusion, echocardiographic evidence of LV diastolic dysfunction is
common in patients with biventricular circulation after FAV and persists in short-term follow-up.
LV diastolic dysfunction in this unique population may have important implications on long-term
risk of left atrial and subsequent pulmonary hypertension.

Fetal aortic balloon valvuloplasty (FAV) has shown promise in altering in utero progression
of aortic stenosis (AS) to hypoplastic left heart syndrome.1–4 The postnatal course including
size of the left-sided heart structures, left ventricular (LV) systolic function, and surgical
management is variable in patients who have undergone FAV.2 Recent studies have reported
promising results, with 35% to 40% of patients achieving a biventricular circulation.2,4 In
children with other left heart obstructive lesions including congenital AS and aortic
coarctation, LV diastolic dysfunction is common.5–8 However, LV diastolic function in
patients who have undergone FAV has not been evaluated. This report describes
echocardiographic indexes of LV diastolic function in patients with a biventricular
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circulation after FAV and compares them to patients with isolated congenital AS and to
normal controls.

Methods
Records of all patients at our institution who underwent technically successful FAV for
evolving hypoplastic left heart syndrome from January 2005 through July 2009 were
reviewed. The technique for FAV and short-term clinical outcomes have been previously
reported.1,9,10 Technically successful FAV was defined as FAV in which the aortic valve
was crossed and a balloon inflated with clear evidence of increased flow across the valve by
color Doppler. Only patients with a biventricular circulation at latest follow-up were
included to minimize the effects of variable loading conditions. A biventricular circulation
was defined as circulation in which the left ventricle was the sole source of systemic output
with no intracardiac shunting except for an atrial septal defect or patent foramen ovale. To
construct the infant AS cohort, we included patients diagnosed postnatally with congenital
AS and who underwent balloon aortic valvuloplasty within the first 2 months of life from
January 2005 through July 2009. Patients were excluded from the AS cohort if they had
associated congenital heart disease except for aortic coarctation or if the LV was not apex
forming. In the FAV and AS groups we included only patients who had complete
assessment of diastolic function as defined later. Echocardiograms from age-matched
patients (matched to FAV patients) with no structural or functional heart disease were used
as controls. Separate control groups were selected for the neonatal period and follow-up age
period (median age 23 months). Baseline patient characteristics, echocardio-graphic
variables, and clinical course including cardiac interventions were collected and analyzed
for each group. The committee for clinical investigation at Children's Hospital Boston
approved the use of patient medical records for this retrospective review.

The first complete postnatal echocardiogram for each patient with FAV or AS was included
in analysis of neonatal anatomic variables. All patients underwent complete
echocardiography with 2-dimensional, spectral Doppler, and color flow Doppler analyses
before the first postnatal intervention. LV variables and z scores for these variables (end-
diastolic volume, long-axis dimension, mass, mass/volume, ejection fraction) and aortic and
mitral valve dimensions and z scores were collected and compared. The first postnatal
echocardiogram for each patient with FAV and with AS was reviewed and presence of
endocardial fibroelastosis was qualitatively assessed.

Indexes of diastolic function from the first postnatal echocardiogram that included tissue
Doppler imaging and from the most recent follow-up echocardiogram with tissue Doppler
imaging were collected and included in the analysis. Some patients in the 2 groups had
tissue Doppler imaging data only in the neonatal period or at a follow-up visit and were
included in the analysis of that age group only. Conventional pulse-wave Doppler indexes of
diastolic function including peak early (E) and late (A) diastolic transmitral velocities, E/A
ratio, A-wave duration, and E-wave deceleration time were measured from the spectral
Doppler signal of the mitral valve inflow. Pulse-wave tissue Doppler imaging velocities
were obtained from the lateral mitral annulus and the interventricular septum from the apical
4-chamber view. Tissue Doppler imaging measurements for each of the myocardial
segments included peak early diastolic velocity (E′) and peak late diastolic velocity (A′).
Only tracings that demonstrated a clear E′ were used. All measurements of diastolic
variables were retrospectively remeasured by a single echocardiographer (K.F.) from images
obtained at the time of the study. Each tissue Doppler imaging velocity was measured on 3
consecutive cardiac cycles and the average of these values was used for analysis. All
examinations were performed using commercially available ultrasound equipment (Philips
iE33, Koninklijke Philips Electronics, Netherlands).
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Baseline anatomic variables for the AS and FAV groups are reported as median (range) and
count for continuous and categorical variables, respectively. These 2 groups were compared
using Wilcoxon rank-sum test and Fisher's exact test, as appropriate. Mean ± SD was used
to describe mitral inflow and tissue Doppler imaging values because they were normally
distributed. One-way analysis of variance was used to compare mean diastolic function
parameters among the 3 groups during the neonatal and follow-up periods separately. Post
hoc pairwise comparisons were performed with Bonferroni correction and Tamhane test to
control for multiple comparisons and heterogeneity in variances across groups. Because
tissue Doppler imaging values normally vary with age, we modeled the relation between
tissue Doppler imaging values and age using linear regression with generalized estimating
equation models to account for correlation between longitudinal measurements for each
patient. In each generalized estimating equation model, 2 data points, the tissue Doppler
imaging value from the initial neonatal echocardiogram and the value from the most recent
echocardiogram, were included. All statistical analysis were 2-sided and type I error was
controlled at a level of 0.05. Analyses were performed with SPSS 16.0 (SPSS, Inc., Chicago,
Illinois) and STATA 10.1 (STATA Corporation, College Station, Texas).

Results
From January 2005 through July 2009 43 patients underwent FAV at our institution.
Nineteen of these had a biventricular circulation at most recent follow-up. Eighteen of the 19
patients had adequate echocardiographic data to be included in analysis. Median age at FAV
was 23 weeks of gestation (range 21 to 29). For the congenital AS cohort, 33 patients were
identified, 19 of whom had sufficient echo-cardiographic data to be included in the analysis.
Median age at aortic valvuloplasty in the AS cohort was 5 days (range 0 to 60), with 8
patients having critical AS.

Comparison of neonatal (preintervention) anatomic variables between patients with FAV
and those with AS is presented in Table 1. Median sizes of left heart structures were similar
and generally within normal range in the 2 groups except for smaller aortic valve dimension
in patients with FAV. Patients with FAV had worse LV systolic function and were more
likely to have echocardiographic evidence of endocardial fibroelastosis. In general, the FAV
group underwent more postnatal cardiac interventions than the AS group (p = 0.007; Table
2), with a similar median follow-up duration (23 months). Repeat transcatheter aortic
valvuloplasty, surgical mitral valve interventions, and endocardial fibroelastosis resection
were common in patients with FAV.

In the neonatal period, patients with FAV and with congenital AS had lower mitral annular
E′ values than controls (Figure 1), whereas septal E′ values were similar between groups.
Early mitral inflow pulse-wave Doppler velocity/early diastolic mitral annular tissue
velocity ratio (E/E′) was higher in the FAV group than controls in the neonatal period.

On follow-up echocardiograms, mitral annular E′ and septal E′ values were lower in
patients with FAV than in patients with congenital AS and controls (p <0.001; Figure 1). E/
E′ was higher in patients with FAV than in patients with congenital AS or controls (p =
0.001).

The relationship between age and diastolic function indexes (mitral annular E′, septal E′,
and E/E′) for each group are shown in Figure 2. Mitral annular E′ increased with age in
patients with congenital AS (p <0.001) and controls (p = 0.002), whereas in patients with
FAV mitral annular E′ did not change with age (p = 0.16). Generalized estimating equation
modeling demonstrated differences in slopes of regression lines for mitral annular E′ values
between patient groups (p <0.001). Septal E′ values increased with age in controls (p
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<0.001) and patients with AS (p = 0.05), whereas in patients with FAV septal E′ values
decreased with age (p = 0.01). Slopes of the regression line for septal E differed among the 3
groups (p <0.001). E/E′ values decreased slightly with age in controls (p <0.03), did not
significantly change in patients with AS, and increased in the FAV group (p = 0.02).

Evaluation of pulse-wave Doppler mitral inflow parameters showed no differences between
groups in E/A ratio, proportion of patients with monophasic mitral inflow, A-wave velocity,
or A-wave duration in the neonatal or follow-up period.

Discussion
In this study we evaluated LV diastolic function in patients with a biventricular circulation
after FAV and compared them to patients diagnosed with AS in infancy and to controls. At
latest follow-up (median age 23 months) FAV patients had lower mitral annular E′, lower
septal E′, and higher E/E′ than patients with AS or controls, which are suggestive of LV
diastolic dysfunction. In adults considerable data exist demonstrating the value of tissue
Doppler indexes, primarily E′ and E/E′, as relatively load independent measurements of LV
diastolic function and correlates of left atrial pressure with higher tissue velocity and a lower
E/E′, respectively, indicating better diastolic function and lower left atrial pressure.11

In the FAV group significant abnormalities in LV diastolic function indexes were present in
the neonatal period and through the follow-up period. In contrast, tissue Doppler imaging
indexes of diastolic function improved over time in patients with congenital AS. Persistent
LV diastolic dysfunction in patients who have undergone FAV may have important clinical
and management implications. Diastolic dysfunction places these patients at increased risk
for developing left atrial and pulmonary hypertension. As the FAV cohort reaches its second
decade of life, long-term clinical follow-up will establish if these diastolic function
abnormalities lead to progressive symptoms or significantly decreased exercise capacity.

Indexes of diastolic function improved over time in patients with congenital AS after relief
of pressure load on the left ventricle, although they remained worse than controls. Previous
studies have described improvement in diastolic function after relief of pressure load in
several types of left heart obstructive lesions in adults and children.5,6,12–17 The extent of
myocyte hypertrophy has been shown to play an important role in the mechanism of
impaired LV early diastolic filling in adults and children with AS.18 In addition to
hypertrophy, myocardial fibrosis contributes to diastolic dysfunction in many types of left
heart obstructive lesions.19,20 Myocardial fibrosis has been demonstrated histopathologically
and using cardiac magnetic resonance imaging in adults with severe aortic valve disease and
has been implicated as a cause of diastolic dysfunction.17,21,22 In patients with hypoplastic
left heart syndrome and those who have undergone FAV for evolving hypoplastic left heart
syndrome, endocardial fibroelastosis is common.23–25 Endocardial fibroelastosis likely has
an influence on diastolic function in its own right and may correlate with myocardial
fibrosis.15 A possible explanation for the persistence of diastolic dysfunction despite normal
LV mass in the FAV cohort is that myocardial fibrosis and endocardial fibroelastosis, rather
than hypertrophy, are the primary mechanisms.

The success of FAV in altering many aspects of hypoplastic left heart syndrome progression
supports the hypothesis that there is plasticity in left heart growth and function. However,
our data suggest that there may be a component of endocardial and myocardial damage and
fibrosis that is less reversible. Fibrotic changes in the fetal myocardium and endocardium
likely occur early in utero because of the flow aberrations leading to altered loading
conditions and subendocardial ischemia.21,26,27 Extent of myocardial fibrosis and its clinical
importance and prognostic value in patients who have undergone FAV and with congenital
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AS have not been well defined. Cardiac magnetic resonance imaging may be helpful in
quantifying degree of myocardial fibrosis and play a role in determining which patients are
most likely to progress successfully to biventricular circulation.21,22,28

This study should be viewed as an exploratory investigation because of limitations,
including small cohort and potential selection bias introduced because of lack of universal
collection of tissue Doppler imaging data. Since 2005, 60% of patients with AS and 95% of
patients with FAV had echocardiograms with complete assessment of diastolic function. In
addition, our results may be partly confounded by the significant difference in number and
type of postnatal interventions between patients with AS and those with FAV.
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Figure 1.
Error bar plots comparing mean diastolic properties (central dots) and 95% confidence
interval (whiskers) among groups in the neonatal period and follow-up period. (A) Mitral
annular early diastolic tissue velocity Doppler (before intervention p = 0.01, follow-up
period p <0.001, analysis of variance). (B) Septal early diastolic tissue velocity (before
intervention p = 0.18, follow-up period p <0.001, analysis of variance). (C) Early diastolic
mitral inflow velocity/early diastolic tissue velocity (before intervention p = 0.05, follow-up
period p <0.001, analysis of variance). The p values in the diagram represent post hoc
pairwise comparisons with Bonferroni correction or Tamhane test.

Friedman et al. Page 7

Am J Cardiol. Author manuscript; available in PMC 2012 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Scatter plots showing tissue Doppler imaging diastolic variable versus age in controls
(circles), patients with fetal aortic valvuloplasty (triangles), and patients with aortic stenosis
(squares). (A) Mitral annular early diastolic tissue velocity. (B) Septal early diastolic tissue
velocity. (C) Early diastolic mitral inflow velocity/early diastolic tissue velocity. A
generalized estimating equation regression line (straight lines) was determined for each
group. For each plot the slope of the line representing patients with fetal aortic valvuloplasty
differed (p <0.01) from patients with aortic stenosis and controls.
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Table 1

Neonatal echocardiographic variables

Variable FAV (n = 18) AS (n = 19) p Value

Aortic valve (cm) 0.56 (0.35–0.83) 0.59 (0.42–0.76) 0.35

Aortic valve z score −2.4 (−4.8 to 0.1) −1.8 (−2.5 to 0.8) 0.25

Mitral valve lateral dimension 0.8 (0.7–1.3) 0.9 (0.8–1.3) 0.14

Mitral valve lateral dimension z score −1.6 (−3.0 to −2.6) −1.2 (−2.5 to 1.9) 0.34

Left ventricular diastolic volume z score −0.8 (−2.6 to 6.6) −1.6 (−2.5 to 2.8) 0.63

Left ventricular long axis dimension z score −0.7 (−2.7 to 1.8) 0.2 (−4.6 to 3.2) 0.06

Left ventricular mass (g) 8.6 (4.1–14.6) 9.0 (4.3–24.4) 0.91

Left ventricular mass z score 0.2 (−2.0 to 1.5) 1.1 (−2.7 to 4.9) 0.19

Left ventricular mass/volume 1.1 (0.8–1.8) 1.2 (0.6–4.6) 0.15

Left ventricular mass/volume z score 1.1 (−0.8 to 6.0) 2.0 (−1.6 to 5.2) 0.19

Left ventricular ejection fraction (%) 40 (18–71) 56 (10–70) 0.03

Peak aortic stenosis gradient (mm Hg) 30 (0–93) 57 (42–111) 0.04

Aortic regurgitation grade 0 (0–3+) 0 (0–2+) 0.78

Endocardial fibroelastosis 17 (94%) 5 (26%) <0.01

Values are expressed as median (range) or number of patients (percentage).
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Table 2

Postnatal interventions

Variable FAV (n = 18) AS (n = 19)

Number of postnatal interventions* 3 (1–8) 1 (1–3)

Neonatal aortic valvuloplasty 17 (95%) 19 (100%)

Repeat aortic valvuloplasty 14 (78%) 6 (32%)

Endocardial fibroelastosis resection 13 (72%) 0 (0%)

Mitral valvuloplasty or replacement 9 (50%) 1 (5%)

Aortic valve replacement or Ross 7 (35%) 2 (11%)

*
Surgical or percutaneous.
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