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Background-—Optimal initial treatment for congenital aortic valve stenosis in children remains unclear between balloon aortic
valvuloplasty (BAV) and surgical aortic valvotomy (SAV).

Methods and Results-—We performed a contemporary systematic review and meta-analysis to compare survival in children with
congenital aortic valve stenosis. Secondary outcomes included frequency of at least moderate regurgitation at hospital discharge as
well as rates of aortic valve replacement and reintervention. Single- and dual-arm studies were identified by a search of PubMed
(Medline), Embase, and the Cochrane database. Overall 2368 patients from 20 studies were included in the analysis, including 1835
(77%) in the BAV group and 533 (23%) in the SAV group. There was no difference between SAV and BAV in hospital mortality (OR=0.98,
95% CI 0.5–2.0, P=0.27, I2=22%) or frequency of at least moderate aortic regurgitation at discharge (OR=0.58, 95% CI 0.3–1.3,
P=0.09, I2=54%). Kaplan–Meier analysis showed no difference in long-term survival or freedom from aortic valve replacement but
significantly more reintervention in the BAV group (10-year freedom from reintervention of 46% [95% CI 40–52] for BAV versus 73%
[95% CI 68–77] for SAV, P<0.001). Results were unchanged in a sensitivity analysis restricted to infants (<1 year of age).

Conclusions-—Although higher rates of reintervention suggest improved outcomes with SAV, indications for reintervention may
vary depending on initial intervention. When considering the benefits of a less-invasive approach, and clinical equipoise with
respect to more clinically relevant outcomes, these findings support the need for a randomized controlled trial. ( J Am Heart
Assoc. 2016;5:e003931 doi: 10.1161/JAHA.116.003931)
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O ptimal initial treatment for congenital aortic valve
stenosis in children remains controversial. Ideally, initial

intervention would achieve adequate relief of obstruction
without causing significant regurgitation. Balloon aortic
valvuloplasty (BAV) and surgical aortic valvotomy (SAV)
represent competing strategies, and the choice of primary
intervention is typically based on institutional preference.

A 2001 landmark analysis of the Congenital Heart
Surgeons’ Society database demonstrated equivalent out-
comes in regard to survival and need for reintervention for
BAV compared to SAV in 110 neonates across 18

institutions.1 Given similar outcomes, many have considered
catheter-based balloon valvuloplasty to be a more attractive
option as it is less invasive with shorter postprocedural
recovery. However, recent single-center analyses have shown
better outcomes with surgical valvotomy. These improved
outcomes have been attributed to the use of contemporary
surgical approaches using more precise techniques.2,3 To
date no randomized trial has compared BAV and SAV, and it is
unlikely such a trial will provide answers in the near future, as
long-term follow-up is needed for comparison.

In light of the current controversy surrounding the optimal
initial strategy for intervention, we performed a contemporary
systematic review and, using pooled data from single- and
dual-arm studies, conducted a meta-analysis. Our primary
objective was to determine whether BAV or SAV as primary
intervention for congenital aortic valve stenosis in pediatric
patients had superior outcomes in regard to rates of
reintervention, aortic valve replacement, and survival.

Methods
Studies were identified in PubMed (Medline), Embase, and the
Cochrane databases by an experienced librarian using search
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terms of: {(((“Heart Defects, Congenital”[Mesh]) AND (“Aortic
Valve Stenosis”[Mesh])) OR ((congenital aortic valve stenosis)
OR congenital aortic stenosis)) OR ((congenital) AND “Aortic
Valve Stenosis”[Mesh])) OR ((“Heart Defects, Congeni-
tal”[Mesh]) AND “Heart Valves”[Mesh])} AND {((aortic dila-
tion) OR catheter balloon angioplasty) OR ((“Cardiac
Catheters”[Mesh]) OR ((balloon valvuloplasty) OR valvulo-
plasty) AND “Balloon Valvuloplasty”[Mesh])} OR {(bicuspid
valve repair) OR ((valvotomy) OR surgical repair)}. The final
search was performed on March 17, 2016. The reference lists
of all reviewed full-text articles were also evaluated for
additional articles.

Because our primary objective was to evaluate contem-
porary outcomes, we only included studies published after
2000. This search strategy identified 4113 studies with 1
additional article identified in the reference list search.
Abstracts from potentially relevant articles were evaluated by

a pediatric cardiologist (G.D.H.) to determine eligibility for
inclusion in the analysis. All studies reporting outcomes of
either BAV and/or SAV as primary intervention for aortic
stenosis in children/adolescents ≤18 years of age at the
time of intervention were included. Studies including patients
>18 years of age or valve replacement as initial treatment
were included only if those patients could be eliminated from
the analysis. Studies reporting fewer than 10 patients,
studies not published in English, and those that were only
abstracts from scientific meetings without a published
manuscript were excluded. When multiple studies were
reported from the same institution with potentially overlap-
ping patients, the most recent study was used. After
application of the inclusion/exclusion criteria, 20 studies
were eligible for the meta-analysis (Figure 1).1-20 Two
database studies were included that may have overlapping
patients with other single-center reports.1,8
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Figure 1. Flow diagram of study selection.
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Study quality was assessed independently by 2 reviewers
(R.R., S.G.) using the Hayden bias-rating tool. This scale rates
6 domains (study participation, study attrition, prognostic
factor measurement, outcome measurement, study confound-
ing, and statistical analysis and reporting) for their risk of
bias.21 The rating was converted to a numeric scale (3=high
risk of bias, 2=moderate risk of bias, 1=low risk of bias) for
each of the domains with a minimum possible total score of 6
(lowest risk of bias) and maximum possible total score of 18
(highest risk of bias). Interrater reliability was assessed using
the Cohen j coefficient. Data extracted by a single author
(G.D.H) included subject characteristics including age at
intervention, number of neonates (≤30 days of age at
intervention) and infants (<1 year of age), valve morphology
(unicuspid, bicuspid, or tricuspid), peak preintervention
echocardiographic Doppler gradient, and outcomes of inter-
vention (including number with moderate or greater regurgi-
tation at discharge, hospital or 30-day mortality, and peak
postintervention gradient). In addition to these outcomes,
Kaplan-Meier data were extracted from a subset of 13 studies
with available data on long-term survival, time to reinterven-
tion, and/or time to aortic valve replacement. Reintervention
included repeat BAV, SAV, or valve replacement, but most
studies did not differentiate SAV from BAV reinterventions.
For this analysis we used the method described by Guyot et al
to recreate individual patient data by distributing censoring
evenly over intervals where numbers at risk were provided.22

We used Plot Digitizer 2.6.6 to extract coordinates from
curves. For some studies, data could not be extracted
accurately by this method because numbers at risk were not
provided or because of different grouping of patients. In these
cases authors were contacted, and individual patient data
from 2 of these studies were provided by the study
authors.15,18 Data were pooled using the Mantel-Haenszel
random-effects model, and heterogeneity was assessed using
the I2 method. Pooled categorical comparisons were made
using a Chi-squared test. For all analyses our primary outcome
of interest was survival, which was assessed in the short-term
(hospital/30-day survival) and at longer-term follow-up.
Secondary outcomes included at least moderate regurgitation
at hospital discharge, long-term freedom from aortic valve
replacement, and freedom from reintervention. For compar-
isons of short-term outcomes, all noncomparative studies
were pooled into a single study to generate comparisons of
hospital/30-day survival and at least moderate regurgitation
at discharge. For longer-term outcomes, extracted and author-
supplied individual patient data were used to generate Kaplan-
Meier curves for survival, freedom from aortic valve replace-
ment, and freedom from reintervention. As a sensitivity
analysis, Kaplan-Meier curves for survival, freedom from aortic
valve replacement, and freedom from reintervention were also
created using studies limited to infants (<1 year) at the time

of BAV or SAV and studies in which individual patient data
could limit inclusion to this age group. Meta-regression
including overall Hayden risk of bias score was performed
for all hospital outcomes. Kaplan-Meier curves for survival,
freedom from aortic valve replacement, and freedom from
reintervention were also stratified by the Hayden risk of bias
score with separate curves for those at lowest risk of bias
(score of 6) and those at higher risk created to ensure results
were similar. Publication bias was assessed visually with a
funnel plot. Data analysis was performed using Stata 13 (Stata
Corp, College Station, TX) with P<0.05 considered significant.

Results
Overall, 2368 patients were included in the analysis including
1835 (77%) in the BAV group and 533 (23%) in the SAV group.
Studies included in the analysis and those with data
appropriate for Kaplan-Meier data extraction along with
Hayden bias scores can be seen in Table 1. Hayden scores
ranged from 6 to 9. Full scoring by Hayden bias domain can
be seen in Table S1. There was 97% agreement and a j
coefficient of 0.73 for interrater reliability.

Overall mean age at intervention was 2.9 (95% CI �0.7 to
6.4) months with a mean peak preintervention systolic
Doppler gradient of 77 (95% CI 66–88) mm Hg. There were
no significant differences between the BAV and SAV groups
with respect to these 2 variables (Table 2). There were
differences between groups in the amount of reported data:
specifically, age group was more often reported in the BAV
group, and valve morphology was more commonly reported in
the SAV group. In those studies reporting data for age group,
there was a higher percentage of children age ≥1 year in the
BAV group (33% for BAV versus 24% for SAV, P=0.03). In
those studies reporting data for valve morphology, unicuspid
aortic valve was more common in the BAV group (P=0.02).

Hospital/Short-Term Outcomes
There was no difference in postintervention peak systolic
Doppler gradient (28 mm Hg [95% CI 19–37] for SAV versus
37 mm Hg [95% CI 26–49] for BAV, P=0.06) nor frequency of
at least moderate aortic regurgitation at discharge with SAV
versus BAV (OR=0.58, 95% CI 0.3–1.3, P=0.09). However,
there was significant heterogeneity between results (I2=54%)
reflecting variability between studies (Figure 2A). In studies
reporting hospital or 30-day mortality, there were 21 deaths
out of 533 (4%) SAV patients and 105 deaths out of 1815 (6%)
BAV patients with no difference in hospital or 30-day mortality
between SAV and BAV (OR=0.98, 95% CI 0.5–2.0, P=0.27,
I2=22%) (Figure 2B). Overall Hayden risk of bias score did not
reach significance for either mortality (P=0.14) or risk of at
least moderate regurgitation (P=0.08).
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Long-Term Outcomes
Kaplan-Meier curves showed no significant difference in
survival between groups (P=0.31) (Figure 3A). Survival at
10 years was 87% (95% CI 81–90) in the BAV group and 90%
(95% CI 85–94) in the SAV group. In terms of secondary
outcomes measures, freedom from valve replacement was
also not significantly different between groups (P=0.17)
(Figure 3B). Ten-year freedom from valve replacement was
76% (95% CI 67–83) for BAV and 81% (95% CI 72–87) for SAV.
However, there was significantly more reintervention in
patients undergoing initial BAV compared to SAV (P<0.001)
(Figure 3C). Freedom from reintervention at 10 years was
46% (95% CI 40–52) in the BAV group and 73% (95% CI 68–
77) in the SAV group.

In sensitivity analysis restricted to the subset of infants
(<1 year of age) at the time of BAV (n=282) or SAV (n=201),

results were unchanged, with no difference between groups in
survival (P=0.23) or freedom from valve replacement (P=0.7)
(Figure 4A and 4B), but there was more reintervention in the
BAV group (P<0.001) (Figure 4C). There was no difference in
results when they were stratified by overall Hayden risk of
bias score (Figure S1).

Discussion
In this meta-analysis comparing balloon valvuloplasty and
surgical valvotomy for children presenting with congenital
aortic valve stenosis, we demonstrate no differences in long-
term survival or rates of aortic valve replacement but
significantly higher rates of reintervention following balloon
valvuloplasty. The findings were unchanged when the analysis
was limited to infants (<1 year of age) at initial intervention.

Table 1. Included Studies

Article Year Location Intervention (n) Hayden Score KM Data

Alexiou4 2001 Southamptom, UK SAV (97) 7 Extracted

Bhabra5 2003 Birmingham, UK SAV (54) 6 Extracted

Brown2 2012 Indiana BAV (69)
SAV (89)

7 Extracted

Crespo6 2009 Montreal, Canada BAV (143) 7 Extracted

Elshershari7 2002 Ankara, Turkey SAV (28) 9 No KM data

Ewert8 2011 Multi—Germany, Austria, Switzerland BAV (1004) 6 Number at risk not provided

Hamidi-Manesh9 2013 London, UK BAV (29) 7 No KM data

Han10 2007 Toronto, Canada BAV (53) 6 Extracted

Hochstrasser11 2015 Lausanne, Switzerland BAV (22)
SAV (42)

7 Extracted

Jindal12 2000 New Delhi, India BAV (10) 6 No KM data

Kim13 2005 Atlanta BAV (20) 6 No KM data

Latiff14 2003 Sydney, Australia BAV (42) 6 Extracted

Loomba15 2015 Multi—Milwaukee, Rochester BAV (50)
SAV (52)

6 Author provided

McCrindle1 2001 Multi—Congenital Heart Surgeons Society BAV (82)
SAV (28)

6 Number at risk not provided

McElhinney16 2005 Boston, MA BAV (113) 7 Extracted

Miyamoto17 2006 Sankt Augustin, Germany SAV (34) 6 Extracted

Prijic18 2014 Belgrade, Serbia BAV (39)
SAV (23)

6 Author provided

Robinson19 2000 Multi—Pittsburgh, Hershey, Gainesville,
Warsaw Poland

BAV (92) 6 Number at risk not provided

Rossi20 2011 Porto Alegre, Brasil BAV (30) 6 In article

Siddiqui3 2013 Melbourne, Australia BAV (37)
SAV (86)

6 Extracted

Studies included in the systematic review by first author name with year of publication and location. Hayden risk of bias scale is 6 (low risk of bias) to 18 (high risk of bias). BAV indicates
balloon aortic valvuloplasty; KM, Kaplan-Meier; SAV, surgical aortic valvotomy.
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The choice of BAV or SAV has to date been based on little
comparative data. We identified only 6 comparative studies
published since 2000.1-3,11,15,18 Five of these represent
single- or dual-center reports with patients treated with either
SAV or BAV.2,3,11,15,18 Conclusions ranged from clear benefit
with SAV2,3 to similar outcomes with either approach.18 The
sixth study, a landmark study by McCrindle et al, was a
database analysis including 110 neonates from 18 centers
participating in the Congenital Heart Surgeons’ Society
(CHSS) database between 1994 and 2000. In multivariable
analysis they found no difference in freedom from reinterven-
tion or survival between BAV and SAV.1 However, in a more
recent analysis, Siddiqui et al demonstrated significantly
better freedom from reintervention and aortic valve replace-
ment after SAV. In that study the authors argued that
improvements in surgical technique over time, including
thinning of leaflets and resection of nodular dysplasia, could
account for the differences noted.3 Our findings are similar to
those reported by Siddiqui et al with increased reintervention
after BAV, although it should be noted that our pooled
analysis demonstrates substantially lower rates of reinterven-
tion after BAV (54% in our pooled analysis versus 73% in the
Siddiqui et al analysis at 10 years).

For several reasons it could be argued that the reinter-
vention rate represents a suboptimal outcome measure for
congenital aortic valve stenosis. First, decisions to reintervene
are typically arbitrary with no uniform criteria, particularly
when there is mixed valvar disease with both stenosis and
insufficiency. Second, thresholds for reintervention may vary
depending on the institutional preference for BAV versus SAV.

Finally, center approach may vary as BAV potentially allows
for a staged approach, either as a means to delay until SAV or
with more frequent but more “gentle” dilation of the valve,
thereby leaving more stenosis but avoiding regurgitation. The
majority of patients with residual/recurrent stenosis after
BAV are treated with repeat BAV, whereas those with
insufficiency or mixed stenosis and insufficiency are treated
surgically, typically with valve replacement.23,24 Notably, our
data do not entirely fit this latter hypothesis as, although not
quite statistically significant, there was more aortic regurgi-
tation after BAV (P=0.09), and patients demonstrated greater
residual echocardiographic peak Doppler gradients (P=0.06).
In any case, the benefit of this meta-analysis is that it provides
enough patients to power comparison of more meaningful but
less common outcomes such as mortality and valve replace-
ment. When focusing on these more concrete endpoints, our
findings demonstrated no difference between the competing
strategies and were reassuring overall, with pooled survival
rates of 85% to 90% at 10 years. Nonetheless, it is clear that
this represents a lifelong disease. Both reintervention and
valve replacement were common, occurring in 40% and 20%
to 25%, respectively, by 10 years after initial intervention.
These data highlight that for many patients both BAV and SAV
can be considered as palliative procedures, delaying rather
than preventing valve replacement.

A novel aspect of this study is that we used a method to
extract individual patient data from published Kaplan-Meier
curves. This method was published in 2012 by Guyot et al and
involves distributing censored events evenly over the time
period between provided numbers at risk. This method is
accurate with a mean absolute error of �0.272% for survival
estimates if all information (total number of events and
numbers at risk) is provided.22 We chose to exclude studies
without all information as the accuracy of extracted data
deteriorates. In this way we were able to recreate individ-
ual patient data and combine data from comparative
studies with data from single-arm studies of SAV4,5,7,17 and
BAV.6,8-10,12-14,16,19,20

Despite our novel approach, this study is nonetheless
limited by the fact that patients were not randomized or
even in comparative studies. Some studies had unreported
data regarding age at initial intervention, valve morphology,
and other baseline characteristics. Moreover, uniformity of
outcome definitions between studies is often problematic in
meta-analyses. In this study reintervention was the only
variable outcome measure. It was defined by the majority as
any repeat aortic valve procedure (including BAV, SAV, or
aortic valve replacement)2-5,10,11,15-18,20; however, studies
typically did not specify whether BAV or SAV was used for
reintervention. Moreover, 2 studies also included non–aortic
valve reinterventions. We elected to include these studies as
these reinterventions (which could not be individually

Table 2. Baseline Characteristics

SAV (n=533) BAV (n=1835) P Value

Mean age (95% CI),
months

8.4 (�5.2 to
22.0)

2.1 (�1.6
to 5.9)

0.73

Age group

Reported 247 (46%) 1566 (85%) <0.0001

Neonates
(≤30 days)

121 (49%) 712 (45%) 0.03

Infants (<1 year) 66 (27%) 345 (22%)

Children (≥1 year) 60 (24%) 509 (33%)

Valve morphology

Reported 323 (61%) 402 (22%) <0.0001

Unicuspid 14 (4%) 38 (9%) 0.02

Bicuspid 238 (74%) 292 (73%)

Tricuspid 71 (22%) 72 (18%)

Prepeak echo gradient
(95% CI), mm Hg

74 (60–89) 81 (63–99) 0.17

Comparison of preoperative factors by group. BAV indicates balloon aortic valvuloplasty;
SAV, surgical aortic valvotomy.
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excluded) represented only 8 cases from the BAV group out
of the 67 total reinterventions and 185 patients included
from these 2 studies.6,14 Because of these limitations and
for the reasons outlined in our earlier discussion, we feel
that reintervention rate is a less meaningful study endpoint
than the “harder” endpoints of survival or time to aortic valve
replacement. Another limitation is the possibility that patients
from different studies may have different baseline

characteristics. To reduce heterogeneity, we used a sensitivity
analysis restricting the cohort to the subset of infants
undergoing initial intervention with BAV or SAV. Prior studies
have also separately evaluated neonates with critical aortic
stenosis1; however, we did not have adequate power for this
analysis. Additionally, as with any systematic review and meta-
analysis, this study is subject to publication bias. However, we
compared noncomparative single-intervention studies that are
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Figure 2. Forest plot comparing incidence of moderate or greater aortic valve regurgitation prior to
discharge or at early postoperative follow-up (A) and hospital or 30-day mortality (B) by intervention. The
Brown study was excluded from mortality plot because there were no deaths in either group.
Noncomparative studies of SAV and BAV were combined as “All others.” BAV indicates balloon aortic
valvuloplasty; SAV surgical aortic valvotomy.
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subject to the same publication bias, in essence comparing the
best results of BAV to the best results of SAV. In visual
evaluation of a funnel plot there was no evidence of publication
bias. Systematic reviews and meta-analyses are also limited by
the quality of study included. In this case there are many single-
center studies, which may introduce institutional biases. This is

particularly true with regard to criteria for reintervention, which
was not predetermined in any study. Finally, we used a method
to extract data rather than relying on actual individual patient
data. Although using individual patient data for meta-analyses
is ideal, it is rarely possible. Data are often no longer available,
or authors are unwilling to share their work. Themethod used in
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Figure 3. Kaplan-Meier curves for survival (A), freedom from
aortic valve replacement (B), and freedom from reintervention (C)
by intervention in all patients <18 years of age. BAV indicates
balloon aortic valvuloplasty; SAV surgical aortic valvotomy.
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intervention in infants <1 year of age at initial intervention. BAV
indicates balloon aortic valvuloplasty; SAV, surgical aortic valvotomy.
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our study has been demonstrated to be remarkably accurate
when the total number of events and the number at risk are
both presented, as they were in all articles used for these
data.22

Conclusions
For children with congenital aortic valve stenosis, initial
treatment with balloon valvuloplasty or surgical valvotomy
results in similar short-term gradient reduction, incidence of
moderate or greater aortic regurgitation, and survival. In
longer-term follow-up, there is no difference in freedom from
aortic valve replacement or survival in either children or
infants. There is a significantly higher rate of reintervention
following initial balloon valvuloplasty overall and in infants
alone. These data support the use of either approach for initial
treatment of children with aortic valve stenosis, based on
institutional preference. More importantly these data support
equipoise for a randomized trial and also demonstrate the
particular importance of capturing as trial endpoints both
indication for reintervention and type of reintervention.
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Table S1: Full Hayden risk of bias scoring 

Article Participation Attrition Prognostic 
Factor 
Measurement 

Outcome 
measurement 

Confounding Analysis 
and 
reporting 

Alexiou 1 1 1 1 1 2 

Bhabra 1 1 1 1 1 1 

Brown 1 1 1 1 2 1 

Crespo 1 2 1 1 1 1 

Elshershari 1 1 2 2 2 1 

Ewert 1 1 1 1 1 1 

Hamidi-Manesh 1 1 1 1 1 2 

Han 1 1 1 1 1 1 

Hochstrasser 1 2 1 1 1 1 

Jindal 1 1 1 1 1 1 

Kim 1 1 1 1 1 1 

Latiff 1 1 1 1 1 1 

Loomba 1 1 1 1 1 1 

McCrindle 1 1 1 1 1 1 

McElhinney 1 1 1 1 2 1 

Miyamoto 1 1 1 1 1 1 

Prijic 1 1 1 1 1 1 

Robinson 1 1 1 1 1 1 

Rossi 1 1 1 1 1 1 

Siddiqui 1 1 1 1 1 1 

Hayden bias scores by domain with 1 representing low risk of bias, 2 representing 
moderate risk of bias and 3 representing a high risk of bias.  



Figure S1: Outcomes by risk of bias. Kaplan Meier curve for survival (A,B), freedom from 

aortic valve replacement (C,D) and freedom from re-intervention by Hayden risk of bias 

score (E,F). Scores were dichotomized to low risk (Hayden bias score of 6) or high risk 

(Hayden bias score >6). 

 

 

 



 

 

 



 

 

 

 



 


