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Independent Predictors of Long-term Results
After Balloon Pulmonary Valvuloplast

Brian W. McCrindle, MD, MPH, FRCP(C), for the Valvuloplasty and Angioplasty of Congenital
Anomalies (VACA) Registry Investigators*

Background This study was performed to determine inde-
pendent predictors of long-term outcome after percutaneous
balloon dilation of congenital pulmonary valve stenosis.
Smaller follow-up series of patients after balloon pulmonary
valvuloplasty have shown inconsistent results regarding the
independent relation between prognostic factors and long-
term outcome, as many patient selection and technical factors
are correlated.
Methods and Results Follow-up data were obtained for 533

patients from 22 institutions at up to 8.7 years after an initial
balloon pulmonary valvuloplasty. Patients were grouped based
on defined long-term outcomes, and the independent effects of
patient selection and technical factors were sought in multi-
variate statistical analyses. At follow-up, 23% of patients were
noted to have an outcome judged to be suboptimal because of
either a residual right ventricle to pulmonary artery peak
systolic gradient of .36 mm Hg or further treatment of
pulmonary stenosis requiring repeat balloon pulmonary val-
vuloplasty or surgical therapy. Significant independent predic-
tors of a suboptimal long-term outcome included an earlier
study year of the initial valvuloplasty (adjusted odds ratio, 0.71

per consecutive year), a small valve hinge point diameter (0.81
per 1-mm increase), and a higher immediate residual gradient
(1.32 per 10 mm Hg increase). A smaller ratio of balloon to
valve hinge point diameter significantly predicted suboptimal
outcomes for patients with valve morphologies classified as
typical (0.52 per 0.1 increase in ratio) and complex (primarily
postsurgical valvotomy, 0.43) but not for patients with dysplas-
tic (0.95) or combined morphologies (dysplasia with commis-
sural fusion, 1.01). Patient age, the presence of Noonan's
syndrome or associated cardiac lesions, pre-balloon valvulo-
plasty hemodynamic parameters, and the use of a simulta-
neous double-balloon technique did not independently predict
follow-up outcomes.

Conclusions Accurate prognostication after balloon pulmo-
nary valvuloplasty depends on the careful determination of
valvar anatomy. The use of an appropriate ratio of balloon to
valve hinge point diameter in the setting of typical valve
morphology will optimize the chance of long-term success.
(Circulation. 1994;89:1751-1759.)
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P ercutaneous balloon pulmonary valvuloplasty
(BPV) is now the treatment of choice for con-
genital pulmonary valve stenosis. While many

case series report immediate results and fewer series
report intermediate or long-term results, large collabo-
rative systematic studies of factors that predict the
long-term outcome of pulmonary stenosis after BPV are
lacking. One study that explored predictor variables
systematically and in multivariate analyses concluded
that the only significant independent risk factor of a
suboptimal long-term outcome was a patient age <2
years at the initial BPV.1 Small patient numbers did not
allow the definition of other independent factors with
which patient age could have been correlated. Rao et a12
suggested that balloon to valve hinge point diameter
ratio and the immediate residual gradient were inde-
pendent predictors and that age was not. The purpose
of the current study was to examine results from a large
multi-institutional patient series and to determine inde-
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pendent patient selection and technical factors that
impact on the long-term outcome and clinical course of
pulmonary stenosis after BPV.

Methods
Study Population

Pediatric cardiologists at 26 member institutions of the
Valvuloplasty and Angioplasty of Congenital Anomalies
(VACA) Registry reported data from 822 consecutive BPV
procedures attempted between January 1981 and December
1986. The method of data collection and the acute results from
this original database have been reported previously.3

Before starting the collection of follow-up data, the original
database was examined for discrepancies, and duplicate re-
ports for the same procedure were removed. Since the unit of
measurement for the follow-up study was the individual pa-
tient who had undergone completed BPV, patients for whom
the initial BPV was interrupted before completion or who had
died at BPV were excluded. Data from subsequent repeat
BPVs performed on the same patient were removed and kept
as follow-up results for that patient; thus, data from 792
patients from the original database were eligible for inclusion
in the current study. Two additional institutions joined the
VACA Registry after the published report and submitted data
retrospectively for initial BPVs performed in 43 patients. The
final eligible study population thus consisted of 835 consecu-
tive patients who had initial completed BPV at 28 institutions.

Follow-up Data Collection
Data from the initial BPV for each patient were duplicated

and sent to the principal investigators at each institution. A
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request was made for review of the original data and comple-
tion of a follow-up data collection form. To further specify
patient selection factors, investigators were asked to specifi-
cally indicate for each patient the presence and type of
associated cardiac defects, the presence of Noonan's syn-
drome, and the pulmonary valve morphology for which deci-
sions concerning BPV were based. The pulmonary valve
morphology was selected from one of four defined categories:
(1) typical: mild to moderately thickened leaflets with evidence
of commissural fusion and normal annular dimensions, (2)
dysplastic: severely thickened leaflets with evidence of nodular
hyperplasia or annular hypoplasia, (3) combined: dysplastic
valve morphology as defined but with additional evidence of
commissural fusion, and (4) complex: other morphologies
including primarily post-surgical valvotomy valves and valves
involved as part of complex congenital heart lesions.
Data concerning subsequent surgical or interventional cath-

eterization procedures were requested. Data requested from
the most recent follow-up assessment included the date and
the right ventricle to pulmonary artery (RV-PA) systolic
pressure gradient estimated at either cardiac catheterization
(peak-to-peak systolic gradient) or by continuous-wave Dopp-
ler echocardiography (peak instantaneous systolic gradient).
Pulmonary regurgitation was graded subjectively as none,
trivial, mild, moderate, or severe, based on clinical, cardiac
catheterization, or pulsed and color Doppler echocardio-
graphic assessments. The follow-up data collection was begun
in 1989 and closed on October 15, 1991. The original and
follow-up data for each patient were linked after verification
and correction.

Data Analysis
The distributions of values for predictor and outcome

variables were determined, and frequencies are reported for
categorical and ordinal variables and means (±+ 1 SD) or
medians (with ranges) for continuous variables, depending on
their distributions.
To determine independent factors that were predictive of

the failure of the initial BPV to provide long-term relief of the
obstruction, a suboptimal long-term outcome was defined.
Patients who required surgery or a repeat BPV to relieve
persistent or recurrent obstruction or who were found at the
most recent follow-up assessment to have an RV-PA systolic
pressure gradient of .36 mm Hg were defined as having had a
suboptimal long-term outcome and were contrasted with the
remainder. A gradient cut-point of 36 mm Hg was chosen
arbitrarily because it represented a gradient above which
closer medical follow-up or treatment might reasonably be
considered to be necessary and because it corresponded to a
Doppler echocardiographic peak systolic velocity of 3 m/s
using a modified Bernoulli equation. After bivariate compari-
sons of characteristics, independent factors that were predic-
tive of this suboptimal long-term result were sought in stepwise
multiple logistic regression analyses with Hosmer and Leme-
show goodness-of-fit testing. In addition, for the subgroup of
patients who had intervening procedures, the characteristics of
patients who underwent surgery were compared with those
who had repeat BPV. The subjective grade of pulmonary
regurgitation at follow-up assessment was explored as a fur-
ther outcome by contrasting the characteristics of patients with
moderate or severe regurgitation with the characteristics of
patients with lesser grades.
The clinical course for each individual patient was defined in

relation to whether their initial BPV was successful in reducing
the total RV-PA peak-to-peak systolic gradient <36 mm Hg.
Total residual gradients were not routinely assessed as to the
relative contributions of valvar versus infundibular compo-
nents; therefore, this factor could not be analyzed. To deter-
mine risk factors for progression of obstruction, the group of
patients with immediate residual gradients <36 mm Hg were
divided into two subgroups. Characteristics at follow-up as-

sessment of patients who continued to have gradients <36
mm Hg were contrasted with characteristics of patients whose
gradients had either increased to .36 mm Hg or who required
surgery or repeat BPV. Likewise, to determine risk factors for
regression of important residual obstruction, the group of
patients with immediate residual gradients of >36 mm Hg
were divided into two subgroups. Characteristics at follow-up
assessment of patients whose residual gradients regressed to
<36 mm Hg were contrasted with characteristics of patients
who either continued to have important gradients or who
required surgery or repeat BPV

Results
Of the eligible study population of 835 patients from

28 institutions, no response was obtained from 6 insti-
tutions, resulting in the exclusion of 177 patients from
the final cohort. Of the 658 remaining patients from 22
institutions, completed follow-up data collection forms
were returned for 533 patients (81%). The median
follow-up interval was 33 months, with a range from 1
month to 8.7 years.

Given the final follow-up rate of 64% (533 of 835),
concerns about response bias were addressed. The
characteristics of the 533 patients for whom follow-up
data were obtained were contrasted with the character-
istics of the remaining 302 patients who were either lost
to follow-up or who were from nonparticipating institu-
tions. There were no significant differences between
these two groups regarding patient age, valve hinge
point diameter, the presence of Noonan's syndrome or
dysplastic valve morphology, the ratio of balloon to
valve hinge point diameter, or any hemodynamic param-
eters at BPV.

For patients with follow-up data, the median patient
age at the initial BPV was 3.7 years (1 day to 55 years).
Patient age was <2 years for 36% of patients, with 4%
of patients being <28 days of age. The distribution of
patients by age at BPV did not change significantly over
time as the procedure was more widely adopted among
the 22 participating institutions. Pulmonary valve mor-
phology at BPV was categorized as typical for 82% of
patients, dysplastic for 8%, combined for 5%, and
complex for 5%. The mean valve hinge point diameter
was 14.8+4.9 mm. Noonan's syndrome was noted for
5% of patients. Associated cardiac lesions were simple
in 18% of patients, complex in 4%, and absent in 78%.
A simultaneous double-balloon technique was used for
9% of patients. The effective dilating diameter for two
simultaneous balloons was calculated using a previously
reported formula.4 The mean ratio of balloon effective-
dilating diameter to valve hinge point diameter was
1.12+0.20. The mean peak systolic RV pressure de-
creased immediately after BPV from 92+35 to 52±24
mm Hg (paired t test, P<.0001), with a decrease in the
mean ratio of RV to systemic artery peak systolic
pressure from 0.90+0.35 to 0.49±0.24 (P<.0001). There
was significant relief of mean peak RV to peak PA
systolic pressure gradients (74±37 to 29+22 mm Hg,
P<.0001). Immediate residual gradients of <36 mm Hg
were noted for 74% of patients.
At follow-up assessment, an intervening surgical val-

votomy or valvectomy had been performed in 44 pa-
tients (8%), 17 of whom also required an RV infundib-
ular or transannular patch. A repeat BPV had been
performed in 40 patients (8%). The remaining 449
patients (84%) were noted to be free from intervening
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TABLE 1. Characteristics of Patients Related to Failure of the Initial Balloon Pulmonary Valvuloplasty to
Provide Long-term Relief of Obstruction

Variable Success (n=399) Failure (n=120) P
Median study time interval, y 4.5 (0.4-6.1) 4.3 (0-5.9) <.005

Median patient age at initial BPV, y 4.0 (0-55) 1.9 (0-51) <.0001

Valve morphology

Typical 91% 52% <.0001

Dysplastic 4% 22%

Combined 2% 16%

Complex 3% 10%

Mean valve hinge point diameter, mm 15.5±4.7 12.1±4.5 <.0001
Noonan's syndrome 4% 12% <.005

Associated cardiac lesions

None 83% 62% <.0001

Simple 14% 30%

Complex 3% 8%

Mean pre-BPV systolic pressure
gradient, mm Hg 72.1±35.5 81.1±38.2 <.05

Mean pre-BPV ratio of RV to systemic
artery systolic pressure 0.86±0.32 1.05±0.43 <.0001

Mean ratio of balloon to valve hinge
point diameter at BPV 1.14±0.20 1.07±0.22 <.005

Double-balloon technique used 9% 8% NS

Mean immediate residual post-BPV
gradient, mm Hg 25.6±20.5 43.0±23.3 <.0001

BPV indicates balloon pulmonary valvuloplasty; RV, right ventricle.
Study excludes 14 patients who were noted at follow-up to have had no intervening procedures but whose gradient was

unknown. Success refers to patients who had no intervening procedures and were noted at follow-up assessment to have
gradients <36 mm Hg; failure refers to patients who either had subsequent surgery or repeat BPV or who were noted to
have follow-up gradients of .36 mm Hg.

procedures. Follow-up RV-PA gradients were obtained
at cardiac catheterization (peak to peak) for 67 patients
and by Doppler echocardiography (peak instantaneous)
for 368 patients, with no follow-up gradient reported for
14 patients. Follow-up gradients of <36 mm Hg were
noted for 399 patients and 236 mm Hg for 36 patients.
Thus, 449 patients (84%) were noted at follow-up to be
free from intervening procedures, 399 of whom were
also known to have gradients of <36 mm Hg (75%).
To determine factors that predicted failure of the

initial BPV to provide long-term relief of obstruction,
the characteristics of patients who had a suboptimal
long-term outcome were contrasted with the character-
istics of the remaining patients (Table 1). A study time
interval was calculated for each patient by subtracting
the date of the initial BPV from the date of the first
attempted BPV that was reported to the VACA Regis-
try. The median time interval was shorter for patients
who had a suboptimal long-term outcome. Patients with
a suboptimal outcome were significantly younger at the
initial BPV, were more likely to have valve morpholo-
gies other than typical, had smaller mean valve hinge
point diameters, were more likely to have Noonan's
syndrome or associated cardiac lesions, had higher
mean predilation gradients or RV to systemic artery
systolic pressure ratios, and had higher mean immediate
residual gradients. A suboptimal long-term result was
significantly associated with the use of a lower mean

ratio of balloon to valve hinge point diameter but not
with the use of a double-balloon technique.
To explore the independent relation between the

significant predictor variables and a suboptimal long-
term outcome, stepwise multiple logistic regression
analyses were performed. All variables explored in
bivariate analyses were entered into the regression
model-building with one notable exception. Normaliza-
tion of angiographically determined valve hinge point
diameters was not possible because data regarding
patient weight or body surface area were not collected.
Normalization for age was not considered valid, al-
though age and valve hinge point diameter were highly
correlated (Spearman's correlation coefficient, .84;
P<.0001). In the initial stages of model building, age
could not be entered significantly in the presence of
other factors, whereas valve dimension consistently was
shown to be a significant independent predictor. The
relation between age, valve hinge point diameter, and
annular hypoplasia appeared to be complex, and given
the inability to determine appropriate normalized
scores for annulus size, it was decided to enter valve
hinge point diameter into the final models as the proxy
variable for the correlated effects of age and annulus
characteristics.

Significant variables and calculated adjusted odds
ratios were derived from the final multivariate model
(Table 2). A longer study time interval, a larger valve
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TABLE 2. Independent Predictors of Failure of the Initial Balloon Pulmonary
Valvuloplasty to Provide Long-term Relief of Obstruction

Adjusted 95% Confidence
Variable Odds Ratio* Interval
Study time interval (per consecutive year) 0.71 0.54, 0.93

Valve hinge point diameter (per 1-mm
increase) 0.81 0.75, 0.88

RV-PA gradient immediately after initial
BPV (per 10 mm Hg increase) 1.32 1.16, 1.50
Balloon to valve hinge point diameter ratio
for patients with the following valve
morphology (per 0.1 increase)

Typical 0.52 0.40, 0.68

Dysplastic 0.95 0.60, 1.50

Combined 1.01 0.52. 1.98

Complex 0.43 0.21, 0.88

BPV indicates balloon pulmonary valvuloplasty; RV, right ventricle; and PA, pulmonary artery.
Failure is defined as an intervening surgical procedure or repeat BPV having been performed or a

follow-up gradient of >36 mm Hg.
*From multiple logistic regression analyses; nonsignificant variables not included in the final model

are the presence of Noonan's syndrome or associated cardiac lesions, pre-BPV hemodynamic
parameters, and the use of a double-balloon technique.

hinge point diameter, a lower immediate residual gra-
dient, typical valve morphology, and a larger ratio of
balloon to valve hinge point diameter all were shown to
be significant independent predictors of improved long-
term results after BPV. The presence of Noonan's
syndrome or associated cardiac lesions, hemodynamic
parameters before the initial BPV, and the use of a
double-balloon technique were not significant indepen-
dent predictors after controlling for the effects of the
variables included in the final model. The effect of
balloon to valve hinge point diameter ratio depended on
the patient's valve morphology. Patients with typical
and complex morphologies had improved results with
larger ratios, whereas there was no significant effect of
ratio on the results for patients with dysplastic or
combined valve morphologies. Patients with other than
typical valve morphologies showed consistently higher
adjusted odds of a suboptimal long-term result over the
usual range of values of balloon to valve hinge point
diameter ratios.
Of the patients who required an intervening proce-

dure, those who underwent surgery (n=44) were signif-
icantly different from those who underwent a repeat
BPV (n=40) (Table 3). Surgical patients were less likely
to have a typical valve morphology and were more likely
to have Noonan's syndrome or associated cardiac le-
sions. They did not differ regarding study time interval,
age, valve hinge point diameter or hemodynamic char-
acteristics at BPV, or the gradient before the interven-
ing procedure. Patients who underwent a repeat BPV
were more likely to have technical failures secondary to
the use of lower balloon to valve hinge point diameter
ratios. Surgery was associated with a lower follow-up
gradient but higher grades of pulmonary regurgitation.
The subjective grade of pulmonary regurgitation noted

at follow-up was none for 26% of patients, trivial for 22%,
mild for 45%, and moderate for 7%, with no patients
having severe regurgitation. The characteristics of patients
with moderate pulmonary regurgitation did not differ

significantly from the characteristics of patients with lesser
grades regarding study time interval, age, presence of
Noonan's syndrome, predilation hemodynamic parame-
ters, use of double-balloon technique, or whether a sub-
sequent repeat BPV had been performed. Patients with
moderate pulmonary regurgitation, however, were signif-
icantly more likely to have a valve morphology other than
typical (54% versus 13%, P<.0001), smaller median valve
hinge point diameter (12 mm, 8 to 20 versus 14.7 mm, 5 to
30; P<.005), associated cardiac lesions (51% versus 17%,
P<.0001), higher mean immediate residual gradients
(39.4+30.9 versus 27.5 ±20.9 mm Hg, P<.005), and higher
balloon to valve hinge point diameter ratios (1.25±0.32
versus 1.12+0.18, P<.005). They also were more likely to
have had an intervening surgical procedure (30% versus
4%, P<.0001). From multiple logistic regression analyses,
significant independent predictors of the presence of
moderate pulmonary regurgitation included a complex
valve morphology (includes many postsurgical valves)
(adjusted odds ratio [OR], 5.5; 95% confidence interval
[CI], 1.7, 17.8; P<.005), an intervening surgical procedure
(OR, 9.1; CI, 3.4, 24.6; P<.0001), and an increasing ratio
of balloon to valve hinge point diameter (1.3 for each 0.1
increment; CI, 1.1, 1.5; P<.005). A more detailed bivariate
analysis of the effect of balloon to valve hinge point
diameter ratio on the grade of pulmonary regurgitation
confirmed a significant trend (P<.005) toward greater
regurgitation with use of ratios of >1.4 (Fig 1).

Given that the immediate residual gradient was a
significant independent predictor of long-term outcome
after BPV, the clinical course for individual patients was
determined by dividing the study population into two
groups, based on their immediate outcome (Fig 2). One
group included 133 patients with immediate residual
gradients of .36 mm Hg after their initial BPV. At
follow-up assessment, 25 patients were found to have
had subsequent surgery and 23 a repeat BPV. No
intervening procedure had been performed in 85 pa-
tients whose gradients were noted at follow-up to be
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TABLE 3. Comparison of Patients Who Required Surgery Versus Repeat Balloon
Valvuloplasty for Relief of Persistent or Recurrent Obstruction

Intervening Procedure

Surgery Repeat BPV
Variable (n=44) (n=40) P

Median study time interval, y 4.4 (0-5.9) 3.6 (1.3-5.9) NS

Median patient age at initial
BPV, y

Valve morphology

Typical

Dysplastic

Combined
Complex

Mean valve hinge point
diameter, mm
Noonan's syndrome

Associated anomalies

None

Simple
Complex

Mean pre-BPV gradient,
mm Hg
Mean pre-BPV ratio of RV to
systemic artery systolic
pressure

Mean immediate residual
post-BPV gradient, mm Hg
Mean ratio of balloon to
valve hinge diameter at BPV

Double-balloon technique
used

Mean gradient before any
intervening procedure,
mm Hg
Median gradient at recent
follow-up, mm Hg

1.1 (0-16)

21%

40%

18%

21%

10.7±3.7

18%

42%

42%

16%

79.0±35.0

1.09±0.46

49.0±29.7

1.16±0.18

5%

67.2±27.6

15 (0-68)

Subjective grade of
pulmonary regurgitation
None 7%

Trivial 15%

Mild 41%

Moderate 37%

BPV indicates balloon pulmonary valvuloplasty; RV, right ventricle.

2.1 (0-23)

72%

8%

17%

3%

12.3+5.1
3%

80%

20%
0

91.1 ±46.3

1.15±0.46

45.5±21.6

0.94±0.22

11%

67.8±31.8

23 (0-165)

>36 mm Hg for 14 patients, <36 mm Hg for 69 patients,
and not available for 2 patients. Thus, 47% of patients
who had significant immediate residual gradients had a

suboptimal long-term outcome, with the remainder
(53%) showing spontaneous regression of gradients to
<36 mm Hg.
The second group included 383 patients who had an

optimal immediate result from their initial BPV, ie, an

immediate residual gradient of <36 mm Hg; 9 were

found at follow-up to have had subsequent surgery and
16 a repeat BPV. Of the 358 patients who had no

intervening procedures, 20 were found at follow-up to

have a gradient of >36 mm Hg, with a gradient not
available for 12 patients. Thus, for patients with optimal
immediate results, only 12% had progressed to require
intervening procedures or were noted to have a signif-
icant follow-up gradient. The residual gradient immedi-
ately after BPV was not reported for 17 patients. At
follow-up, 10 of these patients had subsequent surgery,
1 a repeat BPV, and 2 had no intervening procedures
but were noted to have gradients of .36 mm Hg.

Given the immediate results after BPV, risk factors
were sought that predicted the clinical course for each
group. Of the patients who had successful procedures

NS

<.0001

NS

<.05

<.0001

NS

NS

NS

<.005

NS

NS

<.005

<.00018%

30%

54%

8%
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M Mild

E Trivial

= None

FIG 1. Effect of the ratio of balloon to valve hinge point diameter
on the grade of pulmonary regurgitation at long-term follow-up
assessment. Patients who had valve morphologies other than
typical or who had intervening surgical procedures were excluded.

with immediate residual gradients <36 mm Hg, pro-
gression to surgery or repeat BPV or a follow-up
gradient of .36 mm Hg was noted for 12% of this
group. In bivariate analyses, significant risk factors for
progression included shorter study time interval, young
patient age, valve morphologies other than typical,
smaller valve hinge point diameter, the presence of
Noonan's syndrome or associated cardiac lesions,
higher pre-BPV ratio of RV to systemic artery systolic
pressure, higher immediate residual gradient, and lower
balloon to valve hinge point diameter ratio. Significant
independent predictors of progression in multiple logis-
tic regression analyses included dysplastic valve mor-

phology, lower balloon to valve hinge point diameter
ratio, and smaller valve hinge point diameter (Table 4).
Of patients who had important immediate residual

gradients of .36 mm Hg at the initial BPV, 53% had
regression of these gradients to <36 mm Hg at fol-
low-up without the need for any intervening procedure.
In bivariate analyses, significant predictors of regression
included typical valve morphology, larger valve hinge
point diameter, and higher pre-BPV gradient. In mul-
tiple logistic regression analyses, significant indepen-
dent predictors of regression included only typical valve
morphology and a shorter study time interval (Table 5).

Discussion
This study clearly defines the independent contribu-

tion made by several patient selection and technical
factors to the prediction for patients of the long-term

TABLE 4. Independent Predictors of Progression to a
Suboptimal Outcome After Successful Initial Balloon

- Moderate Pulmonary Valvuloplasty

Adjusted 95% Confidence
Variable Odds Ratio* Interval

Valve morphology (relative
to typical morphology)

Dysplastic 9.61 2.80,33.0
Combined 4.73 0.96,23.3

Complex 3.81 0.77,18.8
Valve hinge point diameter
(per 1-mm increase) 0.79 0 72,0.88
Balloon to valve hinge
point diameter ratio (per
0.1 increase) 0.48 0.36,0.64

Suboptimal outcome is defined as either an intervening sur-
gical or repeat balloon valvuloplasty having been performed or a
follow-up gradient of >36 mm Hg; successful balloon pulmonary
valvuloplasty is defined as a reduction in immediate gradient to
<36 mm Hg.
*Derived from multiple logistic regression analyses.

effectiveness of BPV. There are several potential
threats to the validity of these findings. The patient
cohort whose results are reported represents an early
and evolving experience with pediatric interventional
cardiology in general and BPV specifically and may not
represent the current status of the procedure. This
assertion may be supported by the finding in this study
that the study time interval was a significant and inde-
pendent predictor of gradually improved results. How-
ever, this effect was small, and the majority of patients
whose procedures were reported to the VACA Registry
were performed after any potential "learning curve"
effect may have been operating. It could be debated that
for BPV, the indications and techniques had become
quickly standardized and disseminated.

Additional sources of potential bias relate to the
representativeness of the patient population and the
reliability with which the data were collected and re-
ported. The lack of complete follow-up on all patients
has the potential to introduce response bias, but this
was evaluated and was not evident in this study. While
this type of analysis cannot uncover differences in
outcomes related to response status, there were no

100% r

4-

0.

0

0.

0.

c
0

1-

80%

60%

40%

20%

0%

M Surgery

M Repeat BPV

E Grad +35mmHg

= Grad c36mmHg

c36mmHg >35mmHg
Immediate Residual RV-PA Gradient

FIG 2. Effect of the immediate results of the initial balloon
pulmonary valvuloplasty (BPV) on the patient's status at long-
term follow-up. Grad indicates gradient; surgery, surgical pulmo-
nary valvotomy or valvectomy; RV, right ventricle; and PA,
pulmonary artery.

TABLE 5. Independent Predictors of Regression of
Important Immediate Residual Gradients After Balloon
Pulmonary Valvuloplasty

Adjusted 95% Confidence
Variable Odds Ratio Interval

Study time interval (per
consecutive year) 1.61 1.10,2.38
Valve morphology (relative
to typical morphology)

Dysplastic 0.04 0.008,0.20

Combined 0.04 0.005,0.33
Complex 0.33 0.09,1.24

Regression is defined as the resolution of an immediate
residual gradient of >36 mm Hg to <36 mm Hg at follow-up
without the need for an intervening procedure.

c
0a.

0

0

0.C:L
0
ft.
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differences between respondents and nonrespondents
regarding any of the variables that were subsequently
shown to be significant predictors of outcomes. The
multi-institutional nature of our data raises issues of
reliability regarding how patients were selected for
BPV, how the procedure was performed, and the degree
of rigor with which measurement were made and re-
ported. The "pooled" nature of this large patient series
tends to negate significant biases that may have been
introduced by any single institution and provides for
more generalizable prognostic information across pa-
tient populations.

In terms of the intermediate and long-term reduction
in RV-PA systolic pressure gradient at follow-up, the
current series is comparable in results to other series
that report follow-up data.1"2,5-15 However, patients may
be more interested in whether they might need further
therapy or closer follow-up than in the actual value of
their gradient. The analyses of follow-up data should
reflect the importance of clinical course and prognosis.
Meaningful cut-points for continuously measured out-
comes such as gradient therefore become relevant.
While many factors may contribute to patient selection,
increasingly the echocardiographically derived RV-PA
peak instantaneous systolic pressure gradient is the
pivotal clinical study that affects decisions regarding the
need for BPV. Rao16 and Wang et al17 have advocated
that a gradient cut-point of 50 mm Hg be used to
determine candidacy for BPV, but patients with gradi-
ents less than this have frequently undergone BPV3 or
may be considered to be at risk for progression, espe-
cially those patients requiring treatment at less than 2
years of age.18-20 In the current series, 6.5% of patients
with immediate gradient reductions to <36 mm Hg
after their initial BPV progressed to require additional
therapy, with another 5.8% noted to have gradients of
.36 mm Hg at follow-up. Clearly, the 50 mm Hg gradi-
ent cut-point should be reconsidered.
The new contribution from this series is the definition

of several independent predictor variables that impact
on the long-term result after BPV; these variables
increase the ability to define the long-term prognosis for
individual patients. In previous follow-up studies, valve
morphologies other than typical, valve cusp thickness,
young patient age, poor immediate hemodynamic result,
and the use of undersized balloons have been variably
related to persistent follow-up gradients.1"4'2'-26 Two
follow-up studies have sought independent predictors of
long-term results using multivariate analyses. Rao con-
cluded that the ratio of balloon to valve hinge point
diameter and the immediate residual gradient were
significant independent predictors,2 whereas McCrindle
and Kan' concluded that only patient age <2 years was
a significant independent predictor. Both studies were
limited by small patient numbers. The large patient
numbers in the current series allowed the detection of a
significant independent association between long-term
outcome and valve morphology, valve hinge point diam-
eter, balloon to valve dimension ratio, immediate hemo-
dynamic results, and study time interval. Patient age,
the presence of Noonan's syndrome or associated car-
diac anomalies, pre-BPV hemodynamic parameters,
and double-balloon technique did not independently
predict long-term outcome after controlling for the

Our study clearly identified valve morphology and
valve hinge point diameter as significant independent
predictors of long-term results. Pathologically, these
two characteristics represent the contribution of anat-
omy to the definition of the "balloon-dilatable" valve.
Valve morphology probably represents the contribution
of valve cusp thickness or deformity, whereas valve
hinge point diameter represents the contribution of
hypoplasia or narrowing of the valve annulus itself.
Studies of pulmonary valve dysplasia have relied on

various qualitative observations of valve morphology
and make distinctions at inconsistent points along a

continuum of anatomic changes.27-31 Thus, reported
results of BPV for atypical valve morphologies have
been variable and confusing.22'26'30'32-34 Adding to this
confusion are case reports of spontaneous regression of
pulmonary valve dysplasia.35'36 Perhaps the most prac-

tical solution is to define a dysplastic pulmonary valve as

one that fails to respond to balloon dilation. Further
evidence from our analyses supporting this approach is
the finding that the effect of the ratio of balloon to valve
hinge point diameter interacted with or was dependent
on the valve morphology, with little effect of increasing
ratios when the valve morphology was atypical. This
effect has not been previously described and is in
conflict with results reported by Rao,33 who suggested
that improved results for dysplastic valves occurred
when oversized balloons were used. The inability of the
presence of Noonan's syndrome and associated cardiac
anomalies to independently predict long-term results is
best explained by their effects being due primarily to
their association with an increased incidence of valve
dysplasia.37 The observation that the immediate resid-
ual gradient was a significant independent predictor of
long-term results represents a further dimension of the
definition of the balloon-dilatable valve. Our clinical
course analyses indicated that important immediate
residual gradients frequently persisted; this may distin-
guish a subgroup of patients with factors affecting valvar
anatomy who were not accounted for by the variables
valve morphology or valve hinge point diameter.

Patient age at the initial BPV was not shown to be a

significant independent predictor of long-term results in
this study, even when this variable was categorized to
distinguish neonates and infants. The age at which BPV
is performed may be more of a function of factors that
impact on early clinical presentation and disease sever-
ity rather than patient size and maturity. The indepen-
dent effect of patient size and maturity is probably small
and would require a much larger patient series with
greater numbers of neonates and infants in order to
have sufficient statistical power to differentiate it from
the effect of anatomy and its relation to disease severity.
Our study suggests that most of the age effect is due to
anatomy, since valve morphology and valve dimension
were independent predictors whereas pre-BPV hemo-
dynamic indicators of the severity of obstruction, such
as RV-PA systolic pressure gradient and the ratio of RV
to systemic arterial systolic pressure, were not. Fol-
low-up studies have suggested that infants are more

likely to demonstrate progression of obstruction over

time.18-20 Our study suggests that after controlling for
the effects of anatomy and technique, age is not an

significant predictors. independent risk factor for progression after BPV.
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The ratio of balloon to valve hinge point diameter is
perhaps the single most significant technical factor
impacting on therapeutic alterations of valve anatomy,
provided that an adequate inflation of the balloon at the
appropriate anatomic position is achieved. Our study
clearly shows an independent linear improvement in
long-term results with increasing ratios but that this
relation is dependent on the valve morphology. For
patients with typical valve morphology, there appeared
to be no upper limit regarding the maximum ratio that
would give improved results; however, the number of
patients whose valves were dilated with oversized bal-
loons was small. We did observe a significant rise in the
incidence of important pulmonary regurgitation with
the use of ratios of .1.4, and we would suggest that the
optimal ratio for BPV is between 1.2 and 1.4, ensuring
maximal relief of obstruction while avoiding the produc-
tion of important pulmonary regurgitation.
Our results indicate that patients who failed initial

BPV and underwent surgery were probably patients
with valves that were not balloon dilatable, since these
patients differed from patients who underwent repeat
BPV for initial failure in that they were more likely to
have an atypical valve morphology, Noonan's syndrome,
and associated cardiac anomalies. Surgical patients had
lower residual gradients at follow-up but higher grades
of pulmonary regurgitation. O'Connor et al,15 in a
case-control study, showed that surgical patients also
had a higher incidence of ventricular ectopic activity.
Given concerns about potential patient selection bias,
the degree to which surgical technique versus anatomic
substrate contributed to this observation is unknown.
Many patient series have reported some evidence of

regression of significant residual gradients during fol-
low-up, and this has been attributed to the regression of
secondary RV infundibular hypertrophy.8-11,13,38-42 The
two factors predicting regression in our study were
typical valve morphology and longer study time interval.
Regression of residual gradients is unlikely to occur in
patients whose residual obstruction continues to be
valvar in nature, as would be expected in patients with
valve morphologies other than typical. The association
with study time interval is best explained by the fact that
early in the experience with BPV, the role of infundib-
ular hypertrophy and its potential for regression were
not known, and therefore these patients were sent for
surgery after BPV failed to adequately relieve the
obstruction. Although our study showed the immediate
residual gradient to be a significant independent pre-
dictor of long-term results, we did not distinguish valvar
from infundibular gradients. It might be suggested that
the prognostic residual gradient for a suboptimal long-
term outcome is the gradient at the valvar level. It is
therefore recommended that for prognostication, every
attempt should be made after BPV to delineate the
relative contributions of valvar versus infundibular ob-
struction in the assessment of significant residual
gradients.
BPV is effective in the long-term relief of obstruction

secondary to congenital pulmonary valve stenosis. Ac-
curate prognostication depends on the careful determi-
nation of valvar anatomy, and future studies should
focus on more detailed and quantitative assessments of

valve hinge point diameter of 1.2 to 1.4 in the setting of
typical valve morphology will ensure long-term success.

Appendix
Participating VACA Registry Investigators

L. Benson, B. McCrindle: The Hospital for Sick Children.
Toronto, Canada; V. Fontes: Instituto "Dante Pazzanese" de
Cardiologia, Sao Paolo, Brazil; J. Kan: The Johns Hopkins
Hospital, Baltimore, Md; C. Mullins, J. Slack: Texas Children's
Hospital, Houston, Tex; S. Shapiro, J. Cockerham: George-
town University Hospital, Washington, DC; P.S. Rao: Univer-
sity of Wisconsin Medical School, Madison; R. Beekman, A.
Andes: University of Michigan, Ann Arbor; V. Zales, A.
Muster: Children's Memorial Hospital, Chicago, Ill; J. Mur-
phy, D. Donnelly: Children's Hospital of Philadelphia (Pa): P.
Stanger: University of California at San Francisco; T. Lloyd:
University of Arizona, Tucson; G. Ben Shachar: Rainbow
Babies and Childrens Hospital, Cleveland, Ohio; J. Hess:
Sophia Children's Hospital, Rotterdam, The Netherlands; R.
Morrow, E. Colvin: University of Alabama Medical College
Birmingham; L. Latson: University of Nebraska Medical Cen-
ter, Omaha; R. Collins-Nakai: University of Alberta. Edmon-
ton, Canada; D. Fischer: Children's Hospital of Pittsburgh
(Pa); A. Rocchini: University of Minnesota Hospital, Minne-
apolis; D. Hagler: The Mayo Clinic, Rochester, Minn; J.
Morriss: University of Iowa Hospitals and Clinics, Iowa City;
J. Finley, D. Human: 1.W. Killam Hospital for Children,
Halifax, Canada; D. Girod: Riley Hospital for Children,
Indianapolis, Ind; H. Allen: Children's Hospital-Columbus,
Columbus, Ohio.
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