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Congenital Heart Disease

alidation and Re-Evaluation of a Discriminant
odel Predicting Anatomic Suitability for

iventricular Repair in Neonates With Aortic Stenosis
teven D. Colan, MD, Doff B. McElhinney, MD, Elizabeth C. Crawford, RDCS, John F. Keane, MD,
ames E. Lock, MD
oston, Massachusetts

OBJECTIVES The purpose of this study was to validate and re-evaluate our previously reported scoring
systems for predicting optimal management in neonates with aortic stenosis (AS).

BACKGROUND In 1991, we reported a multivariate discriminant equation and an ordinal scoring system for
predicting which neonates with AS are suitable for biventricular repair and which are better
served by single ventricle management.

METHODS Retrospective analysis was performed to: 1) validate our scoring systems in 89 additional
neonates with AS and normal mitral valve area, 2) assess the effects of 5% measurement
variation on predictive scores, 3) evaluate our cohort with the Congenital Heart Surgeons’
Society scoring system, and 4) repeat the discriminant analysis on the basis of all 126 patients.

RESULTS The original scores each predicted outcome accurately in 68 patients (77%). Minor (5%)
measurement variation changed the outcome predicted by the discriminant equation in 8
patients (9%) and by the threshold system in 13 patients (15%). The most accurate model for
predicting survival with a biventricular circulation among the full cohort is: 10.98 (body
surface area) � 0.56 (aortic annulus z-score) � 5.89 (left ventricular to heart long-axis ratio)
� 0.79 (grade 2 or 3 endocardial fibroelastosis) � 6.78. With a cutoff of �0.65, outcome was
predicted accurately in 90% of patients.

CONCLUSIONS Both of our original scoring systems are less accurate at predicting outcome than in our
original analysis. Revised discriminant analysis yielded a model similar to our original
equation that was 90% accurate at predicting survival with a biventricular circulation among
neonates with AS and a mitral valve area z-score ��2. (J Am Coll Cardiol 2006;47:

ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.02.020
1858–65) © 2006 by the American College of Cardiology Foundation
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ongenital obstruction of left heart structures represents a
pectrum of disease, from isolated obstruction of the aortic
alve or arch to atresia of the aortic and mitral valves (MV)
ccompanied by extreme hypoplasia of the entire left heart.

any patients with anomalies of the left heart complex have
primary obstructive lesion (e.g., valvar aortic stenosis [AS]) in
ssociation with variable hypoplasia of other left heart
tructures. In some of these patients, particularly a subset
ith critical AS, the left heart complex is—or borders on
eing—insufficiently developed to support the systemic
irculation in a biventricular repair. Although outcomes in
ewborns across the spectrum of left heart obstructive
isease continue to improve, it can be challenging to predict
hether patients with a “borderline” left heart are suitable

andidates for biventricular repair (1–14).
In 1991, we performed a retrospective discriminant anal-

sis in 45 patients �60 days of age with critical AS (1).
lthough we recognized that factors other than anatomic
imensions were likely important in determining outcome,
e sought to identify anatomic features that limited the

apacity of the left heart complex to support a systemic

From the Department of Cardiology, Children’s Hospital, and Department of
ediatrics, Harvard Medical School, Boston, Massachusetts.
s
Manuscript received October 20, 2004; revised manuscript received December 2,

005, accepted December 13, 2005.
ardiac output in a biventricular circulation. We found that
he multivariate equation 14.0 (body surface area [BSA]) �
.943 (indexed aortic root diameter) � 4.78 (left ventricular
LV] long-axis to heart long-axis ratio [LAR]) � 0.157
indexed MV area) � 12.03 (hereafter, discriminant score)
uccessfully predicted survival with a biventricular circula-
ion or death/conversion to a functional single ventricle
SV) circulation in 90% of patients. In addition to this
iscriminant score, we developed a simpler ordinal scoring
ystem on the basis of threshold values (hereafter, threshold
core), such that one point against survival was assessed for
ach of the following anatomic measurements below a
hreshold value: indexed aortic root diameter, indexed MV
rea, LAR, and indexed LV mass. All patients with a
hreshold score �2 died or underwent conversion to a
unctional SV circulation, and 92% of patients with a score

2 survived.
In the 14 years since our previous study was published, we

ave used these scoring systems to guide therapeutic
ecision-making in neonates with AS. Although treatment
as not been stratified strictly according to either scoring
ystem, patients with significant hypoplasia (z-score ��2)
f the MV or LV chamber have generally been referred for
niventricular palliation. To assess the validity of our

coring systems, we reviewed outcomes in 89 patients �60

https://core.ac.uk/display/82631679?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
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ays of age who underwent attempted biventricular man-
gement for critical AS since our previous study was
erformed. We hypothesized that both scoring systems
ould be less accurate than in our original cohort but that

n updated analysis would include similar anatomic factors
n a predictive model. We also hypothesized that the
hreshold scoring system would be more subject to changes
n predicted outcome due to small measurement errors than
he discriminant scoring system.

ETHODS

he study consisted of four components: 1) validation of the
reviously reported scoring systems in 89 new patients,
) assessment of the effects of minor (5%) measurement
iscrepancies on predictive scores, 3) evaluation of our
atient cohort according to the predictive scoring system for
eonates with AS devised by the Congenital Heart Sur-
eons’ Society (CHSS) (5), and 4) repeat discriminant
nalysis including the 89 new patients along with 37
atients from our original study (8 patients from the original
eries were not included, because they were diagnosed at
60 days of age but underwent valvuloplasty beyond this

ge).
atients. The new study cohort included patients who met

he criteria specified in our original report (1): 1) surgical or
alloon aortic valvuloplasty for valvar AS performed at our
enter between 1989 and 2002 at �60 days of age, 2) echo-
ardiographic evidence of LV dysfunction and symptoms of
ongestive heart failure, 3) normally related great arteries,
) absence of subvalvar/supravalvar AS, 5) intact ventricular
eptum, 6) no prior procedures on the aortic valve, and
) adequate pre-intervention echocardiographic images to
ake all pertinent measurements. The presence of a patent

uctus arteriosus was not considered in determining study
ligibility. Mitral valve size was not considered for study
nclusion, but few patients with significant MV hypoplasia
ere included in this study, because most neonates with AS

nd an MV area z-score ��2 were referred for univen-
ricular palliation without attempted biventricular manage-
ent. Patients who underwent SV palliation without a prior

ttempt at valvuloplasty were excluded. The only change in
ntrance criteria from our original report was that patients
iagnosed at �60 days of age who underwent valvuloplasty

Abbreviations and Acronyms
AS � aortic stenosis
BSA � body surface area
CHSS � Congenital Heart Surgeons’ Society
COA � coarctation of the aorta
EFE � endocardial fibroelastosis
LAR � left ventricular long-axis to heart long-axis ratio
LV � left ventricle/ventricular
MV � mitral valve
SV � single ventricle/univentricular
eyond this age were not included. a
For the repeat discriminant analysis, new patients were
ooled with 37 patients from our original report who
nderwent valvuloplasty at �60 days of age. The revised
iscriminant analysis did not include eight patients from the
riginal series who were diagnosed at �60 days of age but
nderwent valvuloplasty beyond this age or patients who
ere thought to be “borderline” candidates for biventricular

epair but ultimately underwent stage I palliation without
revious valvuloplasty.
chocardiographic measurements. Echocardiographic
easurements were made as described in our original report

1). Structures measured included aortic valve annulus
iameter, aortic root diameter, transverse arch diameter,
ortic isthmus diameter, MV area, LV mass, LV end-
iastolic dimension and volume, LV long-axis length, and
AR. Aortic annulus and root diameters were measured

rom parasternal long-axis images, with the aortic root
iameter taken as the maximum dimension at the level of
he sinuses. The internal dimensions of the distal transverse
rch (between the left common carotid and subclavian
rteries) and the aortic isthmus (immediately distal to the
eft subclavian artery) were measured from suprasternal
otch images. Vascular diameters were measured at the
aximum systolic dimensions, from inner edge to inner

dge. The MV area was calculated as an ellipse from the
rthogonal diameters of the MV annulus measured in early
iastole from parasternal long-axis and four-chamber im-
ges. The morphology of the MV apparatus was not
ystematically evaluated for this study. The long axis of the
eart was measured in apical four-chamber images from the
lane of the MV annulus to the apical endocardium of the
entricle (left or right) that formed the apex of the heart.
he LV end-diastolic and end-systolic epicardial and en-
ocardial borders were digitized manually from subxyphoid

ong- and short-axis views. The LV volumes were calculated
ith the biplane bullet model, according to which LV
olume equals five-sixths multiplied by short-axis cross-
ectional area of the LV at midventricular level multiplied
y the long-axis LV length. Mass was calculated as the
ifference between endocardial and epicardial LV volumes
ultiplied by the specific gravity of myocardium (1.04

/ml). Aside from LAR, measured values were indexed to
SA, which was calculated with the method of Haycock et
l. (15). For assessment of the predictive accuracy of the
riginal discriminant and threshold scoring systems in the
ew patient cohort, indexed measurements were used, as
hey were in our original report; however, for the revised
iscriminant analysis, z-scores (number of standard devia-
ions above or below the average indexed size of the
tructure in question, on the basis of normative data
btained at our institution from children with structurally
nd functionally normal hearts [16]) were used instead. On
he basis of the CHSS analysis (5), LV endocardial fibro-
lastosis (EFE) was included in the analysis. Severity of
FE was graded separately by two echocardiographers
ccording to the scale used in the CHSS study of neonatal
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S (5), with 0 � none, 1 � involvement of MV papillary
uscles only, 2 � involvement of papillary muscles and

ome endocardial surface, and 3 � extensive endocardial
urface involvement.

riginal threshold and discriminant scoring systems. Ac-
ording to our original threshold scoring system (1), thresh-
ld values were determined for the four anatomic variables
ndependently associated with survival or death. For each
ariable below the threshold value, a patient was assigned
ne point, such that the range of threshold scores was zero
o four. The variables and threshold values included in the
core were indexed aortic root diameter (�3.5 cm/m2),
ndexed MV area (�4.75 cm2/m2), LAR (�0.8), and
ndexed LV mass (�35 g/m2). A threshold score �2
redicted survival with a biventricular circulation. Our
riginal discriminant analysis yielded the equation 14.0
BSA) � 0.943 (indexed aortic root diameter) � 4.78
LAR) � 0.157 (indexed MV area) � 12.03, with a score of
0.35 discriminating between survival and death (��0.35

redicting death or conversion to SV circulation, ��0.35
redicting survival with a biventricular circulation) (1).
HSS scoring system. In 2001, the CHSS reported the

esults of a multicenter study of outcomes in 320 neonates
ith critical AS, over one-half of whom underwent SV
alliation (5). From multivariable analyses of factors asso-
iated with outcome after stage I palliation or biventricular
anagement, the authors derived a regression equation that

an be solved for individual patients to predict the survival
enefit of stage I palliation versus a biventricular repair
trategy (5):

Survival benefit � 30.55 (inverse of age at study entry [d] � 1)
� 6.20 (aortic root z-score)
� 12.14 (echocardiographic grade of EFE)
� 23.33 (logarithm of ascending aortic [mm])
� 28.30 (presence of moderate or severe

tricuspid regurgitation)
� 0.70 (LV long-axis length z-score) � 86.47

he magnitude of the result indicates the predicted differ-
nce in percent survival, with a positive value indicating a
urvival benefit of stage I palliation and a negative value
ndicating a survival benefit of biventricular repair. The
HSS equation was solved for each patient using the CHSS
nline critical AS calculator (17).
ata analysis. The primary outcome was survival with a

iventricular circulation. Patients who died or underwent
onversion to an SV circulation were considered equally as
events.” Because all events occurred within one year and
lmost all occurred early (within one month of interven-
ion), data were analyzed in a time-independent manner, as
n our original report (1). Descriptive analysis was used to
ompute the accuracy of the original threshold and discrimi-
ant scoring systems when applied to the 89 new patients.

or assessment of the effects of measurement variation on o
redictive accuracy, each of the measures included in the
riginal threshold and discriminant scoring systems was
ncreased and decreased by 5% of its measured value and
einserted into the appropriate scoring equation. For the
hreshold scoring system, each of the component scores was
nalyzed independently, and all possible permutations of the
verall score were examined. For the revised discriminant
nalysis, statistical analysis of data from all 126 patients was
erformed according to the methods described in detail in
ur original report (1). Although indexed measurements
ere used in our original analysis, the updated analysis was
erformed with z-scores. Univariable analysis was con-
ucted to identify variables that differed significantly be-
ween survivors and events, with separate analyses per-
ormed for patients �30 days of age and for patients
ithout coarctation of the aorta (COA). Two-group linear
iscriminant analysis was performed with forward stepwise
election of variables for inclusion in the model. As in our
riginal analysis, the unstandardized discriminant function
as determined to optimize identification of survivors. An
pdated threshold scoring system was not devised. Unless
therwise specified, data are presented as mean values �
tandard deviation or median (range).

ESULTS

atients. Between 1989 and 2002, 89 patients �60 days of
ge satisfying the inclusion criteria underwent balloon aortic
alvuloplasty (n � 87) or surgical aortic valvuloplasty (n �
). The median age at valvuloplasty was 4 days (0 to 60
ays), and the median weight was 3.4 kg (0.9 to 5.8 kg).
eventy-six patients (85%) were �30 days of age and 54
atients (61%) were �1 week.
Including the 37 patients from our original report whose

ata are included in the revised discriminant analysis, there
ere 126 patients. The median age at valvuloplasty was 5
ays (0 to 60 days), and the median weight was 3.4 kg (0.9
o 5.8 kg). Age at valvuloplasty was �30 days in 104
atients (83%) and �1 week in 72 patients (57%). Fourteen
atients (11%) underwent repair or angioplasty of COA
efore or within three months of aortic valvuloplasty. A
atent ductus arteriosus was present in 86 patients (66%).
Outcomes (survival, conversion to an SV circulation) in

he new and combined cohorts are summarized in Table 1.
here was a significant reduction in mortality during the

atter one-half of our experience (p � 0.005) as well as a
ecline in the frequency of events over time (p � 0.07)
Table 1). Moreover, all five patients who converted to an
V circulation from 1994 to 2002 survived, compared with
wo of nine who converted to an SV circulation before 1994
p � 0.01). Hospital survivors were followed for a median of
.7 years (1 month to 18 years). Intermediate outcomes in
hese patients have been reported separately (18).
alidation of the original threshold and discriminant

coring systems in 89 new patients. The distribution of

rdinal threshold scores in the 89 new patients is summa-



r
s
s
a
m

c
4
w
t

a
b
(
p
E
s
t
t
w
o
t
i
i
s
c
o
2
w
c
o
d
l
s

m
w
w
s
c
P
p
e
i
s
w
o
(
b
s
o
b
U
p
a
t
i
s
g
F
r
c

F
1
e

a sing
�p �

T
(
W

*
§

1861JACC Vol. 47, No. 9, 2006 Colan et al.
May 2, 2006:1858–65 Predictors of Biventricular Repair in Critical AS
ized in Table 2. The threshold score accurately predicted
urvivors and events in 76% of patients, including 78% of
urvivors and 76% of events. Accuracy was almost identical
mong patients undergoing intervention within the first
onth (77%) or week (75%) of life (p � NS).
The original discriminant score accurately predicted out-

ome in 68 patients (76%), including 78% of survivors (n �
9) and 76% of events (n � 19) (Fig. 1). Predictive accuracy
as similar among patients undergoing valvuloplasty within

he first month (75%) and first week (69%) of life (p � NS).
There was predictive agreement between the threshold

nd discriminant scores in 71 patients: in 59 patients (66%),
oth scores predicted outcome accurately; and in 12 patients
14%), both scores failed to predict outcome. These pro-
ortions were similar for survivors and events.
ffect of measurement variation on predictive accuracy of

coring systems. Of the four variables included in the
hreshold scoring equation, one or more was within 5% of
he threshold value in 30 (34%) patients. In other words,
ith 5% variation in aortic root diameter, MV area, LAR,
r LV mass measurements, one or more components of the
hreshold score (total 36 component scores) would change
n 30 patients, increasing (less favorable component score)
n 21 cases and decreasing (more favorable component
core) in 15 cases. In two patients, changes in multiple
omponents of the threshold score would cancel each other
ut, such that the overall threshold score would change in
8 patients (32%). In 13 of these patients (15% of 89), all of
hom survived with a biventricular repair, the resulting

hange in the threshold score would result in a change in the
utcome predicted: in 2 cases, an incorrect prediction (i.e.,
eath) would be made correct (i.e., survival with biventricu-

ar circulation); and in 8 cases, a correct prediction of
urvival would be made incorrect.

Table 1. Frequency of Death and Conversion

Patient
Subgroup

Number of
Patients D

Overall cohort 126 32
New cohort 89 20
Year of diagnosis

Before 1994 76 26
1994–2002 50 6

*Total events are patients who died or survived conversion to
‡Median age 8 days (0–43 days). §p � 0.005 vs. pre-1994.

able 2. Distribution of Threshold Scores Among New Patients
n � 89) Who Did (Survivors) and Did Not (Events) Survive

ith a Biventricular Circulation

Threshold
Score

All Patients
(n � 89)

Survivors
(n � 64)

Events
(n � 25)

Event
Rate

0 12 (13%)* 11† (17%)†‡ 1 (4%)§ 8%
1 43 (48%)* 38† (59%)†‡ 5 (20%)§ 12%
2 22 (25%)* 12 (19%)‡ 10 (40%)†§ 45%
3 9 (10%)* 3 (5%)‡ 6 (24%)†§ 67%
4 3 (3%)* 0 (0%)‡ 3 (12%)†§ 100%
s
(

Percentage of all patients. †Accurate predictive scores. ‡Percentage of survivors.
Percentage of events.
For the discriminant scoring system, 5% variation in
easurement of aortic root diameter, MV area, or LAR
ould change the predicted outcome in eight patients (9%),
ith a correct prediction made incorrect in seven (five

urvivors, one event), and an incorrect prediction made
orrect in two (both survivors).
redictive accuracy of the CHSS model. For the 108
atients in our cohort who underwent pre-intervention
chocardiography at �31 days of age (required for entry
nto the CHSS study), the CHSS regression equation was
olved (5). The CHSS model predicted a survival advantage
ith SV palliation in 63 of these 108 patients (58%), over
ne-half of whom (n � 32), including 16 of 22 patients
73%) managed between 1994 and 2002, survived with a
iventricular circulation. The CHSS model predicted a
urvival advantage with a biventricular repair strategy in the
ther 45 patients, 39 of whom (87%) survived with a
iventricular circulation.
pdated discriminant analysis. Data from the 89 new
atients and 37 patients in our original report were pooled
nd analyzed by discriminant analysis (1). An updated
hreshold scoring system was not derived. Differences in
ndependent variables between survivors and events are
ummarized in Table 3, and selected baseline echocardio-
raphic measurements for the entire cohort are shown in
igure 2. There was agreement about EFE grade by the two

eviewing echocardiographers in 90 patients (71%), a dis-
repancy of one grade in 35 patients (28%), and a discrep-

igure 1. Scatter plot showing discriminant scores (for the overall cohort of
26 patients) calculated with the originally published (1) discriminant
quation (solid symbols) and our updated discriminant equation (open

SV Circulation

Converted to SV
Circulation

Total
Events*

† 14 (11%) 7 survived 39 (31%)
‡ 10 (11%) 6 survived 26 (29%)

9 (12%) 2 survived 28 (34%)
§ 5 (10%) 5 survived� 11 (22%)¶

le ventricle (SV) circulation. †Median age 16 days (0–1 yr).
0.01 vs. pre-1994. ¶p � 0.07 vs. pre-1994.
to an

ied

(25%)
(22%)

(34%)
(12%)
ymbols). Reference lines show the optimal discriminant cutoffs of �0.35
original model, solid line) and �0.65 (updated model, dashed line).
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ncy of two grades in 1 patient (1%) (kappa � 0.58). In
ases with discrepant scoring, a consensus score was deter-
ined upon further review of the echocardiogram. The
ost accurate discriminant model for predicting survival
ith a biventricular circulation among the entire cohort of

Table 3. Demographic and Anatomic Variable
(n � 126) Who Did (Survivors) and Did Not

Variable Surviv

Age at intervention (days) 9 (
Weight (kg) 3.5 (
BSA (m2) 0.22 (
Aortic valve annulus diameter z-score �1.1 (
Aortic root diameter z-score �0.4 (
Transverse aortic arch diameter z-score �0.6 (
LV mass z-score 2.1 (
LV end-diastolic dimension z-score 0.8 (
LV end-diastolic volume z-score 1.0 (
LV long-axis to heart long-axis ratio 1.0 (
MV area z-score 1.3 (
EFE grade 2 or 3 15 (

Aside from endocardial fibroelastosis (EFE) grade 2 or 3 (nu
Aortic valve annulus diameter z-score � aortic valve annulus
diameter z-score � aortic root diameter � (2.02 � BSA0.5)/
independent samples t-test, except for data on EFE grade, w

BSA � body surface area; LV � left ventricular; MV �

igure 2. Scatter plots showing pre-intervention z-scores for (A) aortic an

imension (EDD), and (D) the LV long-axis to heart long-axis ratio (LAR). Surv
ith patients who died shown as open triangles and patients who survived afte
26 patients is: 10.98 (BSA) � 0.56 (aortic valve annulus
-score) � 5.89 (LAR) � 0.79 (presence of grade 2 or 3
FE) � 6.78. Taking a discriminant cutoff of �0.65, this
odel accurately predicted outcome in 95% of survivors and

0% of events (90% overall) (Fig. 2). Higher cutoff values

atients From the Combined Cohort
nts) Survive With a Biventricular Circulation

� 88) Events (n � 38) p Value*

0) 2 (0 to 48) �0.001
5.8) 3.1 (1.3 to 4.6) 0.055
o 0.30) 0.21 (0.12 to 0.27) 0.02
to 3.2) �2.8 (�5.0 to �0.4) �0.001
to 4.7) �1.8 (�3.4 to 0.4) �0.001
to 1.7) �1.5 (�3.3 to 3.1) 0.02
to 7.7) 1.5 (�4.1 to 6.5) NS
to 12.5) 0.9 (�3.9 to 9.3) NS
to 8.0) �0.3 (�8.1 to 5.9) NS
1.0) 0.8 (0.4 to 1.0) �0.001
to 12.2) 0.5 (�2.0 to 14.4) NS

15 (39%) 0.007

f percent of patients), data are presented as median (range).
ter � (1.55 � BSA0.5)/(0.06 � 0.083 � BSA). Aortic root
� 0.12 � BSA). *p values refer to comparison of means by

were compared using chi-square analysis.
valve.

diameter, (B) aortic root diameter, (C) left ventricular (LV) end-diastolic
s in P
(Eve

ors (n

0 to 6
0.9 to
0.09 t
�4.5
�2.9
�3.3
�2.5
�4.9
�4.8
0.7 to
�1.7
17%)

mber o
diame
(0.098
nulus

ivors are depicted as solid circles and events are depicted as open symbols,
r conversion to a functional SV circulation shown as open circles.
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llowed slightly improved specificity at the expense of
ensitivity. The greatest specificity while maintaining �85%
ensitivity for predicting survival with a biventricular repair
as at a discriminant cutoff of ��0.46, which predicted
utcome accurately in 86% of survivors and 82% of events.
f EFE is omitted from the analysis (owing to high
nterobserver variability in grading), the most accurate

odel for predicting survival with a biventricular circulation
s: 12.16 (BSA) � 0.59 (aortic valve annulus z-score) �
.73 (LAR) � 7.02, with a discriminant cutoff of �0.46
ccurately predicting 91% of survivors and 80% of events
87% overall).

ISCUSSION

ur previously reported discriminant and threshold scoring
ystems accurately predicted outcomes in 75% to 78% of
eonates with AS who have undergone balloon or surgical
ortic valvuloplasty at our center since 1989. Both scoring
ystems have proven less accurate at predicting outcome
han in our original retrospective analysis, in which they
ere �90% accurate (1), with similar decreases in accuracy

mong survivors and patients who died or underwent
onversion to an SV circulation. In 20% of patients, one
core but not the other was predictive of outcome. Although
ultiple factors might contribute to poorer performance of

he predictive equations when they are applied to new
opulations, both scoring systems are susceptible to changes
n predictive accuracy resulting from minor variations in
chocardiographic measurements, with a 5% measurement
ariation altering the predicted outcome in 10% to 15% of
atients. The threshold scoring system is more prone than
he discriminant scoring system to changes in score and in
redicted outcome due to variations in measurement, al-
hough most changes in threshold system component scores
ue to individual measurement variations would not have
ltered the overall predictive score in our patients.

When discriminant analysis was repeated with our 89
ew patients and 37 patients from our original series, the
esulting model predicted outcome with 90% accuracy,
ncluding correct identification in 95% of survivors. The
pdated model is similar to that in our original analysis,
ith several notable differences. Inclusion of aortic annulus
-score improved the accuracy of the revised discriminant
odel to a greater extent than the aortic root z-score

indexed aortic root diameter but not annulus diameter was
ncluded in the original equation), although there is a tight
ovariance between these measures. Also, indexed MV area,
component of our original discriminant model, did not

mprove the accuracy of our revised estimates. In fact,
ndexed MV area did not differ between survivors and events
ven by univariable analysis, most likely owing to the fact
hat patients whose MV size was the limiting factor were
iverted to an SV management strategy on the basis of the
iscriminant score and therefore were not included in this

eries. All patients in this series had an MV area z-score in h
r above the normal range (��2), and accordingly our
ndings only apply to such patients.
The predictive accuracy of both our original and modified

coring systems is greatest at the extremes and less reliable
s scores approach the discriminant cutoffs. Naturally,
ecisions regarding the management of patients in this
ntermediate zone are the most challenging. In our original
eport, the intent of the discriminant analysis was to
ptimize identification of patients who would not survive
ith a biventricular circulation, such that no patient able to

urvive biventricular repair would undergo SV palliation.
his approach is on the basis of the conviction that survival
ith a biventricular circulation is a preferable outcome to a

unctional SV circulation.
In 2001, the CHSS reported the results of a multicenter

tudy of outcomes in 320 neonates with critical AS, over
0% of whom were managed with SV palliation. In contrast
o our approach, the analytic strategy of the CHSS study
as designed to identify factors predicting a survival benefit
f either biventricular or SV management, which assumes
hat survival with an SV circulation is an equivalent out-
ome to survival with a biventricular circulation. Incremen-
al risk factors for death after biventricular repair in the
HSS study included higher EFE grade, lower aortic root

-score, and younger age, whereas risk factors for death after
tage I palliation included a smaller ascending aortic diam-
ter and the presence of moderate or severe tricuspid
egurgitation. For each patient, the multivariable hazard
unction equations for estimated survival after biventricular
nd SV management strategies were solved separately, and
n estimated survival benefit of one strategy over the other
as calculated as the difference between the two estimates.
rom these estimates, a simplified regression equation was
erived that would allow for prediction of the management
athway (SV or biventricular) that provided survival benefit.
olution of the equation summarized in the CHSS report
rovides a weighted estimate of survival benefit of an SV
ersus biventricular management strategy but does not speak
o the estimated survival with each strategy.

It is stated in the discussion of the CHSS study that
without the use of the equation, there is a significant error
ate for each pathway, with 50% of the biventricular repair
atients having better predicted survival with a Norwood
pproach and 20% of the Norwood patients having better
redicted survival with biventricular repair” (5). Had the
HSS model been applied prospectively in their cohort,
nly 29% of patients would have been managed with a
iventricular repair strategy; however, the two-year Kaplan-
eier survival was 71% for patients managed according to a

iventricular repair strategy, in a model found to have only
single early hazard phase, suggesting that the majority of
atients treated with a biventricular repair strategy against
he subsequently derived model survived despite a predicted
urvival advantage with SV palliation. Similarly, 58% of
atients in our series were predicted by the CHSS model to

ave a survival advantage with SV palliation, but over
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ne-half of those survived after biventricular repair. Thus,
or a substantial proportion of patients who underwent
uccessful biventricular repair in our series and theirs, the
uthors of the CHSS study propose that a Norwood
rocedure would have been preferable, simply because it
ffered a theoretical survival benefit in those patients.
Factors that must be considered in a model of this sort

nclude not only which strategy offers a statistical survival
enefit but the magnitude of the benefit (accounted for in the
HSS model) as well as the relative estimates of survival for

he two strategies. For example, if the estimated survival
enefit of SV palliation is small and the estimated survival
ith biventricular repair is high, the minor theoretical

urvival benefit of a Norwood procedure seems a high price
o pay for the drawbacks of an SV circulation. With respect
o this issue, the argument can be made that not only is the
nalytic strategy of the CHSS biased in favor of recom-
ending SV palliation but the solution of the multivariable

quation is as well. The only independent predictors of
orse outcome after SV palliation are smaller incremental
iameter of the ascending aorta (incorporated after logarith-
ic transformation, thus accentuating the importance of

ifferences at the smaller end of the spectrum) and moderate
r severe tricuspid regurgitation. In patients with critical AS
nd an adequate left heart, the ascending aorta is frequently
uch larger than the aortic annulus or root. Similarly,

ignificant tricuspid regurgitation is uncommon in neonates
ith AS, occurring in 7% of patients managed with a
iventricular strategy in the CHSS study and 3% of our
atients. Accordingly, many of the best candidates for
iventricular repair will also be predicted to have the best
urvival after stage I palliation, further complicating the
rospective application of the CHSS model.
How models are derived and applied depends in part on

he valuation of alternative potential outcomes. In particu-
ar, in patients with critical AS and a borderline left heart,
urvival with a biventricular circulation might not be con-
idered of equivalent “value” to survival with a functional SV
irculation. If not, what degree of increased early phase risk
s acceptable for the potential benefit of survival with a
iventricular circulation, if any? These questions, difficult to
nswer at best, are complicated further by the lack of
nowledge about the long-term implications of early man-
gement decisions. Regardless of early survival, many pa-
ients with critical AS and a biventricular circulation will
equire reintervention, and data on long-term outcomes are
imited (2,18). In contrast, committing a patient to a
unctional SV circulation necessitates staged palliation and
he attendant risks of second- and third-stage operations as
ell as many potential late complications.
Although the initial decision to undertake a biventricular

r SV management strategy is likely critical in determining
utcome, such decisions are not necessarily definitive, be-
ause patients might be successfully converted from a
iventricular circulation to an SV circulation and vice versa.

or example, 7 of our 14 patients who converted to an SV i
irculation after valvuloplasty survived, including all 5 since
994. Similarly, there are patients with a borderline left
eart in whom an initial stage I palliation can be converted
o a biventricular circulation (19,20).

Various factors influence a patient’s chance of survival
fter valvuloplasty for critical AS, including anatomic,
hysiologic, procedural, and other management-related
ariables. We propose that the predictive models presented
n this and our prior report (1) be used to guide the initial

anagement of neonates with AS but not as definitive
riteria. Physiologic indicators, such as retrograde flow in
he ascending aorta and transverse arch, have also been
ssociated with outcome in neonates with AS and should be
onsidered in the formulation of management strategy (6),
s should other clinical circumstances. It should also be
oted that the predictive models published in our original
eport and this follow-up apply only to patients with AS. As
everal investigators have shown, our models tend to over-
redict events when applied to left heart lesions other than
ritical AS (7–9). In particular, our scores are not suitable
or predicting outcome in patients with COA and small left
eart structures who do not have AS (8,9), although they
an be applied in neonates with both AS and COA (11% of
atients in our series).
There are several important limitations to this study.

atients were managed over a span of almost 20 years,
uring which time non-anatomic factors influencing out-
ome might have changed. Also, because only patients who
nderwent attempted biventricular management were in-
luded, our analysis is likely insensitive to important anatomic
actors that are used to select patients for SV management.
pecifically, MV area was a component of our original
coring systems but did not improve the accuracy of our
pdated discriminant model. One reason for this finding
ight be that some patients were managed with an SV

trategy at the outset because their ability to survive with a
iventricular circulation was limited by a small MV, thus
recluding their inclusion in the analysis. Similarly, patients
ith severe LV hypoplasia were unlikely to be considered

or biventricular repair and are not reflected in this analysis.
The management of neonatal AS is influenced by the

volving epidemiologic and clinical landscape of this dis-
ase. As reflected in our more recent experience, outcomes
ave improved substantially since the inception of balloon
ortic valvuloplasty. In addition, patients with critical heart
isease are increasingly diagnosed in utero, which might
ffect prenatal management, clinical status in the newborn
eriod, and even outcome (21). Similarly, our early experi-
nce with in utero aortic valvuloplasty for fetal AS indicates
hat the natural history of left heart obstructive lesions
ight be altered (22), resulting in an anatomically and

hysiologically unique pattern of left heart hypoplasia. How
ur discriminant model stands up to these changes remains
o be seen. Ultimately, our scoring systems are not intended
o provide definitive management algorithms but rather an

ntegrated picture of the capacity of the left heart complex to
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upport a systemic cardiac output in a biventricular circula-
ion and to aid in the complex task of deciding on the initial
reatment course in neonates with AS and borderline left
eart hypoplasia.
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