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Background—Survivors of the Norwood procedure may experience neurodevelopmental impairment. Clinical trials to
improve outcomes have focused primarily on methods of vital organ support during cardiopulmonary bypass.

Methods and Results—In the Single Ventricle Reconstruction trial of the Norwood procedure with modified Blalock-Taussig shunt
versus right-ventricle-to-pulmonary-artery shunt, 14-month neurodevelopmental outcome was assessed by use of the Psychomotor
Development Index (PDI) and Mental Development Index (MDI) of the Bayley Scales of Infant Development-II. We used
multivariable regression to identify risk factors for adverse outcome. Among 373 transplant-free survivors, 321 (86%) returned at
age 14.3�1.1 (mean�SD) months. Mean PDI (74�19) and MDI (89�18) scores were lower than normative means (each
P�0.001). Neither PDI nor MDI score was associated with type of Norwood shunt. Independent predictors of lower PDI score
(R2�26%) were clinical center (P�0.003), birth weight �2.5 kg (P�0.023), longer Norwood hospitalization (P�0.001), and more
complications between Norwood procedure discharge and age 12 months (P�0.001). Independent risk factors for lower MDI score
(R2�34%) included center (P�0.001), birth weight �2.5 kg (P�0.04), genetic syndrome/anomalies (P�0.04), lower maternal
education (P�0.04), longer mechanical ventilation after the Norwood procedure (P�0.001), and more complications after Norwood
discharge to age 12 months (P�0.001). We found no significant relationship of PDI or MDI score to perfusion type, other aspects
of vital organ support (eg, hematocrit, pH strategy), or cardiac anatomy.

Conclusions—Neurodevelopmental impairment in Norwood survivors is more highly associated with innate patient factors
and overall morbidity in the first year than with intraoperative management strategies. Improved outcomes are likely to
require interventions that occur outside the operating room.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT00115934.
(Circulation. 2012;125:2081-2091.)
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Survival to adulthood is becoming a reality for patients
with hypoplastic left heart syndrome (HLHS) and other

single right ventricle anomalies treated with staged repair
from the Norwood operation to the Fontan procedure. This

remarkable progress has exposed a high prevalence of neu-
rodevelopmental impairment in survivors,1–5 affecting their
educational achievement, employability, and quality of life.6,7

Potential risk factors for adverse neurodevelopmental out-

Received August 26, 2011; accepted March 15, 2012.
From the Children’s Hospital Boston & Harvard Medical School, Boston, MA (J.W.N., D.C.B., C.D.-B.); New England Research Institutes, Watertown, MA (L.A.S.,

M.L.); University of Michigan Medical School, Ann Arbor, MI (C.S.G., R.G.O.); Children’s Hospital of Philadelphia & University of Pennsylvania Medical School,
Philadelphia, PA (S.T., C.R., J.W.G.); Children’s Hospital of Wisconsin & Medical College of Wisconsin, Milwaukee, WI (K.A.M.); Morgan Stanley Children’s Hospital
of New York-Presbyterian, New York, NY (I.A.W.); North Carolina Consortium: Duke University, Durham; East Carolina University, Greenville, NC (K.E.G.); Wake
Forest University, Winston-Salem, NC (K.E.G.); Hospital for Sick Children, Toronto, Canada (S.M.); Children’s Hospital Los Angeles, Los Angeles, CA (N.P., A.L.);
Nemours Cardiac Center, Wilmington, DE (E.S.); Emory University, Atlanta, GA (W.T.M.); The Congenital Heart Institute of Florida, St. Petersburg, FL (D.S.C.);
Cincinnati Children’s Medical Center, Cincinnati, OH (C.D.K.); Primary Children’s Medical Center & the University of Utah, Salt Lake City, UT (S.C.M.); The National
Heart, Lung, and Blood Institute, Bethesda, MD (V.L.P.); and Medical University of South Carolina, Charleston, SC (T.W.A.).

Guest Editor for this article was Andrew M. Taylor, MD.
The online-only Data Supplement is available with this article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.111.064113/-/

DC1.
Correspondence to Jane W. Newburger, MD, MPH, Department of Cardiology, Children’s Hospital Boston, 300 Longwood Ave, Boston, MA 02115.

E-mail jane.newburger@cardio.chboston.org
© 2012 American Heart Association, Inc.

Circulation is available at http://circ.ahajournals.org DOI: 10.1161/CIRCULATIONAHA.111.064113

2081

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 
 by guest on M

ay 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 
 by guest on M

ay 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 
 by guest on M

ay 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 
 by guest on M

ay 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 
 by guest on M

ay 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 
 by guest on M

ay 19, 2018
http://circ.ahajournals.org/

D
ow

nloaded from
 

http://www.clinicaltrials.gov
http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.111.064113/-/DC1
http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.111.064113/-/DC1
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/
http://circ.ahajournals.org/


come in this population include patient and environmental
factors,8 –12 management practices,13–22 and medical
course.23,24

Clinical Perspective on p 2091

The Single Ventricle Reconstruction (SVR) trial com-
pared outcomes in subjects with HLHS or related anoma-
lies palliated by using the Norwood procedure with either
a modified Blalock-Taussig (MBT) shunt or the right-ven-
tricular-to-pulmonary-artery (RV-to-PA) shunt. The pri-
mary outcome was freedom from death or cardiac trans-
plantation by 12 months postrandomization.25 In this
article, we report an important prespecified secondary trial
outcome, neurodevelopment assessed by in-person evalu-
ation at 14 months after randomization. We evaluated the
influence of shunt type on neurodevelopmental outcome
based on the hypothesis that the RV-to-PA shunt group
would have better neurodevelopment because of its poten-
tial advantage of reducing the aortic diastolic runoff and
hence improving cerebral blood supply in the early post-
operative period. As a secondary analysis, multivariable
regression was used to identify other risk factors for
adverse neurodevelopmental outcome. The SVR trial is the
largest prospective study of children undergoing the Nor-
wood procedure. Developmental testing at age 14 months
in this cohort provides an unparalleled opportunity to
explore the correlates of neurodevelopment and to identify
potential modifiable risk factors.

Methods
Subjects
Details of the SVR trial design have been published.26 Patients
were recruited from 15 centers in North America participating in
the National Heart, Lung, and Blood Institute-funded Pediatric
Heart Network between May 2005 and July 2008. Inclusion
criteria consisted of a diagnosis of HLHS or other single,
morphological right ventricle anomaly and planned Norwood
procedure. Exclusion criteria included preoperative identification
of anatomy rendering either a MBT shunt or a RV-to-PA shunt
technically impossible and any major congenital or acquired
extracardiac abnormality that could independently affect the
likelihood of the subject meeting the primary outcome of
transplant-free survival at 12 months postrandomization. The
protocol was approved by the institutional review board at each
center, and written informed consent was obtained from a
parent/guardian before randomization.

Neurodevelopmental Assessment
The primary measure of neurodevelopment was the Bayley Scales
of Infant Development-Second Edition (BSID-II).27 Every exam-
iner participated in conference calls in which the study protocol,
the certification process, and data-reporting procedures were
discussed. Each submitted 2 videotaped assessments of children
similar in age to trial subjects to be certified by a single expert
(D.C.B.) before administering the BSID-II to a trial subject.
These tapes, and the associated examiner record forms, were
reviewed to ensure that appropriate administration and scoring
procedures were followed. Throughout the study, the examiner
record form for each trial subject was reviewed by D.C.B. for
completeness and accuracy. The BSID-II was only administered
in English or Spanish, and it was administered in the dominant
language spoken in the home. Testing personnel were blinded to
the treatment assignment of the subjects.

The BSID-II offers a standardized assessment of cognitive and
motor development for children aged 1 through 42 months.27 It
yields 2 scores: the Psychomotor Development Index (PDI) and the
Mental Development Index (MDI). The mean�SD for PDI and MDI
scores in the normative population is 100�15.

Study Design and Measurements
Subjects were randomly assigned to either a MBT shunt or a
RV-to-PA shunt within strata defined by the presence or absence
of aortic atresia and of obstructed pulmonary venous return, with
dynamic balancing within surgeon. In all other respects, they
were managed according to the usual practices at their clinical
centers. A complete list of variables that were recorded and
analyzed is provided in online-only Data Supplement Table I. In
brief, before the Norwood procedure, we recorded demographic
and preoperative medical history, including pregnancy history,
fetal diagnosis, birth weight, race, sex, gestational age, Apgar
scores, clinical status and anatomic diagnosis at presentation,
occurrence of important preoperative complications, and age at
operation.26 We recorded intraoperative variables at the time of
the Norwood procedure, the stage II procedure, and any additional
cardiac operations, including total support time, total bypass time,
and durations of deep hypothermic circulatory arrest (DHCA) and
regional cerebral perfusion (RCP) times; details of bypass (eg,
lowest temperature, use of modified ultrafiltration, use of
�-blockade); and shunt type. The perfusion method during vital
organ support was classified as DHCA, RCP, or DHCA�RCP.
Patients who received RCP with �10 minutes of DHCA, usually
to allow for repositioning of cannulae, were classified in the RCP
group. Shunt type was defined as the shunt in place at the end of
the Norwood procedure, which differed from the randomly
assigned shunt for 22 (7%) subjects with a Bayley score.
Postoperative data during the admissions for the Norwood and
stage II operations were prospectively collected by daily review
and included procedures and events. Twelve months after ran-
domization, we recorded vital status and interim medical history.
At the in-person evaluation 14 months after randomization, we
performed neurodevelopmental testing and collected data on
height, weight, head circumference, interim medical history, and
socioeconomic status. In addition to genetic evaluations per-
formed during routine clinical care, an optional research genetic
evaluation was offered to families. Patients were classified with
regard to whether they had (1) a specific genetic syndrome or (2)
other anomalies (ie, not identified with a syndrome). Growth data
were converted into age-adjusted z scores based on World Health
Organization standards.28

Statistical Methods
Descriptive statistics include median with interquartile range for
skewed variables, mean� SD for other continuous variables, and
frequency with percentage for categorical variables. The fre-
quency distributions of duration of mechanical ventilation and
hospital stay were nonlinearly related to outcome; thus, we used
a natural logarithmic transformation. We used median imputation
for highest lactate level with values specific to preintubation
status (101 subjects) and mean imputation for Apgar scores (20
subjects). For the Bayley scores, interactions between each
candidate predictor and 4 prespecified variables were examined:
(1) birth weight �2.5 kg versus �2.5 kg; (2) gestational age �37
weeks versus �37 weeks; (3) pre-Norwood head circumference z
score ��1 versus ��1; and (4) presence versus absence versus
unknown status of a genetic syndrome or other abnormality. We
used simple linear regression and regressions adjusted for site to
obtain initial estimates of association of each candidate predictor
with PDI and MDI scores. All variables with unadjusted P�0.20
were used as candidate predictors for multivariable modeling.
Interaction terms were allowed to enter the multivariable model
only in hierarchical fashion. Stepwise linear regression was used
to develop multivariable models, in conjunction with bootstrap-
ping (1000 samples) to obtain reliability estimates for each of the
predictors. We required that all terms in the final multivariable
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model have a reliability �50% and P�0.05. All analyses were
conducted using SAS version 9.2 (Statistical Analysis System,
SAS Institute, Inc., Cary, NC) and SAS macros for bootstrapping
estimates of reliability.

Results
A flow chart of SVR trial subjects from randomization to
neurodevelopmental follow-up is shown in Figure 1. The
follow-up rate for the BSID-II examination among
transplant-free survivors was 86%. The mean (�SD) age at
follow-up was 14.3�1.1 month (range, 12.2–19.5 months).
The 314 patients who completed the examination were less
likely to be of black or other race (P�0.001). However, the
groups did not differ in their socioeconomic class or level
of highest maternal education. The mean time interval
between the Norwood and stage II procedures was 5.2�1.9
months (median, 5.0 months). Ten (3%) subjects in the
cohort were not discharged between stage I and II surgery.

At 14 months, children had impaired growth: mean weight,
height, and head circumference z scores for age were
�0.7�1.1, �1.3�1.7, and �0.4�1.4, respectively. Among
the 296 subjects for whom a parent history was available,
47% had received developmental support in the first year of
life: 39% with physical therapy, 26% with speech/language
therapy, 10% with early intervention, and 4% with other
forms of support. Genetic syndromes or other anomalies were
detected in 25% of the cohort and were absent in 57%; the
remaining 18% were not evaluated by a geneticist. Subjects
with confirmed genetic syndrome and other anomalies had

longer hospitalization (median, 28 days [interquartile range,
20–43 days] versus 22 days [interquartile range, 16–35 days]
and 24 days [interquartile range, 17–38 days] for no and
unknown syndrome status, P�0.01). Birth weight tended to
be lower in the patients with confirmed genetic syndromes
(3.0�0.6 versus 3.2�0.5 or 3.2�0.5 kg in the no and
unknown groups, P�0.06). Among patients returning for
neurodevelopmental testing, the 2 shunt groups were compa-
rable with respect to birth characteristics (eg, gestational age
and birth weight), demographic and socioeconomic factors,
anatomy, and the proportion with a genetic syndrome or other
anomalies.

Distributions of PDI and MDI scores are depicted in Figure
2. Tables 1 and 2 summarize the significant univariate
associations (P�0.05) of PDI or MDI score with patient
factors, management practices, and medical course.

For the overall cohort, PDI scores were profoundly
lower than in the normative population (Figure 2): scores
were �85 (�1 SD below expected mean) in 65% of
subjects, and �70 (�2 SD below expected mean) in 44%
of subjects. Subjects who received the MBT shunt and
RV-to-PA shunt had similar PDI scores (75�19 versus
74�20, respectively, P�0.48; see online-only Data Sup-
plement Figure I). The subgroup of subjects with no
genetic syndrome and birth weight of �2.5 kg had the
highest PDI and MDI scores (each P�0.001) and also had
shorter Norwood hospital length of stay (P�0.033). In
multivariable linear regression modeling (Table 3), inde-

Figure 1. Flow chart of SVR trial subjects from
randomization to neurodevelopmental follow-up.
SVR indicates Single Ventricle Reconstruction.
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pendent predictors of lower PDI scores were clinical center
where the Norwood procedure was performed (P�0.003),
birth weight �2.5 kg (P�0.02), longer log-transformed
days of Norwood hospitalization (P�0.001), and greater
number of complications between the time of discharge
after the Norwood procedure and age 12 months
(P�0.001). The percentage of variance explained by the
model (adjusted R2) was 26%. Mean PDI score dropped
�13 points for every 3 extra days of hospital stay during
the Norwood hospitalization. Presence of a genetic syn-
drome or other anomaly did not achieve statistical signif-
icance (P�0.07).

MDI scores were also much lower than in the normative
population (Figure 2): scores were �85 (�1 SD below
normal mean) in 36% of subjects and �70 (�2 SD below
normal mean) in 16% of subjects. Within subject, MDI scores
were higher than PDI scores (P�0.001). Mean MDI scores
did not differ significantly between patients who received the
MBT shunt versus the RV-to-PA shunt (89�17 versus
88�18, respectively, P�0.55; online-only Data Supplement
Figure I). In multivariable regression analysis (Table 3),
independent predictors of lower MDI score included the
clinical center where the Norwood procedure was performed
(P�0.001), birth weight �2.5 kg (P�0.04), the presence of a
genetic syndrome or other anomalies (P�0.04), lower mater-
nal education level (P�0.04), longer log days on the venti-
lator after the Norwood procedure (P�0.001), and a greater
number of complications between the time of hospital dis-
charge after the Norwood procedure and age 12 months
(P�0.001). The percentage of variance explained by the
model (adjusted R2) was 34%. Birth weight percentile for
gestational age was a less significant predictor for PDI and
MDI scores than raw birth weight.

Early intervention in the first year of life was not
included in our original multivariable models, because it
was considered to be a correlate of adverse outcome.
However, the percentage of subjects who received early
intervention varied significantly by center, ranging from
0% to 23% (P�0.02) for early intervention administered
for the indication of a cognitive disorder and from 0% to
78% for receipt of any form of early intervention (eg,

physical therapy, occupational therapy). We therefore
explored whether center differences in the percentages of
children receiving either early intervention for a cognitive
disorder or any form of early intervention in the first year
of life could explain the center effect on outcomes. Mean
PDI and MDI scores were significantly lower on average
by 11 points in those who received early intervention for a
cognitive disorder in comparison with those who did not
(PDI, 66.4�18.0 versus 75.5�19.3, P�0.014; MDI,
78.7�20.7 versus 90.1�17.0, P�0.001). Similarly, chil-
dren who received any form of early intervention in the
first year of life (eg, physical therapy, occupational ther-
apy) fared worse than those who received no form of early
intervention (PDI, 67.8�18.3 versus 81.5�17.9, P�0.001;
MDI, 84.1�19.0 versus 93.9�14.7, P�0.001). However,
adjustment for either of these intervention terms in the
final multivariable models for MDI and PDI did not
appreciably alter the effects of center on developmental
scores. Similarly, we could find no other center character-
istics, such as center volume or surgeon volume, that had
a significant effect on PDI or MDI score in multivariable
analysis. Finally, we explored whether the center effect
could be related to an outlier; when eliminating centers one
at a time from the multivariable models, study inferences
were similar.

Some variables that had been hypothesized to predict
developmental outcome were notable for their lack of asso-
ciation with either PDI or MDI scores. Perfusion type
examined both as a categorical variable (DHCA, RCP, or
DHCA together with RCP), and as total minutes of DHCA
during Norwood surgery was not associated with PDI score in
univariate analyses. MDI scores differed (P�0.001) in uni-
variate analysis among patients who underwent vital organ
support during the Norwood procedure using DHCA, RCP, or
a combination of DHCA and RCP (mean scores 85.1, 93.4,
and 92.0, respectively, P�0.001). As noted above, perfusion
type was not an independent predictor of MDI in multivari-
able analysis. Because the final multivariable model included
clinical center, we further explored whether perfusion type
would become an independent predictor of MDI if site were
not considered. Even then, perfusion strategy did not meet the

Figure 2. Histogram depicting the number of
subjects according to scores on the Psy-
chomotor Development Index (PDI, left) and
Mental Development Index (MDI, right) of the
Bayley Scales of Infant Development-Second
Edition. IQR indicates interquartile range.
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Table 1. Univariate Regressions Using Predictors From Birth to Norwood Preoperative Period

Variable Mean�SD or %

Bayley PDI Score Bayley MDI Score

Slope or Mean P Value Slope or Mean P Value

Site 0.006 �0.001

Birth

Gestational age, wk 38.4�1.4 1.00 0.19 1.52 0.03

Gestational age�37 wk 0.03 0.06

Yes 7.3 65.9 82.0

No 92.7 75.1 89.2

Birth weight, g 3157�512 0.005 0.01 0.008 �0.001

Birth weight percentile for gestational age 38.3�27.3 0.07 0.07 0.11 0.004

Birth weight �2500 g 0.01 0.006

Yes 9.2 65.6 80.2

No 90.8 75.3 89.6

Pre-Norwood HC-for-age z �0.6�1.4 1.09 0.19 2.29 0.002

Multiple birth

Yes 3.8 61.2 0.02 78.4 0.04

No 96.2 96.2 89.1

Demographics

Maternal education 0.03 �0.001

Elementary 3 66.1 70.7

Junior high 2 52.8 61.6

Partial high 8 79.2 89.7

Graduate high 19 73.0 88.4

Partial college 30 72.6 88.5

College graduate 27 77.7 90.8

Postgraduate 11 76.9 92.4

Genetic and other anomalies

Genetic syndrome 0.004 �0.001

Yes 3.8 58.2 65.3

No 77.4 75.9 89.9

Unknown 18.8 71.6 88.6

Other anomaly 0.002 0.006

Yes 23.2 68.7 83.1

No 58.3 77.5 90.8

Unknown 18.5 71.9 89.1

Preoperative

Age at Norwood admission, days 1.0�2.3 0.98 0.04 0.93 0.04

Mechanical ventilation 0.11 0.02

Yes 42.2 72.4 86.0

No 57.8 76.1 90.7

Pre-Norwood respiratory failure 0.11 0.03

Yes 10.9 69.5 82.6

No 89.1 75.0 89.4

Pre-Norwood metabolic acidosis 0.90 0.05

Yes 5.4 73.9 80.4

No 94.6 74.5 89.2

Cardiac catheterization intervention 0.45 0.02

Yes 4.5 70.6 77.6

No 95.5 74.6 89.2

(Continued)
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criteria for inclusion because of low reliability by bootstrap-
ping (40%). In addition, we found no significant relationship
of PDI or MDI score to other aspects of vital organ support,
such as hematocrit or pH strategy during core cooling or to
patient factors such as diameter of the ascending aorta or
cardiac anatomy.

Finally, we assessed whether the strength of the candi-
date predictors varied according to 4 prespecified patient
factors (see Methods) related to birth weight, preterm
status, pre-Norwood head circumference z score, and
presence of a genetic syndrome or other anomalies. The
lack of effect of shunt type on PDI and MDI scores was
consistent across the predetermined subgroups. The asso-
ciation of other candidate predictors with outcome also did
not vary according to these prespecified patient factors.
None of the interaction terms entered the final multivari-
able models for either MDI or PDI.

Discussion
We found a high prevalence of neurodevelopmental im-
pairment in patients with HLHS syndrome and other single
right ventricle anomalies, discouragingly similar to that
described in patients who underwent Norwood surgery
from 1998 to 2003.5 Lower BSID-II scores at age 14
months were predicted by both innate patient factors and
measures of greater severity of illness. Patient factors that
portended greater risk included the presence of genetic
syndromes or other anomalies, lower maternal education,
and lower birth weight. Consistent with previous re-
ports,23,24 patients in our study with a more complicated
postoperative course following the Norwood procedure
also had worse outcomes, as indicated by independent risk
factors of longer postoperative mechanical ventilation or
hospital stay. These measures of longer recovery likely
integrate the effects of many other factors during the
Norwood hospitalization, including adverse events, low
cardiac output, poor feeding, or comorbidities. Between
Norwood discharge and age 12 months, a greater number
of complications were also associated with worse devel-
opment, a novel finding that highlights ongoing brain
vulnerability and opportunities for intervention. Subjects
whose Norwood procedure was performed with the use of
the recently popularized RV-to-PA shunt scored no better
on the BSID-II than those receiving a MBT shunt, even
though they had better early survival.25 Thus, patient

characteristics and indices of greater severity of illness
were more highly associated with later neurodevelopmen-
tal outcome than specific operative management strategies.

Methods of vital organ support during infant heart
surgery are among the best studied and most easily
modified potential risk factors for brain injury. Previous
studies have suggested that longer duration of DHCA may
have adverse effects on neurodevelopmental outcomes.2,29

An alternative to DHCA, RCP involves low-flow perfusion
to the brain during aortic arch reconstruction and has
been hypothesized to be potentially neuroprotective rela-
tive to DHCA. A single-center randomized trial comparing
DHCA with RCP during Norwood surgery found no
evidence that RCP improves infant development at age 1
year.30 Nonetheless, half of surgeons who responded to a
survey on support techniques recently reported routine or
exclusive use of RCP.31 In our study, neither longer DHCA
duration nor use of a predominant DHCA strategy during
the Norwood procedure emerged as an independent risk
factor for any developmental outcome. No other perfusion
techniques used during cardiopulmonary bypass emerged
as independent risk factors for worse developmental out-
comes despite a wide range of practices among participat-
ing centers.

Most patient factors are not modifiable, but birth weight
might be improved by postponing the time of elective
delivery to 39 to 40 weeks, as recommended by the
American College of Obstetricians and Gynecologists.32,33

In a recent large series, 26% of neonates with critical
congenital heart disease were delivered electively at 37
to 38 weeks gestation,34 a percentage that is similar to
national statistics.32

The modest percentage of variance in outcomes ex-
plained by postnatal factors in our study is consistent with
growing evidence that risk for adverse neurodevelopmen-
tal outcomes begins prenatally. Patients with HLHS have a
high rate of cerebral dysgenesis and microcephaly,8,35

suggesting that genetic factors and epigenetic insults
contribute to abnormalities in brain development.12 Fur-
thermore, abnormal fetal cerebral hemodynamics could
adversely affect brain development. In comparison with
normal third-trimester fetuses, those with HLHS and other
congenital heart lesions have progressively smaller gesta-
tional age- and weight-adjusted brain volume, as well as
perturbed neuroaxonal development and metabolism on

Table 1. Continued

Variable Mean�SD or %

Bayley PDI Score Bayley MDI Score

Slope or Mean P Value Slope or Mean P Value

No. of complications 0.51 0.002

0 77.4 75.0 90.2

1 14.0 71.3 80.3

�2 8.6 74.3 88.3

Birth weight percentile for gestational age could be calculated for gestational ages between 35 and 41 weeks. Because 8 subjects were born at
�35 weeks and 1 subject was born at 42 weeks, the percentile for birth weight for gestational age was set to missing for 9 subjects. Factors with
P�0.05 for either the PDI or MDI score are shown. HC indicates head circumference; z, z score; PDI, Psychomotor Development Index; and MDI,
Mental Development Index.
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Table 2. Univariate Regressions Using Predictors From Norwood Operation to 14 Months

Variable Mean�SD or %

Bayley PDI score Bayley MDI Score

Slope or Mean P Value Slope or Mean P Value

Stage 1 Surgery

Perfusion type 0.70 �0.001

DHCA only 52.6 73.7 85.0

RCP with DHCA �10 min 26.9 75.0 93.4

RCP and DHCA 20.5 76.1 92.3

DHCA time, min 29.8�22.1 �0.04 0.47 �0.16 �0.001

RCP time, min 24.6�29.6 0.01 0.73 0.11 0.001

�-stat vs pH-stat during cooling 0.52 0.04

PH-stat 75.5 74.0 89.8

�-stat 24.5 75.7 85.2

Hematocrit, % 30.1�5.1 �0.50 0.02 �0.20 0.31

Open sternum

Yes 75.2 72.7 0.005 87.6 0.06

No 24.8 79.7 91.9

�-Blockade

Yes 48.7 76.3 0.10 91.6 0.004

No 51.3 72.7 85.9

Post-Norwood to Norwood hospital discharge

CPR

Yes 7.0 68.6 0.16 80.5 0.02

No 93.0 74.8 89.3

ECMO

Yes 4.1 66.5 0.15 78.7 0.04

No 95.9 74.7 89.1

No. of cardiac surgeries 1.4�1.3 �3.67 �0.001 �3.11 �0.001

No. of complications 2.2�2.6 �1.97 �0.001 �1.75 �0.001

Duration of ventilation, days 10.4�21.3 �0.18 0.001 �0.22 �0.001

Postoperative LOS, days 32.4�30.1 �0.22 �0.001 �0.18 �0.001

Norwood discharge to age 12 mo

Stage II surgery LOS, days 13.1�16.5 �0.42 �0.001 �0.29 �0.001

No. of complications 2.4�2.5 �2.07 �0.001 �2.13 �0.001

No. of cardiac catheterization interventions 0.7�1.2 �2.17 0.014 �0.93 0.25

From Norwood to age 12 mo

No. of episodes of DHCA (linear fit) 1.0�0.7 �1.14 0.48 �4.41 0.002

No. of episodes of DHCA 0.74 0.006

0 25.2 75.2 93.8

1 53.8 74.8 87.6

2 21.0 72.8 85.2

Cumulative duration of DHCA, min 37.3�29.7 �0.05 0.22 �0.13 �0.001

No. of SAEs (linear fit) 0.2�0.5 �7.51 �0.001 �6.75 �0.001

No. of SAEs 0.002 0.002

0 78.7 76.4 90.5

1 18.2 67.7 81.9

�2 3.2 63.7 82.2

Somatic growth pre-stage II minus pre-Norwood

Weight-for-age z �1.4�1.1 2.49 0.01 �0.04 0.96

HC-for-age z �0.9�1.7 2.69 �0.001 2.06 0.001

(Continued)
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fetal brain magnetic resonance imaging.9 On histopatho-
logic examination, the HLHS fetus already has chronic
diffuse white matter injury.12 Preoperatively, abnormalities
of brain metabolism and microstructure, suggestive of
brain immaturity, are present in a high percentage of
infants with single-ventricle lesions and D-transposition
of the great arteries.36 Indeed, brain maturation in neonates
with HLHS and D-transposition of the great arteries is

delayed by �1 month in comparison with a normative
sample.11 Moreover, Andropoulos et al10 showed that low
brain maturity score by magnetic resonance imaging is
associated with greater brain injury in both the preopera-
tive and postoperative periods. Thus, preoperative condi-
tion could increase brain vulnerability to perioperative
hemodynamic instability and intraoperative hypoxia-ische-
mic injury.

Table 2. Continued

Variable Mean�SD or %

Bayley PDI score Bayley MDI Score

Slope or Mean P Value Slope or Mean P Value

Month 14 minus pre-Norwood

Weight-for-age z �0.3�1.3 1.73 0.04 �0.15 0.84

Height-for-age z �0.9�1.7 1.27 0.05 0.26 0.65

Month 14 minus pre-stage II

HC-for-age z 1.2�1.6 �2.32 0.001 �1.86 0.004

Factors with P�0.05 for either the PDI or MDI score are shown. HC indicates head circumference; LOS, length of stay; z, z score; DHCA, deep
hypothermic circulatory arrest; RCP, regional cerebral perfusion; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygenation;
SAE, serious adverse event; PDI, Psychomotor Development Index; and MDI, Mental Development Index.

Table 3. Multivariable Regression Models for Bayley Summary Scores

Estimate
Covariate-Adjusted

Mean
P

Value
Partial
R2, %

Multivariable Bootstrapping
Reliability, %

PDI score multivariable model (N�313, adjusted R2�0.26)

Site 0.003 10 55

Low birth weight (�2500 g) 0.02 2 80

Yes �7.70 69.5

No Ref 77.2

Log length of Norwood hospitalization, days �11.53 �0.001 13 77

No. of complications post-Norwood discharge up to 12 mo �1.60 �0.001 5 85

MDI score multivariable model (N�311, adjusted R2 �0.34)

Site �0.001 13 68

Low birth weight 0.04 2 66

Yes �6.16 81.8

No Ref 88.0

Genetic syndrome and/other anomalies 0.04 2 53

Yes �7.19 80.9

No �2.25 85.8

Unknown Ref 88.1

Maternal education level 0.045 4 70

Elementary �14.51 77.2

Junior high �21.60 70.1

Partial high �2.49 89.2

Graduate high �3.93 87.8

Partial college �3.02 88.7

College graduate �1.97 89.7

Post graduate Ref 91.7

Log days of ventilator post-Norwood
during hospitalization

�7.48 �0.001 10 59

No. of complications post-Norwood
discharge up to 12 mo

�1.47 �0.001 5 78

Model selection rule required P�0.05 for all terms in the model and a reliability estimate of �50%. Ref indicates reference group; PDI, Psychomotor
Development Index; and MDI, Mental Development Index.
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The results of this study must be viewed in light of its
limitations. We are uncertain why the clinical center at
which the Norwood procedure was performed emerged as
an independent predictor of both PDI and MDI scores in
final multivariable models. We prospectively recorded
data on many potential risk factors, including details of
perfusion techniques. Nonetheless, it is possible that dif-
ferences in developmental scores according to site reflect
residual confounding from unmeasured variables in patient
characteristics or perioperative management. For example,
neurotoxicity of anesthetic agents in the developing brain
has been an area of increasing concern, but the types and
quantities of anesthesia were not recorded in the SVR
trial.37–39 It is also possible that differences in site scores
were related to subjective differences in psychologist’s
scoring at the centers. However, the test administration
technique of all psychologists was standardized centrally
before their testing of study subjects, and there was drift in
scores over time at only 1 site. Furthermore, study infer-
ences were similar when centers were eliminated from the
multivariable models one at a time. Of note, the examiners
were blinded to treatment group, and shunt types were
balanced within surgeon and thus, within clinical center, so
that the treatment group comparison should not be biased.

We performed developmental testing at the oldest pos-
sible age within the design of the SVR trial, for which
14-month development was a secondary outcome. It is
difficult to assess developmental skills such as visual
perception, perceptual-motor integration, early number
concepts, or prewriting skills before age 2 years. Bayley
scores at 14 months are poorly predictive of later neuro-
development in normally developing children, but their
predictive validity is better in samples of at-risk infants,40

including children with congenital heart disease.41 The
specificity and negative predictive value of low scores for
later cognitive function are relatively high41,42; children
who score well in infancy tend to score well later on.
However, sensitivity and positive predictive value tend to
be lower, indicating that only a subset of children who
score poorly in infancy will score poorly later on. This may
reflect many factors, including the benefits of early inter-
vention and the influence of intercurrent medical and
psychosocial events. Poor PDI scores are, however, pre-
dictive of later motor function, with strong tracking of
motor proficiency from the 18-month PDI score to the
prepubertal period.43 Furthermore, the Bayley Scales at 14
months have good concurrent validity and reliability;
because assessment of infants with congenital heart dis-
ease has commonly been performed using the Bayley
Scales at age 1 year, its use in the current study allows
comparison with previously published data.

We were unable to perform brain magnetic resonance
imaging on study subjects because this would have required
general anesthesia in medically fragile children, posing a
controversial risk-to-benefit ratio. Neurological examination
also was not incorporated in the study protocol and would
have been challenging to standardize among 15 centers.
Many variables were highly associated with each other. We
did not adjust for multiple comparisons in our analyses.

However, the probability values for the predictors in the final
models were highly statistically significant. We used boot-
strapping to assess the reliability of variables that were
selected in our multivariable models, providing reassurance
about their robustness. Intraoperative variables did not
emerge as independent predictors of neurodevelopmental
outcomes, but adjustment for postoperative events in the
causal pathway may have diminished their statistical signif-
icance. Finally, our study design allowed us to identify many
of the variables associated with adverse neurodevelopmental
outcome, but not to determine causality.

In summary, in the largest multicenter prospective study to
date of children with HLHS and other single right ventricle
anomalies undergoing staged reconstruction, we found that
neurodevelopmental impairment was most highly associated
with innate patient factors and general medical morbidity in
the first year of life. Substantial improvement in neurodevel-
opmental outcome in this vulnerable population is likely to
require interventions that occur outside the operating room,
such as discouraging elective deliveries before 39 weeks,
protecting the brain during preoperative and postoperative
hemodynamic instability, and optimizing developmental sup-
port after Norwood discharge. Although single ventricle
lesions and their management are unusually complex, they
constitute an important model for considering universal
effects of critical congenital defects (both cardiac and non-
cardiac) requiring complex interventions in the newborn
period.38

Acknowledgments
See online-only Data Supplement Materials for a complete list of the
Pediatric Heart Network Investigators.

Sources of Funding
This work was supported by grants HL068269, HL068270,
HL068279, HL068281, HL068285, HL068288, HL068290,
HL068292, and HL085057 from the National Heart, Lung, and
Blood Institute. This work is solely the responsibility of the authors
and does not necessarily represent the official views of NHLBI or
NIH. This work was conducted with support from Harvard Catalyst/
The Harvard Clinical and Translational Science Center (NIH
Award UL1 RR 025758 and financial contributions from Harvard
University and its affiliated academic health care centers). The
content is solely the responsibility of the authors and does not
necessarily represent the official views of Harvard Catalyst,
Harvard University and its affiliated academic health care centers,
the National Center for Research Resources, or the National
Institutes of Health.

Disclosures
None.

References
1. Marelli AJ, Mackie AS, Ionescu-Ittu R, Rahme E, Pilote L. Congenital

heart disease in the general population: changing prevalence and age
distribution. Circulation. 2007;115:163–172.

2. Goldberg CS, Schwartz EM, Brunberg JA, Mosca RS, Bove EL, Schork
MA, Stetz SP, Cheatham JP, Kulik TJ. Neurodevelopmental outcome of
patients after the Fontan operation: a comparison between children with
hypoplastic left heart syndrome and other functional single ventricle
lesions. J Pediatr. 2000;137:646–652.

3. Mahle WT, Clancy RR, Moss EM, Gerdes M, Jobes DR, Wernovsky G.
Neurodevelopmental outcome and lifestyle assessment in school-aged

Newburger et al Neurodevelopment in the SVR Trial 2089

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 

http://circ.ahajournals.org/


and adolescent children with hypoplastic left heart syndrome. Pediatrics.
2000;105:1082–1089.

4. McCrindle BW, Williams RV, Mitchell PD, Hsu DT, Paridon SM, Atz
AM, Li JS, Newburger JW. Relationship of patient and medical charac-
teristics to health status in children and adolescents after the Fontan
procedure. Circulation. 2006;113:1123–1129.

5. Tabbutt S, Nord AS, Jarvik GP, Bernbaum J, Wernovsky G, Gerdes M,
Zackai E, Clancy RR, Nicolson SC, Spray TL, Gaynor JW. Neurodevel-
opmental outcomes after staged palliation for hypoplastic left heart
syndrome. Pediatrics. 2008;121:476–483.

6. Azakie T, Merklinger SL, McCrindle BW, Van Arsdell GS, Lee KJ,
Benson LN, Coles JG, Williams WG. Evolving strategies and improving
outcomes of the modified Norwood procedure: a 10-year single-
institution experience. Ann Thorac Surg. 2001;72:1349–1353.

7. Wernovsky G, Newburger J. Neurologic and developmental morbidity in
children with complex congenital heart disease. J Pediatr. 2003;142:6–8.

8. Glauser TA, Rorke LB, Weinberg PM, Clancy RR. Congenital brain
anomalies associated with the hypoplastic left heart syndrome. Pediatrics.
1990;85:984–990.

9. Limperopoulos C, Tworetzky W, McElhinney DB, Newburger JW,
Brown DW, Robertson RL Jr, Guizard N, McGrath E, Geva J, Annese D,
Dunbar-Masterson C, Trainor B, Laussen PC, du Plessis AJ. Brain
volume and metabolism in fetuses with congenital heart disease: eval-
uation with quantitative magnetic resonance imaging and spectroscopy.
Circulation. 2010;121:26–33.

10. Andropoulos DB, Hunter JV, Nelson DP, Stayer SA, Stark AR,
McKenzie ED, Heinle JS, Graves DE, Fraser CD Jr. Brain immaturity is
associated with brain injury before and after neonatal cardiac surgery with
high-flow bypass and cerebral oxygenation monitoring. J Thorac Car-
diovasc Surg. 2010;139:543–556.

11. Licht DJ, Shera DM, Clancy RR, Wernovsky G, Montenegro LM,
Nicolson SC, Zimmerman RA, Spray TL, Gaynor JW, Vossough A. Brain
maturation is delayed in infants with complex congenital heart defects.
J Thorac Cardiovasc Surg. 2009;137:529–536.

12. Hinton RB, Andelfinger G, Sekar P, Hinton AC, Gendron RL,
Michelfelder EC, Robitaille Y, Benson DW. Prenatal head growth and
white matter injury in hypoplastic left heart syndrome. Pediatr Res.
2008;64:364–369.

13. Kurth CD, Steven JL, Montenegro LM, Watzman HM, Gaynor JW, Spray
TL, Nicolson SC. Cerebral oxygen saturation before congenital heart
surgery. Ann Thorac Surg. 2001;72:187–192.

14. Ferry PC. Neurologic sequelae of cardiac surgery in children. Am J Dis
Child. 1987;141:309–312.

15. Wypij D, Newburger JW, Rappaport LA, duPlessis AJ, Jonas RA, Wer-
novsky G, Lin M, Bellinger DC. The effect of duration of deep hypo-
thermic circulatory arrest in infant heart surgery on late neurodevel-
opment: the Boston Circulatory Arrest Trial. J Thorac Cardiovasc Surg.
2003;126:1397–1403.

16. Schell RM, Stanley T, Croughwell N. Temperature during cardiopulmo-
nary bypass and neuropsychologic outcome. Anesthesiology. 1992;
77:A119.

17. Bellinger DC, Wernovsky G, Rappaport LA, Mayer JE Jr, Castaneda AR,
Farrell DM, Wessel DL, Lang P, Hickey PR, Jonas RA, Newburger JW.
Cognitive development of children following early repair of transposition
of the great arteries using deep hypothermic circulatory arrest. Pediatrics.
1991;87:701–707.

18. du Plessis AJ, Jonas RA, Wypij D, Hickey PR, Riviello J, Wessel DL,
Roth SJ, Burrows F, Walter G, Walsh AZ, Farrell DM, Plumb CA, del
Nido P, Burke RP, Castaneda AR, Mayer JE Jr, Newburger JW. Periop-
erative effects of alpha-stat versus pH-stat strategies for deep hypo-
thermic cardiopulmonary bypass in infants. J Thorac Cardiovasc Surg.
1997;114:991–1001.

19. Bellinger DC, Wypij D, du Plessis AJ, Rappaport LA, Riviello J, Jonas
RA, Newburger JW. Developmental and neurologic effects of alpha-stat
versus pH-stat strategies for deep hypothermic cardiopulmonary bypass
in infants. J Thorac Cardiovasc Surg. 2001;121:374–383.

20. Jonas RA, Wypij D, Roth SJ, Bellinger DC, Visconti KJ, du Plessis AJ,
Goodkin H, Laussen PC, Farrell DM, Bartlett J, McGrath E, Rappaport
LJ, Bacha EA, Forbess JM, del Nido PJ, Mayer JE Jr, Newburger JW.
The influence of hemodilution on outcome after hypothermic cardiopul-
monary bypass: results of a randomized trial in infants. J Thorac Car-
diovasc Surg. 2003;126:1765–1774.

21. Jonas RA. Problems of deep hypothermic circulatory arrest and low-flow
perfusion. With particular reference to the paediatric population. In:

Smith P, Taylor K, eds. Cardiac Surgery and the Brain. London: Edward
Arnold; 1993:95–107.

22. Jonas RA. Neurological protection during cardiopulmonary bypass/deep
hypothermia. Pediatr Cardiol. 1998;19:321–330.

23. Newburger JW, Wypij D, Bellinger DC, du Plessis AJ, Kuban KC,
Rappaport LA, Almirall D, Wessel DL, Jonas RA, Wernovsky G. Length
of stay after infant heart surgery is related to cognitive outcome at age 8
years. J Pediatr. 2003;143:67–73.

24. Limperopoulos C, Majnemer A, Shevell MI, Rohlicek C, Rosenblatt B,
Tchervenkov C, Darwish HZ. Predictors of developmental disabilities
after open heart surgery in young children with congenital heart defects.
J Pediatr. 2002;141:51–58.

25. Ohye RG, Sleeper LA, Mahony L, Newburger JW, Pearson GD, Lu M,
Goldberg CS, Tabbutt S, Frommelt PC, Ghanayem NS, Laussen PC,
Rhodes JF, Lewis AB, Mital S, Ravishankar C, Williams IA, Dunbar-
Masterson C, Atz AM, Colan S, Minich LL, Pizarro C, Kanter KR,
Jaggers J, Jacobs JP, Krawczeski CD, Pike N, McCrindle BW, Virzi L,
Gaynor JW. Comparison of shunt types in the Norwood procedure for
single-ventricle lesions. N Engl J Med. 2010;362:1980–1992.

26. Ohye RG, Gaynor JW, Ghanayem NS, Goldberg CS, Laussen PC,
Frommelt PC, Newburger JW, Pearson GD, Tabbutt S, Wernovsky G,
Wruck LM, Atz AM, Colan SD, Jaggers J, McCrindle BW, Prakash A,
Puchalski MD, Sleeper LA, Stylianou MP, Mahony L. Design and
rationale of a randomized trial comparing the Blalock-Taussig and right
ventricle-pulmonary artery shunts in the Norwood procedure. J Thorac
Cardiovasc Surg. 2008;136:968–975.

27. Bayley N. Bayley Scales of Infant Development, Second Edition. San
Antonio, TX: The Psychological Corporation; 1993.

28. de Onis M, Garza C, Onyango AW, Borghi E. Comparison of the WHO
child growth standards and the CDC 2000 growth charts. J Nutr. 2007;
137:144–148.

29. Newburger JW, Jonas RA, Wernovsky G, Wypij D, Hickey PR, Kuban
KCK, Farrell DM, Holmes GL, Helmers SL, Constantinou J, Carrazana E,
Barlow JK, Walsh AZ, Lucius KC, Share JC, Wessel DL, Hanley FL, Mayer
JE Jr, Castaneda AR, Ware JH. A comparison of the perioperative neurologic
effects of hypothermic circulatory arrest versus low-flow cardiopulmonary
bypass in infant heart surgery. N Engl J Med. 1993;329:1057–1064.

30. Goldberg CS, Bove EL, Devaney EJ, Mollen E, Schwartz E, Tindall S,
Nowak C, Charpie J, Brown MB, Kulik TJ, Ohye RG. A randomized
clinical trial of regional cerebral perfusion versus deep hypothermic
circulatory arrest: outcomes for infants with functional single ventricle.
J Thorac Cardiovasc Surg. 2007;133:880–887.

31. Ohye RG, Goldberg CS, Donohue J, Hirsch JC, Gaies M, Jacobs ML,
Gurney JG. The quest to optimize neurodevelopmental outcomes in
neonatal arch reconstruction: the perfusion techniques we use and why we
believe in them. J Thorac Cardiovasc Surg. 2009;137:803–806.

32. Ashton DM. Elective delivery at less than 39 weeks. Curr Opin Obstet
Gynecol. 2010;22:506–510.

33. American College of Obstetricians and Gynecologists. ACOG Committee
Opinion No. 394, December 2007. Cesarean delivery on maternal request.
Obstet Gynecol. 2007;110:1501.

34. Costello JM, Polito A, Brown DW, McElrath TF, Graham DA, Thi-
agarajan RR, Bacha EA, Allan CK, Cohen JN, Laussen PC. Birth before
39 weeks’ gestation is associated with worse outcomes in neonates with
heart disease. Pediatrics. 2010;126:277–284.

35. Shillingford AJ, Ittenbach RF, Marino BS, Rychik J, Clancy RR, Spray
TL, Gaynor JW, Wernovsky G. Aortic morphometry and microcephaly in
hypoplastic left heart syndrome. Cardiol Young. 2007;17:189–195.

36. Miller SP, McQuillen PS, Hamrick S, Xu D, Glidden DV, Charlton N,
Karl T, Azakie A, Ferriero DM, Barkovich AJ, Vigneron DB. Abnormal
brain development in newborns with congenital heart disease. N Engl
J Med. 2007;357:1928–1938.

37. Vutskits L. Anesthetic-related neurotoxicity and the developing brain:
shall we change practice? Paediatr Drugs. 2012;14:13–21.

38. Stratmann G. Review article: neurotoxicity of anesthetic drugs in the
developing brain. Anesth Analg. 2011;113:1170–1179.

39. Wise-Faberowski L, Loepke A. Anesthesia during surgical repair for
congenital heart disease and the developing brain: neurotoxic or neuro-
protective? Paediatr Anaesth. 2011;21:554–559.

40. Kopp C, McCall R. Predicting later mental performance for normal, at
risk, and handicapped infants. In: Baltes P, Brim O, eds. Life-Span
Development and Behavior. New York, NY: Academic Press; 1982:
33–61.

41. McGrath E, Wypij D, Rappaport LA, Newburger JW, Bellinger DC.
Prediction of IQ and achievement at age 8 years from neurodevelop-

2090 Circulation May 1, 2012

 by guest on M
ay 19, 2018

http://circ.ahajournals.org/
D

ow
nloaded from

 

http://circ.ahajournals.org/


mental status at age 1 year in children with D-transposition of the great
arteries. Pediatrics. 2004;114:e572–e576.

42. Hack M, Taylor HG, Drotar D, Schluchter M, Cartar L, Wilson-Costello
D, Klein N, Friedman H, Mercuri-Minich N, Morrow M. Poor predictive
validity of the Bayley Scales of Infant Development for cognitive

function of extremely low birth weight children at school age. Pediatrics.
2005;116:333–341.

43. MacCobb S, Greene S, Nugent K, O’Mahony P. Measurement and pre-
diction of motor proficiency in children using Bayley Infant Scales and
the Bruininks-Oseretsky test. Phys Occup Ther Pediatr. 2005;25:59–79.

CLINICAL PERSPECTIVE
Survival to adulthood is becoming a reality for patients with hypoplastic left heart syndrome and related single right
ventricle anomalies treated with staged palliation from the Norwood operation to the Fontan procedure. We assessed
neurodevelopment at age 14 months in the 15-center, randomized Single Ventricle Reconstruction trial by using the
Psychomotor Development Index and Mental Development Index of the Bayley Scales of Infant Development-Second
Edition. We found a high prevalence of neurodevelopmental impairment in patients with hypoplastic left heart syndrome
and related single right ventricle anomalies. Lower Bayley Scales of Infant Development-Second Edition scores at age 14
months were predicted by both innate patient factors and measures of greater severity of illness. Patient factors that
portended greater risk included the presence of genetic syndromes or other anomalies, lower maternal education, and lower
birth weight. Patients with a more complicated postoperative course following the Norwood procedure also had worse
outcomes, as indicated by independent risk factors of longer postoperative mechanical ventilation or hospital stay. Between
Norwood discharge and age 12 months, a greater number of complications were also associated with worse development,
a novel finding that highlights ongoing brain vulnerability and opportunities for intervention. Neither the type of
systemic-to-pulmonary-artery shunt nor bypass-related variables were predictors of Bayley Scales of Infant Development-
Second Edition scores in multivariable analyses. Thus, patient characteristics and indices of greater severity of illness were
the factors most highly associated with later neurodevelopmental outcome. Substantial improvement in neurodevelop-
mental outcome in this vulnerable population is thus likely to require inclusion of interventions that occur outside the
operating room.
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Lu, Dianne Gallagher, Anne Devine*, Julie Schonbeck, Thomas Travison*, David F. Teitel 

 

Core Clinical Site Investigators:  Children’s Hospital Boston, Jane W. Newburger (PI), Peter 

Laussen, Pedro del Nido, Roger Breitbart, Jami Levine, Ellen McGrath, Carolyn Dunbar-

Masterson, John E. Mayer, Jr., Frank Pigula, Emile A. Bacha, Francis Fynn-Thompson; 

Children’s Hospital of New York, Wyman Lai (PI), Beth Printz*,  Daphne Hsu*, William 
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Servedio*, Rozelle Corda, Rosalind Korsin, Mary Nash; Children’s Hospital of Philadelphia, 

Victoria L. Vetter (PI), Sarah Tabbutt*, J. William Gaynor (Study Co-Chair), Chitra Ravishankar, 

Thomas Spray, Meryl Cohen, Marisa Nolan, Stephanie Piacentino, Sandra DiLullo*, Nicole 

Mirarchi; Cincinnati Children’s Medical Center, D. Woodrow Benson (PI), Catherine Dent 

Krawczeski, Lois Bogenschutz, Teresa Barnard, Michelle Hamstra, Rachel Griffiths, Kathryn 

Hogan, Steven Schwartz*, David Nelson, Pirooz Eghtesady; North Carolina Consortium: Duke 

University, East Carolina University, Wake Forest University, Page A. W. Anderson (PI) – 

deceased, Jennifer Li (PI), Wesley Covitz, Kari Crawford*, Michael Hines, James Jaggers*, 

Theodore Koutlas, Charlie Sang, Jr., Lori Jo Sutton, Mingfen Xu;  Medical University of South 

Carolina, J. Philip Saul (PI), Andrew Atz, Girish Shirali, Scott Bradley, Eric Graham, Teresa Atz, 
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Patricia Infinger; Primary Children’s Medical Center and the University of Utah, Salt Lake City, 

Utah, L. LuAnn Minich (PI), John A. Hawkins, Michael Puchalski, Richard V. Williams, Peter C. 

Kouretas,  Linda M. Lambert, Marian E. Shearrow, Jun A. Porter*; Hospital for Sick Children, 

Toronto, Brian McCrindle (PI), Joel Kirsh, Chris Caldarone, Elizabeth Radojewski, Svetlana 

Khaikin, Susan McIntyre, Nancy Slater; University of Michigan, Caren S. Goldberg (PI), Richard 

G. Ohye (Study Chair), Cheryl Nowak; Children’s Hospital of Wisconsin and Medical College of 

Wisconsin, Nancy S. Ghanayem (PI), James S. Tweddell, Kathleen A. Mussatto, Michele A. 

Frommelt, Peter C. Frommelt, Lisa Young-Borkowski. 

 

Auxiliary Sites:  Children’s Hospital Los Angeles, Alan Lewis (PI), Vaughn Starnes, Nancy Pike; 

The Congenital Heart Institute of Florida (CHIF), Jeffrey P. Jacobs, MD (PI), James A. 

Quintessenza, Paul J. Chai, David S. Cooper, J. Blaine John, James C. Huhta, Tina Merola, 

Tracey Grifith; Emory University, Kirk Kanter (PI), William Mahle, Joel Bond*,  Jeryl Huckaby; 

Nemours Cardiac Center, Christian Pizarro, Carol Prospero; Julie Simons*, Gina Baffa, 

Wolfgang A. Radtke; University of Texas Southwestern Medical Center, Ilana Zeltzer (PI), Tia 

Tortoriello*, Deborah McElroy, Deborah Town.  

 

Angiography core laboratory:  Duke University, John Rhodes, J. Curt Fudge 

 

Echocardiography core laboratories:  Children’s Hospital of Wisconsin, Peter Frommelt; 

Children’s Hospital Boston, Gerald Marx. 
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Supplemental Figure 1 
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Supplemental Figure 1 Legend 

Histogram depicting the number of subjects according to shunt type and scores on the 

Psychomotor Development Index (PDI, left panel) and Mental Development Index (MDI, right 

panel) of the Bayley Scales of Infant Development®—Second Edition.  MBTS = Modified 

Blalock-Taussig Shunt.  RVPAS = right-ventricular-to pulmonary-artery shunt. 
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Supplemental Table 1.  Candidate Variable List for Modeling of Neurodevelopmental  

Outcomes 

Site and Surgeon  

Site Surgeon Norwood volume (4 levels) 

Prenatal  

Prenatal Diagnosis Fetal intervention 

Birth  

Birth weight, g Gestational age, wk  

Birth weight <2500 g Gestational age <37 wk 

Apgar score at 1 min Birth weight percentile for gestational age 

Apgar score at 5 min Multiple birth 

Demographic  

Gender Race (white vs. black vs. other) 

SES score (U.S. Census-based) Hispanic ethnicity 

% below federal poverty level Highest maternal education level (7 levels) 

Hollingshead Score Caregiver education level (5 levels) 

Anatomy   

Hypoplastic left heart syndrome Obstructed pulmonary venous return 

Aortic atresia Ascending aorta diameter, mm  

Genetic and other anomalies  

Genetic syndrome Other anomaly 
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Genetic syndrome or anomaly  

Pre-operative   

Head circumference-for-age z-score Head circumference-for-age z-score <-1 

Highest lactate level, mmol/l  Age at Norwood admission, days 

Mechanical ventilation Cardiac catheterization intervention 

Ventilation for metabolic acidosis Cardiac surgery 

Ventilation for apnea Number of complications (linear fit) 

Ventilation for shock  Number of complications (0 vs. 1 vs. ≥2 

Ventilation for respiratory failure  Pre-operative length of stay, days 5 

Pre-Norwood intubation for shock or 

metabolic acidosis; or highest lactate 

>5 mmol/L 

 

Stage 1 Surgery  

Age at Norwood, days Alpha-stat vs. pH-stat during cooling:  

Shunt at end of operation (MBTS vs. 

RV-to-PA) 

Alpha-stat vs. pH-stat during warming 

Perfusion type (DHCA vs. RCP vs. 

DHCA/RCP)* 

Lowest neuroprotective temperature during 

cardiopulmonary bypass, °C 

Total support time, min Aprotinin 

DHCA time, min α-blockade 

RCP time, min ECMO 
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Lowest hematocrit before initiation of 

cardiopulmonary bypass, % 

 

Post Norwood  to Norwood 

hospital  discharge 

 

Open sternum Surgery requiring bypass 

CPR Number of complications 

ECMO Total duration of ventilation, days 

Cardiac catheterization intervention Post-operative length of stay, days 

Number of cardiac surgeries Shunt  at discharge (MBTS vs. RV-to-PA) 

Norwood discharge to 12 months  

Stage II hospitalization length of stay, 

days 

Number of complications 

Number of cardiac catheterization  

interventions 

 

From Norwood to 12 months   

# operations with CP bypass (linear 

fit) 

# Episodes of DHCA (linear fit) 

# operations with CP bypass (0 vs. 1 

vs. 2. vs. 3 vs. 4) 

# Episodes of DHCA (0 vs. 1 vs. 2 vs. 3) 

Cumulative interval support time Number of serious adverse events  (linear fit) 

Cumulative duration of DHCA, min Serious adverse events (0 vs. 1 vs. ≥2) 
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*DHCA classification defined as DHCA for >10 minutes.  DHCA=deep hypothermic circulatory 

arrest; RCP=regional cerebral perfusion 

 

CP=cardiopulmonary 

CPR=cardiopulmonary resuscitation 

ECMO=extracorporeal membrane oxygenation 

MBTS=modified Blalock-Taussig shunt 

RV-to-PA=right ventricle to pulmonary artery 

SES=socioeconomic 

 

Change in Growth:  Month 14 minus Pre Norwood 

Weight-for-age z-score  Head circumference-for-age z-score 

Height-for-age z-score Body mass index, kg/m2 

Change in Growth:  Month 14 minus Pre Stage II 

Weight-for-age z-score  Head circumference-for-age z-score 

Height-for-age z-score Body mass index, kg/m2 
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