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Infants less than or equal to 2.5 kg have increased
mortality andworsemotor neurodevelopmental outcomes
at 2 years of age after Norwood–Sano palliation
Konstantin Averin, MD, MSc,a Lindsay Ryerson, MD,b Morteza Hajihosseini, MSc, PhD,c

Irina A. Dinu, PhD,c Darren H. Freed, MD, PhD,d Gwen Bond, RN, MN,e Ari R. Joffe, MD,b

De Villiers Jonker, MD,d Leonora Hendson, MD, MSc,f Charlene M. T. Robertson, MD,e,g and
Joseph Atallah, MDCM, SMa
ABSTRACT

Objectives: In infants with single-ventricle congenital heart disease, prematurity
and low weight at the time of the Norwood operation are risk factors for mortality.
Reports assessing outcomes (including neurodevelopment) post Norwood pallia-
tion in infants �2.5 kg are limited.

Methods: All infants who underwent a Norwood–Sano procedure between 2004
and 2019 were identified. Infants �2.5 kg at the time of the operation (cases)
werematched 3:1 with infants>3.0 kg (comparisons) for year of surgery and cardiac
diagnosis. Demographic and perioperative characteristics, survival, and functional
and neurodevelopmental outcomes were compared.

Results: Twenty-seven cases (mean � standard deviation: weight 2.2 � 0.3 kg and
age 15.6 � 14.1 days at surgery) and 81 comparisons (3.5 � 0.4 kg and age 10.9 �
7.9 days at surgery) were identified. Post-Norwood, cases had a longer time to
lactate �2 mmol/L (33.1 � 27.5 vs 17.9 � 12.2 hours, P< .001), longer duration of
ventilation (30.5 � 24.5 vs 18.6 � 17.5 days, P ¼ .005), greater need for dialysis
(48.1% vs 19.8%, P ¼ .007), and greater need for extracorporeal membrane
oxygenation support (29.6% vs 12.3%, P ¼ .004). Cases had significantly greater
postoperative (in-hospital) (25.9% vs 1.2%, P < .001) and 2-year (59.2% vs
11.1%, P< .001) mortality. Neurodevelopmental assessment showed the following
for cases versus comparisons, respectively: cognitive delay (18.2% vs 7.9%,
P ¼ .272), language delay (18.2% vs 11.1%, P ¼ .505), and motor delay (27.3% vs
14.3%, P ¼ .013).

Conclusions: Infants �2.5 kg at Norwood–Sano palliation have significantly
increased postoperative morbidity and mortality up to 2-year follow-up. Neurode-
velopmental motor outcomes were worse in these infants. Additional studies are
warranted to assess the outcome of alternative medical and interventional treat-
ment plans in this patient population. (JTCVS Open 2023;14:417-25)
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Infants �2.5 kg at Norwood–
Sano palliation have significantly
increased postoperative
morbidity and mortality and
worse neurodevelopmental
scores up to 2-year follow-up.
PERSPECTIVE
Infants �2.5 kg with single-ventricle congenital
heart disease requiring Norwood-type palliation
represent one of the greatest-risk patient popula-
tions. Given the high mortality and morbidity
associated with early Norwood–Sano palliation,
alternative palliative strategies should be consid-
ered to improve outcomes.
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Abbreviations and Acronyms
Bayley-III ¼ Bayley Scales of Infant and Toddler

Development III
BCPA ¼ bidirectional cavopulmonary

anastomosis
LWB ¼ low birth weight
RV ¼ right ventricle
SV-CHD ¼ single-ventricle congenital heart

disease

Congenital: Norwood Averin et al
Survival after repair of congenital heart defects has
improved significantly over the last few decades.1,2 Prema-
turity and low birth weight (LBW, typically defined
as �2.5 kg) at time of definitive repair or initial palliation
may predispose infants to greater postoperative morbidity
and mortality.3-6 In addition, both prematurity and LBW
are known risk factors for worse neurodevelopmental
outcomes in those with7-10 and without11,12 congenital heart
disease. Infants who are born premature and/or with LBW
with single-ventricle congenital heart disease (SV-CHD)
undergoing Norwood palliation are arguably the greatest-
risk cohort for adverse outcomes, including morbidity, mor-
tality, and significant developmental delay.13-15 To date,
studies assessing perioperative and long-term outcomes of
Norwood palliation in infants �2.5 kg have been limited
by confounding factors and have generally not assessed dif-
ferences in neurodevelopmental outcomes. The primary
outcome of our study was to compare transplant-free sur-
vival to hospital discharge of infants �2.5 kg compared
with infants>3.0 kg at the time of the Norwood operation
using a matched case–comparison study design. Secondary
outcomes included comparison of morbidity and periopera-
tive outcomes post-Norwood and bidirectional cavopulmo-
nary anastomosis (BCPA); transplant-free survival to BCPA
and Fontan; and neurodevelopmental outcomes at 20 to
24 months.
METHODS
Patients

All infants who underwent the Norwood–Sano procedure between 2004

and 2019 at the Stollery Children’s Hospital in Edmonton, Alberta, Canada

were identified. The Stollery is the mainWestern Canadian surgical referral

program. All infants were followed by the Western Canadian Complex

Pediatric Therapies Follow-up Program, and none were lost to follow-up.

Details of the program’s methodology and database created from prospec-

tive data collection have been previously published.16,17 Informed written

consent was attained from the patient’s parents or legal guardian. Approval

for this study was obtained from each institution’s ethics board (University

of Alberta Institutional Review Board Approval Number Pro00001030,

September 1, 2022).

All infantswere intended toundergo3-stage surgical palliationwith aNor-

wood procedure, a BCPA, and a Fontan procedure, performed at the Stollery

Children’s Hospital. For the Norwood procedure, a right ventricle (RV)-to-

pulmonary artery shunt has been the institutional preference for all patients
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since2002.14All caseswere discussedat combined cardiosurgical conference

before surgical planning, as per the institution and program standards. Timing

for each surgery was guided by published clinical standards and the patient’s

clinical status. Our institution’s historical approach has been to complete the

Norwood operation at a patient weight of�2.5 kg; however, this is performed

at a smaller weight if clinically indicated in cases in which there is consider-

able pulmonary over circulation and inadequate systemic blood flow or pul-

monary congestion due to a restrictive atrial septum.

Chromosomal abnormalities were identified with laboratory testing us-

ing G-banding karyotype, molecular analysis for 22q deletion, and micro-

array. Infants weighing �2.5 kg at the time of the Norwood operation

(cases) were matched 3:1 with infants weighing>3.0 kg (comparisons)

for year of surgery and cardiac diagnosis. During the study period, 189 pa-

tients underwent the Norwood operation with a weight at surgery of 2.5 to

3.0 kg. These patients were excluded from this analysis to facilitate case-

matching and to isolate the impact of low surgical weight as an outcome.

Demographic and perioperative characteristics, survival, functional, and

neurodevelopmental outcomes were compared.
Developmental Assessment
Birth and 2-year somatic data (head circumference and length and

weight z scores) were collected at routine follow-up. The Blishen index

was used to assess socioeconomic status with maternal education deter-

mined by years of schooling.18 Bayley Scales of Infant and Toddler Devel-

opment III (Bayley-III), administered by or under the supervision of

certified pediatric psychologists, were used to assess 2-year cognitive, lan-

guage, and motor neurodevelopmental outcomes, with delay defined as a

score of<70. The methodology of this program has been previously pub-

lished.16,19 The Bayley-III is a standardized, validated, and widely

accepted tool used in follow-up clinics to measure domains of infant and

toddler development by comparing individual scores to predetermined

US normative age-matched values (population norm score of mean � 1

standard deviation is 100 � 15). For infants born prematurely<37 weeks

of gestation, corrected gestational age was used up to 2 years, as per stan-

dard recommendations. The results of a parent-completed questionnaire,

the General Adaptive Composite from the Adaptive-Behavioral Assess-

ment System, second edition, were used to assess functional outcomes.20,21

Variables and Outcomes
Collected data included baseline demographics, perinatal, perioperative

(Norwood, BCPA and Fontan), and cumulative variables for post-Norwood

and post-BCPA (eg, overall hospitalization days, overall ventilations days,

sepsis). As previously reported, sepsis was defined as a positive blood cul-

ture that was treated for at least 5 days with intravenous antibiotics.22 All

variables examined in this study are included in Table 1. Inotrope scores

were calculated using the modified inotrope score formula.23 Cardiac

and noncardiac hospitalization, the use of cardiac and pulmonary medica-

tions, as well as the number of noncardiac medical specialists being seen

were ascertained at the time of the follow-up. The hospitalizations included

all admissions to any hospital between discharge from the initial hospital-

ization and the time of the neurodevelopmental assessment at 20 to

24 months of age. The medications included those being regularly taken

at the time of the follow-up assessment. The number of specialists included

those giving care at the time of the assessment. Outcome variables included

postoperative and overall survival, and neurodevelopmental and functional

outcomes.Mortality was ascertained by direct contact with the families and

primary physician. Postoperative deaths were defined as within 30 days af-

ter surgery or before hospital discharge.

Statistical Analysis
Demographic and perioperative variables for infants undergoing BCPA

and Norwood procedures and 2-year outcomes after early palliative cardiac

surgery were compared between cases and comparison groups using
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conditional logistic regression. Unadjusted Kaplan–Meier curves were

generated to compare the survival of BCPA and survival of 2-years of

age between cases and comparisons followed by a log-rank test to compare

the difference in the survival between the 2 groups. For survival to BCPA,

person-months were calculated as difference between age at first surgery

and death (before BCPA), BCPA, or loss to follow-up, whichever occurred

first. For 2-year survival, person-months were calculated from age at first

surgery to death within 2 years, loss to follow-up, or end of study, which-

ever occurred first. In addition, we used stratified Cox proportional hazard

regression model to estimate the hazard ratios (95% confidence intervals)

between the 2 groups for BCPA and for 2-year survival. Data analyses were

performed using R, version 4.0.4 (R Foundation for Statistical Computing).
RESULTS
A total of 27 cases (�2.5 kg at the time of the Norwood)

were matched with 81 comparisons (>3.0 kg at the time of
the Norwood). The detailed demographic and perioperative
variables of the 2 groups are summarized in Table 1 (Nor-
wood procedure) and Table 2 (BCPA procedure). In the
entire cohort, 64 infants (59%) had hypoplastic left heart
syndrome (16 cases, 53 comparisons). The remainder of
the cases included 5 double-outlet right ventricle, 2 unbal-
anced atrioventricular septal defects, 2 critical aortic steno-
sis, and 2 double-inlet left ventricle. The remainder of the
comparisons included 7 double-outlet right ventricle and
1 with a hypoplastic RV, 5 unbalanced atrioventricular
septal defects, 5 critical aortic stenosis, 4 double-inlet left
ventricle, 3 tricuspid atresia, 2 isomerismwith a hypoplastic
ventricle, and one each for transposition of the great arteries
with a hypoplastic RV and corrected transposition of the
great arteries with a hypoplastic RV. Overall, 93% of cases
and 86% of comparisons had a dominant right ventricle.
There was no baseline difference between the 2 groups,
including the presence of a chromosomal abnormality or
prenatal diagnosis. At the time of Norwood surgery, cases
were older (15.6 � 14.1 vs 10.9 � 7.9 days, P ¼ .030)
and, as expected, weighed less (2.2 � 0.25 vs
3.5� 0.36 kg, P<.001) than comparisons. Surgical charac-
teristics, including cardiopulmonary bypass, antegrade ce-
rebral perfusion, and deep hypothermic circulatory arrest
time, were not different between the 2 groups.

In the post-Norwood period, cases were sicker than com-
parisons, with a greater peak serum lactate (8.4 � 3.2 vs
6.6 � 3.0 mmol/L, P ¼ .007), greater time to lactate
�2.0 mmol/L (33.1 � 27.5 vs 17.9 � 12.2 hours,
P < .001), longer ventilation time (30.5 � 24.5 vs
18.6 � 17.5 days, P ¼ .005), more frequent use of dialysis
(48.1 vs 19.8%, P ¼ .007), and greater need for cardiopul-
monary resuscitation (29.6 vs 9.9%, P ¼ .018) and extra-
corporeal membrane oxygenation (40.7 vs 12.3%,
P ¼ .004). The overall hospitalization duration was not
different between the 2 groups. At the time of stage 2 palli-
ation, cases had a lower operative weight and a longer post-
operative ventilation duration but otherwise had a similar
postoperative course to comparisons (Table 2).
Survival
Of 108 total infants who underwent Norwood–Sano

palliation, 8 died (7%) in-hospital during the postoperative
period, with an additional 10 dying before stage 2 palliation
(overall interstage mortality 16.7%). Total interstage mor-
tality was significantly greater in cases (41%) compared
with controls (9%), with a hazard ratio of 26.1 (95% con-
fidence interval, 3.3-206.0, P ¼ .002). At 2-year follow-up,
the mortality difference was 16 total deaths among cases
(59%) and 9 among the comparison group (11%).
Kaplan–Meier survival curves are shown in Figures 1-3.
There were no additional deaths to stage 3 (Fontan)
completion, with an overall survival to Fontan completion
of 77% (41% for cases vs 89% for the comparison group).
Clinical and Neurodevelopmental/Functional
Outcomes
Clinical and neurodevelopmental/functional outcomes

are summarized in Table 3. A total of 11 cases and 63 com-
parison infants underwent assessment at 2 years. Cases had
lower length z scores (–2.4� 1.2 vs�0.81� 1.3, P<.001),
weight z scores (–2.2� 0.99 vs –0.52� 1.23, P<.001), and
lower motor score (73.6 � 10.5 vs 87.3 � 17.2, P ¼ .013)
compared with the comparison group. There was no statis-
tically significant difference in cognitive, language, and
functional scores or the presence of disability.
DISCUSSION
In this single-center case–comparison study, we sought to

compare morbidity and mortality between infants with SV-
CHD who were�2.5 kg (cases) and>3.0 kg (comparisons)
at the time of Norwood–Sano palliation. We found that
cases had significantly greater interstage and 2-year mortal-
ity. Furthermore, we found that cases were significantly
sicker in the post-Norwood period, with higher lactates,
longer ventilation times, more need for dialysis, and more
frequent need for cardiopulmonary resuscitation and extra-
corporeal membrane oxygenation. Cases also had worse
motor neurodevelopmental outcomes at 2-year assessment.
Our study is the first to compare the impact of patient size
on mortality, morbidity, and medium-term neurodevelop-
mental outcomes after Norwood palliation using a case–
comparison approach.
Despite improvements in operative and perioperative

care, neonates born with LBW and/or premature with
various forms of CHD undergoing congenital heart surgery
have a greater risk of mortality and morbidity.3,24-26 The
overall early mortality has been reported to be as high as
15%, but these studies report on heterogeneous groups of
congenital heart defects with a wide range of complexity,
and it is likely that the impact of LBW on outcomes is
more pronounced in more complex forms of CHD.
Indeed, in the largest analysis assessing the impact of
JTCVS Open c Volume 14, Number C 419



TABLE 1. Demographic and perioperative variables for patients undergoing Norwood procedure

Variables Cases, �2.5 kg (n ¼ 27) Comparisons,>3 kg (n ¼ 81) P value*

Demographics

Gestational age, wk 35.8 (2.1) 39.2 (1.2) <.001

Birth weight, g 2179.4 (327) 3481.2 (327) <.001

Small for GA 8 (29.6%) 3 (3.7%) .002

Birth weight, z score –0.977 (0.882) 0.228 (0.8) <.001

Birth length, z score –0.699 (1.23) 0.46 (0.61) <.001

Birth head circumference, z score –0.708 (1) 0.239 (0.913) <.001

Male sex 15 (55.6%) 56 (69.1%) .214

Chromosomal abnormality 2 (7.4%) 10 (12.3%) .485

Prenatal diagnosis 24 (88.9%) 61 (75.3%) .141

Preoperative

Highest serum lactate, mmol/L 3.5 (1.7) 2.9 (1.8) .103

Lowest arterial pH 7.24 (1.09) 7.31 (0.08) .001

Lowest PaO2 33.8 (7.5) 39.2 (8.5) .004

Lowest base deficit, mmol/L –5.39 (3.4) –3.87 (3.8) .042

Highest inotrope score 4.9 (6.1) 5.7 (9.5) .678

Ventilation time, d 9.9 (10.8) 6.1 (8.2) .024

CPR 0 0

ECMO 0 0

Operative

Age at surgery, d 15.6 (14.1) 10.9 (7.9) .030

Age at surgery>14 d 11 (40.7%) 14 (17.3%) .014

Weight, kg 2.2 (0.25) 3.5 (0.36) <.001

Year of surgery 2011.6 (4.5) 2011.0 (4.7) .067

CPB, min 140.7 (65.6) 121.3 (42.3) .068

ACP, min 54.8 (28.9) 50.8 (23.2) .459

DHCA, min 18.7 (14.2) 15.9 (13.1) .398

Postoperative day 1

Highest serum lactate, mmol/L 8.4 (3.2) 6.6 (3) .007

Lactate time to<2 mmol/L, h 33.1 (27.5) 17.9 (12.2) <.001

Lowest arterial pH 7.23 (0.12) 7.27 (0.09) .056

Lowest PaO2 35.3 (5.6) 34.3 (5.2) .407

Lowest base deficit, mmol/L –6.56 (6.4) –3.18 (4.7) .005

Highest inotrope score 15.3 (14.9) 11.6 (6.8) .077

Postoperative days 2-5

Highest serum lactate, mmol/L 5.5 (4.4) 3.2 (2.5) <.001

Lowest arterial pH 7.25 (0.09) 7.31 (0.07) <.001

Lowest PaO2 38.5 (16.2) 37.5 (15.7) .781

Lowest base deficit, mmol/L –5.61 (6.35) –1.33 (5.27) .001

Highest inotrope score 11.5 (10.5) 8.8 (5.8) .098

Postoperative days 1-30

Ventilation time, d 19.1 (22.8) 12.1 (13) .049

ICU stay, d 31.4 (23.2) 29.8 (58.0) .883

Open sternum, d 9 (6.9) 5 (3) <.001

Convulsion (patients) 2 (7.4%) 2 (2.5%) .272

CPR (patients) 8 (29.6%) 8 (9.9%) .018

ECMO (patients) 11 (40.7%) 10 (12.3%) .004

Overall hospitalization

Ventilation time, d 30.5 (24.5) 18.6 (17.5) .005

Hospitalization, d 53.3 (48.9) 48.5 (63.5) .721

Convulsion (patients) 3 (11.1%) 3 (3.7%) .178

CPR (patients) 8 (29.6%) 8 (9.9%) .018

Dialysis (patients) 13 (48.1%) 16 (19.8%) .007

Sepsis (patients) 9 (33.3%) 22 (27.2%) .523

P values in bold are statistically significant. GA, Gestational age; PaO2, arterial oxygen tension; CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygen-

ation;CPB, cardiopulmonary bypass;ACP, antegrade cerebral perfusion;DHCA, deep hypothermic circulatory arrest; ICU, intensive care unit. *P values<.001 remain significant

after multiple comparison adjustment.
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TABLE 2. Demographic and perioperative variables for patients undergoing a BCPA procedure

Variables Cases, �2.5 kg (n ¼ 13) Comparisons,>3 kg (n ¼ 70) P value*

Operative

Age at surgery, mo 6.8 (2.5) 5.4 (1.4) .006

Weight at surgery, kg 5.2 (0.63) 6.3 (1.1) <.001

CPB, min 84.9 (60.9) 68.4 (34.4) .171

Postoperative day 1

Highest serum lactate, mmol/L 2.7 (2.4) 2.1 (1.5) .04

Lowest arterial pH 7.26 (0.08) 7.28 (0.05) .152

Lowest PaO2 42.6 (5.6) 40.1 (5.4) .132

Highest serum creatinine, mmol/L 40.1 (5.4) 40.3 (11.9) .839

Postoperative days 1-30

Ventilation time, d 4.7 (6.6) 2.2 (2.9) .035

ICU, d 9.3 (9.3) 6.2 (9.3) .27

CPR (patients) 2 (15.4%) 0 -

ECMO 2 (15.4%) 1 (1.4%) -

All hospital days 43.3 (69.4) 21.3 (36.9) .096

P values in bold are statistically significant. CPB, Cardiopulmonary bypass; PaO2, arterial oxygen tension; ICU, intensive care unit; CPR, cardiopulmonary resuscitation; ECMO,

extracorporeal membrane oxygenation; BCPA, bidirectional cavopulmonary anastomosis. *P values< .001 remain significant after multiple comparison adjustment.

Averin et al Congenital: Norwood
operative weight (<2.5 kg vs 2.5-4.0 kg) on surgical
outcomes using the Society of Thoracic Surgeons
Congenital Heart Surgery Database, Curzon and
colleagues reported that mortality for patients undergoing
repair of total anomalous pulmonary venous connection
was 29.2 versus 9.9%, whereas for coarctation of the
aorta it was 7.1 versus 2.7%.

Infants with SV-CHD undergoing Norwood–Sano pallia-
tion are arguably among the greatest risk for adverse out-
comes. There is conflicting data regarding mortality after
the Norwood operation performed in infants
weighing �2.5 kg. Curzon and colleagues3 reported a mor-
tality rate of 30% for infants weighing �2.5 kg, whereas
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earlier reports suggested an even greater mortality
rate.3,27-29 More recently, Kalfa and colleagues30 reported
a much lower single-center hospital mortality of 10.7% in
28 infants �2.5 kg undergoing Norwood palliation while
also commenting that LBW (as a continuous variable) was
associated with a greater risk of early mortality. Alsoufi
and colleagues15,31 identified lower weight at time of Nor-
wood operation as a risk factor for interstage mortality,
and infants with a weight<2.5 kg had high mortality out
to second-stage BCPA palliation. Using a case–
comparison approach, our data seem to support that aweight
of�2.5 kg at the time of the Norwood operation predisposes
infants to greater mortality in the short and medium term.
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TABLE 3. Comparison of 2-year outcomes after early palliative cardiac surgery in relation to body weight at surgery

Variables Cases, �2.5 kg (n ¼ 11) Comparisons,>3 kg (n ¼ 63) P value*

Demographic

Blishen index of socioeconomic status 41.7 (9.8) 44.9 (13.1) .316

Mother’s years of schooling 12.9 (1.8) 14 (2.2) .127

Assessment age, mo 23.4 (6.6) 22.1 (3.6) .406

Disability

Motor, cerebral palsy 1 (9.1%) 7 (11.1%) .809

Visual impairment 0 1

Permanent hearing loss 2 (18.2%) 4 (6.3%) .804

Convulsive disorder 1 0

Growth

Length, z score –2.4 (1.2) –0.81 (1.3) <.001

Weight, z score –2.2 (0.99) –0.52 (1.23) <.001

Head circumference, z score –0.77 (1.9) –0.14 (1.57) .093

Health

Hospitalizations–not cardiac reasons 1.8 (3.4) 0.95 (1.5) .161

Hospitalizations–cardiac reasons 1.7 (1.6) 1 (1) .055

Medical specialists–noncardiology 3.6 (2.5) 2.3 (1.9) .057

Gastrostomy–before age 2 y 5 (45.5%) 22 (34.9%) .688

Pulmonary medications at age 2 y 1 (9.1%) 4 (6.3%) .529

Cardiac medications at age 2 y 10 (90.9%) 59 (93.7%) .918

Neurodevelopmental and functional test results

Cognitive standard score 86.9 (13.3) 91 (13.9) .363

Cognitive<70 2 (18.2%) 5 (7.9%) .272

Language standard score 84.9 (14.2) 88.2 (14.7) .494

Language<70 2 (18.2%) 7 (11.1%) .505

Motor standard score 73.6 (10.5) 87.3 (17.2) .013

Motor<70 3 (27.3%) 9 (14.3%) .099

ABAS-GAC Composite 78.7 (17.2) 85.9 (17.9) .218

ABAS-GAC,<70 4 (36.4%) 10 (15.9%) .243

P values in bold are statistically significant. ABAS-GAC, Adaptive Behavior Assessment System-General Adaptive Composite. *P values<.001 remain significant after multiple

comparison adjustment.

Averin et al Congenital: Norwood
In our study, cases had significantly greater morbidity in
the postoperative period, but this was not clearly explained
by differences in intraoperative parameters (ie, cardiopul-
monary bypass, deep hypothermic circulatory arrest, and
antegrade cerebral circulation) or patient-specific factors
other than operativeweight (ie, chromosomal abnormalities
or need for inotropic support) between the 2 groups. This
greater incidence of postoperative morbidity in infants
�2.5 kg undergoing single-ventricle palliation has been
previously demonstrated and may be related to prematurity
and its sequalae.31

Multiple studies have demonstrated that neurodevelop-
mental outcomes are abnormal in a portion of patients
with single-ventricle physiology who have undergone palli-
ation to a Fontan circulation.14,19,32 Our report is the first to
systematically assess the impact of patient weight at time of
operation on medium-term neurodevelopmental and func-
tional outcomes. We found that cases had worse 2-year mo-
tor neurodevelopmental scores but not cognitive, language,
and functional scores. When assessing 6-year
neurodevelopmental outcomes in children with hypoplastic
left heart syndrome, Sananes and colleagues32 reported that
many children who exhibit deficits at 6 years were not iden-
tified based on assessments at an earlier age. The high mor-
tality rate and the small number of cases in our series may
have led to under-recognition of suboptimal neurodevelop-
mental outcomes.
In an analysis of the single-ventricle reconstruction

trial, Newburger and colleagues33 identified innate patient
factors (including birth weight <2.5 kg) and overall
morbidity in the first year of life as primary drivers of neu-
rodevelopmental impairment. There is also evidence that
infants with CHD have ongoing brain maturation after
birth.34 Although our data do not identify the exact con-
tributors to neurodevelopmental delays experienced by in-
fants undergoing Norwood palliation, it does stand to
reason that optimization of postoperative hemodynamics
could allow for better brain maturation and potentially
improved longer term neurodevelopmental outcomes.
These results may also raise intrigue about the longer-
JTCVS Open c Volume 14, Number C 423
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term neurodevelopmental and cognitive outcomes of cases
and controls. However, neurodevelopmental measures
such as the Bayley-III scores are, in general, not shown
to have a reliable correlation with cognitive IQ scores at
an older age and are therefore not used to predict long-
term outcomes.

These data can help to inform family counseling and pre-
natal decision-making with regards to continuation of preg-
nancy and postnatal treatment strategies. It is still unclear
what the best approach to management of patients with
LBW and SV-CHD is, with both primary repair (ie, Nor-
wood palliation) and less-invasive strategies (ie, hybrid/
modified hybrid) involving different risks. Recent published
data suggest that short-term outcomes in high-risk neonates
requiring Norwood palliation may be better using the
hybrid approach as a bridge to delayed Norwood palliation
or comprehensive stage II; however, the impact on longer-
term survival and neurodevelopmental outcomes remains
unknown.35 Based partially on the data presented here,
our center’s practice has shifted with a bias toward hybrid
palliation rather than early Norwood. Further research is
needed to define optimal early management strategies that
will result in the best long-term survival and neurodevelop-
mental outcomes.
Limitations
The results of this study are limited by its nonrandomized

design and use of patients from a single surgical center.
However, a matched design was used to mitigate certain
confounders. The number of cases in this report is small,
limiting the statistical power to detect small differences.
The neurodevelopmental follow-up was limited to a single
assessment, so it is possible with longer-term follow-up,
further evidence of neurodevelopmental delays would be
detected.
CONCLUSIONS
Infants �2.5 kg with SV-CHD undergoing Norwood–

Sano palliation have greater mortality, post-Norwood
morbidity, and worse motor outcomes compared with in-
fants>3.0 kg. Further research should focus on the impact
of weight on longer-term neurodevelopmental outcomes
and whether alternative approaches to the Norwood proced-
ure provide a survival and neurodevelopmental benefit.
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