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Background-—Management of patients with hypoplastic left heart syndrome has benefited from advancements in medical and
surgical care. Outcomes have improved, although survival and long-term functional and cognitive deficits remain a concern.

Methods and Results-—This is a cohort study of all consecutive patients with hypoplastic left heart syndrome undergoing surgical
palliation at a single center. We aimed to examine demographic and perioperative factors from each surgical stage for their
association with survival and neurocognitive outcomes. A total of 117 consecutive patients from 1996 to 2010 underwent surgical
palliation. Seventy patients (60%) survived to the Fontan stage and 68 patients (58%) survived to undergo neurocognitive
assessment at a mean (SD) age of 56.6 months (6.4 months). Full-scale, performance, and verbal intelligence quotient, as well as
visual-motor integration mean (SD) scores were 86.7 (16.1), 86.3 (15.8), 88.8 (17.2), and 83.2 (14.8), respectively. On multivariable
analysis, older age at Fontan, sepsis peri-Norwood, lowest arterial partial pressure of oxygen postbidirectional cavopulmonary
anastomosis, and presence of neuromotor disability pre-Fontan were strongly associated with lower scores for all intelligence
quotient domains. Older age at Fontan and sepsis peri-Norwood remained associated with lower scores for all intelligence quotient
domains in a subgroup analysis excluding patients with disability pre-Fontan or with chromosomal abnormalities.

Conclusions-—Older age at Fontan and sepsis are among independent predictors of poor neurocognitive outcomes for patients
with hypoplastic left heart syndrome. Further studies are required to identify the appropriate age range for Fontan
completion, balancing a lower risk of acute and long-term hemodynamic complications while optimizing long-term neurocognitive
outcomes. ( J Am Heart Assoc. 2020;9:e013632. DOI: 10.1161/JAHA.119.013632.)
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T he care of patients with hypoplastic left heart syndrome
(HLHS) has experienced further improvements in med-

ical and surgical care over the past decade. However, refining

the management of such complex patients is an ongoing
challenge, aimed at further improving survival and functional
long-term outcomes. There have been several single and
multicenter investigations on the outcome of patients with a
single ventricle. Recent publications reporting predominantly
on patients with HLHS have helped identify many of the
outcomes and associated risk factors across the different
stages of surgical palliation.1–6

Neurodevelopmental and neurocognitive outcomes for
patients with HLHS after the Fontan palliation have also been
reported in several studies.7–14 Some of these studies were
limited by a small study cohort,9–11 while others included only
a limited number of clinical variables.7,8 Of the studies that
have reported on predictors of cognitive outcomes, the
variables analyzed included mainly Norwood perioperative
variables and a limited number of variables from the
bidirectional cavopulmonary anastomosis (BCPA) and Fontan
procedures. We previously reported on the survival and 2-year
neurodevelopmental outcomes of a large Western Canadian
cohort.15 In this study, we report on the 4- to 6-year outcomes
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of a large consecutive cohort of patients with classic HLHS
having completed the 3-stage surgical palliation. We aimed to
examine the impact of surgical timing and detailed perioper-
ative factors, for all 3 palliative procedures, on long-term
survival, neurocognitive, and functional outcomes.

Methods
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

This cohort study included all consecutive patients with
HLHS who underwent surgical palliation between September
1996 and March 2010 at the Stollery Children’s Hospital in
Edmonton, Alberta, Canada. Patients with other forms of
congenital heart disease such as an atrioventricular septal
defect or isomerism and a hypoplastic left heart were
excluded. The Stollery is the main Western Canadian surgical
referral program. All patients were followed by the Western
Canadian Complex Pediatric Therapies Follow-up Program
(CPTFP) 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

Consents were attained from the patient’s parents or legal
guardian. Approval for this study was obtained from each
institution’s ethics board.

All patients were intended to undergo 3-stage surgical
palliation with a Norwood procedure, a BCPA, and a Fontan
procedure, performed at the Stollery Children’s Hospital. For
the Norwood procedure, a modified Blalock-Taussig shunt was
used before September 2002, subsequently predominantly
replaced by the right ventricle to pulmonary artery shunt, as

previously reported.15 The Fontan operation included the
lateral tunnel, intra-extra cardiac, and preferentially extra-
cardiac conduit technique. All cases were discussed at a
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. For the Fontan, the preference was to
perform the procedure in patients older than 18 months of
age and preferably >12 kg in weight. Patients who underwent
cardiac transplantation were excluded from this study.
Patients with a chromosomal abnormality or chronic neuro-
motor or neurosensory disability were not excluded from this
study. Chromosomal abnormalities were identified with lab-
oratory testing using G-banding karyotype and molecular
analysis for 22q deletion.

Early Childhood Assessments
Assessments were performed by a multidisciplinary team in
patients between 48 and 72 months of age, at least 6 to
8 months post-Fontan, in the dedicated Western Canadian
CPTFP clinics. The Blishen index of occupational status is
based on employment of the main wage earner of each family
and was used to reflect socioeconomic status (population:
mean, 43; SD, 13).18 Maternal education was indicated by
years of schooling. Outcome measures were assessed in
patients between 48 and 72 months of age and included
physical growth and testing of neurocognition and adaptive
functioning.19 Experienced pediatric psychologists assessed
cognitive ability and visual motor skills using current age-
appropriate standardized measures, including the Wechsler
Preschool and Primary Scales of Intelligence (third edition) and
the Beery-Buktenica Developmental Test of Visual-Motor
Integration (fifth edition).20,21 Collected data included the
US-normed full-scale intelligence quotient (FSIQ), performance
intelligence quotient (PIQ), verbal intelligence quotient (VIQ),
and visual-motor integration (VMI). The population norm score
(SD) was 100 (15) for each scale. Deidentified data were sent
to the central site and all assessment scores and calculations
from raw data were verified for accuracy by one of the
investigators. Pediatricians experienced in neurodevelopmen-
tal follow-up examined each child for evidence of chronic
neuromotor disability22 or visual impairment, defined as
corrected visual acuity in the better eye of <20/60. Sen-
sorineural hearing impairment was defined as responses in the
better ear of >25 dB at any frequency from 250 to 4000 Hz.17

To measure the patients’ functional and adaptive abilities,
parents or legal guardians were asked to complete the Adaptive
Behavior Assessment System—second edition (ABAS) (ages 0–
5 years) parent report form at the time of routine assessment.23

This comprehensive normative assessment evaluates realistic,
independent behaviors of patients and the effectiveness of

Clinical Perspective

What Is New?

• Patients with hypoplastic left heart syndrome undergoing
3-stage single ventricle palliation are at risk for significant
neurocognitive deficits and risk factors include older age at
Fontan, sepsis, and hypoxemia.

What Are the Clinical Implications?

• Older age at Fontan may offer hemodynamic benefits but its
possible association with worse neurocognitive outcomes is
a novel finding that should be further investigated.

• The evolving care of patients with single ventricle undergoing
staged surgical palliation, as well as ongoing clinical research
in this patient population, should cogitate on the effect of
age at surgery on both hemodynamic and neurocognitive
outcomes, the importance of further decreasing the risk of
infection and sepsis, and the impact of perioperative and
more importantly interoperative hypoxemia.
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interaction with others, while including consideration of com-
munity contexts. The measure includes 4 domains: conceptual
(communication, functional pre-academics, and self-direction),
practical (home living, health and safety, community use, and
self-care), social (leisure andsocial), andoverall general adaptive
composite (GAC), which includes the aforementioned3 domains
as well as motor skills. The ABAS-GAC age-based population
score has a mean (SD) of 100 (15).

Variables and Outcomes
Collected data included baseline demographics, perinatal,
perioperative (Norwood, BCPA, and Fontan), and cumulative
variables (eg, overall hospitalization days, overall ventilations
days, sepsis). As previously reported, sepsis was defined as a
positive blood culture that was treated for at least 5 days with
intravenous antibiotics.24 Potential skin contaminants in the
blood culture (coagulase-negative staphylococci, Aerococcus
spp, Micrococcus spp, Corynebacterium spp, Propionibac-
terium spp, viridians group streptococci, or Bacillus spp [not
Bacillus anthracis])25 required 2 positive blood cultures or 1
positive blood culture associated with fever or hypothermia,
abnormal white blood cell count, and increase in inotrope
score on the day of the culture. The patients with potential
skin contaminants in the blood culture were identified as
those with a Gram-positive organism grown from the culture.
All of these patients had their charts reviewed to confirm the
above criteria. All variables examined in this study are
included in Table 1. Inotrope scores were calculated using the
modified inotrope score formula.26 Cardiac and noncardiac
hospitalization, the use of cardiac and pulmonary medica-
tions, and the number of noncardiac medical specialists being
seen were ascertained at the time of the follow-up. The
cardiac and non-cardiac hospitalizations included all admis-
sions to any hospital between the time of the neurodevelop-
mental assessment at 20 to 24 months and the
neurocognitive assessment at 48 to 72 months of age.
Medications included those being regularly taken at the time
of the follow-up assessment, and the specialists included
those seen since the Fontan or anticipated to be seen in the
near future. Outcome variables included postoperative and
overall survival, neurocognitive outcomes (FSIQ, PIQ, VIQ),
and VMI and GAC scores. Mortality was ascertained by direct
contact with the families and primary physician. Postoperative
deaths were defined as within 30 days after surgery or before
hospital discharge.

Statistical Analysis
Continuous variables were analyzed for the normality of their
distribution and are presented as means with SDs or medians
with interquartile range (IQR) if non-normally distributed. The
Wilcoxon rank sum test was used for non-normally distributed

data. Categorical variables are presented as numbers with
percentages.

Univariate logistic regression was used to screen for
independent variables associated with survival post-Norwood.
Multivariable linear regression was used to evaluate for
independent variables associated with FSIQ, PIQ, VIQ, VMI,
and GAC. The presence of a Fontan fenestration, surgical era,
and the Blishen score were forced into all models as
determined a priori. A multivariable linear regression model
was also used to evaluate for independent variables associ-
ated with age at Fontan. The FSIQ, PIQ, and VIQ models
included noncorrelated variables that met the P<0.10 criteria
for all 3 domains of FSIQ, PIQ, and VIQ, on the corresponding
univariate analysis. Models for VMI, GAC, and Fontan age
were assessed separately but also included noncorrelated
variables with a P<0.10 on the corresponding univariate
analysis. When collinearity was identified between 2 variables,
the more clinically applicable variable was chosen (eg, lactate
instead of base excess). For variables that were measured at
more than one point in time, eg, lactate on postoperative day
1 and postoperative days 2 to 5, chronological priority was
applied, and the day 1 variable was used if both were
statistically significant on univariate analysis. For variables
represented as a component as well as an overall variable (eg,
“pre-Norwood ventilation” and “Norwood overall ventilation,”
which included preoperative and postoperative ventilation, or
“intensive care unit length of stay” and “overall hospitaliza-
tion”), the component variable was included in the model
instead of the overall variable, whenever the component
variable was statistically significant.

For each model, the variance inflation factor was used to
assess for any evidence of collinearity, defined as a variance
inflation factor >5. The lowest Akaike Information Criterion
was consistently used for model selection. Statistically
significant data were defined as a P<0.05. Data analysis
was performed using SAS version 9.4 (SAS Institute Inc).

Results
A total of 117 consecutive patients with classic HLHS were
included in this cohort study. The detailed characteristics of the
study population including demographic, perioperative, and
cumulative variables are presented in Table 1 for the Norwood,
Table 2 for the BCPA, and Table 3 for the Fontan procedures.

Survival
The early era (1996–2002) included 56 patients having
undergone the Norwood modified Blalock-Taussig shunt
procedure. Eighteen patients (32.1%) died postoperatively
and 8 additional patients (14.3%) died in the interstage period,
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Table 1. Demographic and Perioperative Variables for all Patients With Classic HLHS Undergoing the Norwood Procedure,
Postoperative Survivors, Postoperative Deaths, and Survivors to Neurocognitive Assessment

Variables Total Cohort (N=117) Norwood Survivors (N=92) Norwood Deaths (N=25) Overall Survivors (N=68)*

Demographic

Gestational age, wk 38.7 (1.8) 39.1 (1.6) 38.0 (2.1) 39.0 (1.5)

Birth weight, kg 3.2 (0.6) 3.3 (0.5) 2.9 (0.5) 3.3 (0.5)

Male sex 77 (65.8%) 63 (68.5%) 14 (56.0%) 48 (70.9%)

Chromosomal abnormality 4 (3.4%) 3 (3.3%) 1 (4.0%) 2 (2.9%)

Prenatal diagnosis 63 (53.8%) 53 (57.6%) 10 (40.0%) 38 (55.9%)

Preoperative

Highest serum lactate, mmol/L 3.9 (3.3) 3.6 (2.7) 5.0 (4.6) 3.8 (3.0)

Lowest arterial pH 7.21 (0.13) 7.22 (0.12) 7.18 (0.14) 7.20 (0.12)

Lowest PaO2 31.5 (6.7) 32.0 (6.5) 30.1 (5.6) 32.0 (6.8)

Lowest base deficit, mmol/L �6.4 (5.6) �6.1 (5.2) �8.0 (6.7) �6.2 (5.0)

Highest inotrope score 11.4 (27.9) 11.4 (30.0) 11.5 (18.0) 7.4 (13.1)

Ventilation time, d 8.4 (7.4) 7.2 (6.1) 12.0 (11.1) 7.2 (6.0)

CPR 4 (3.4%) 2 (2.2%) 2 (8.0%) 2 (2.9%)

ECMO 3 (2.6%) 1 (1.1%) 2 (8.0%) 1 (1.5%)

Operative

Age at surgery, d 8 (7–11.5) 8 (7–11) 8 (5.8–13.3) 8 (7–12.5)

Age at surgery >14 d 18 (15.4%) 13 (14.1%) 5 (20.0%) 10 (14.7%)

Weight, kg 3.3 (0.6) 3.4 (0.5) 3.0 (0.5) 3.4 (0.6)

Year of surgery 2002.9 (3.9) 2003.1 (4.0) 2001.4 (3.5) 2003.5 (4.1)

MBTS 56 (47.9%) 40 (43.4%) 16 (64.0%) 24 (35.3%)

CPB, min 124.4 (60.0) 117.5 (52.0) 150.0 (79.0) 113.1 (46.0)

ACC, min 45.8 (16.3) 45.0 (15.1) 47.3 (20.2) 44.1 (15.0)

DHCA, min 32.5 (18.8) 31.2 (18.1) 37.3 (22.0) 30.2 (18.2)

Postoperative, day 1

Highest serum lactate, mmol/L 8.4 (4.6) 8.3 (4.5) 10.1 (5.0) 7.7 (3.6)

Lactate time to <2 mmol/L, h 20.1 (17.8) 18.2 (13.0) 29.3 (28.1) 16.1 (12.2)

Lowest arterial pH 7.28 (0.09) 7.29 (0.07) 7.25 (0.13) 7.28 (0.07)

Lowest PaO2 31.6 (7.0) 31.5 (3.7) 32.4 (4.1) 31.2 (3.7)

Lowest base deficit, mmol/L �1.7 (4.4) �1.4 (3.7) �2.9 (6.5) �1.6 (3.8)

Highest inotrope score 18.0 (19.9) 15.2 (14.0) 27.1 (33.1) 15.3 (12.2)

Postoperative, day 2 to 5

Highest serum lactate, mmol/L 4.5 (5.0) 3.3 (3.8) 9.1 (6.7) 2.9 (2.0)

Lowest arterial pH 7.32 (0.09) 7.34 (0.05) 7.25 (0.16) 7.33 (0.05)

Lowest PaO2 33.7 (4.8) 34 (4.1) 34 (6.9) 33 (3.9)

Lowest base deficit, mmol/L �1.5 (4.2) �0.67 (2.7) �5.0 (6.6) �0.6 (2.6)

Highest inotrope score 22.8 (50.7) 14 (10) 58 (106) 13 (8.2)

Postoperative, day 1 to 30

Ventilation time, d 15.1 (11.9) 14.2 (8.0) 20.3 (20.1) 14.3 (8.8)

ICU stay, d 25.7 (18.9) 26.2 (19.0) 26.1 (20.4) 25.3 (19.2)

Open sternum, d 6.5 (7.6) 5.0 (4.2) 12.1 (4.4) 5.2 (3.3)

Continued
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before the BCPA procedure. Of the 30 patients (53.6%)
undergoing the BCPA, 2 died postoperatively and 3 died in the
interim period before the Fontan procedure (Figure 1). There
was only 1 death post-Fontan and all 24 survivors (42.9%)
underwent neurocognitive assessment at a mean age of 57.7
months (SD, 7.6 months). The recent era (2002–2010)
included 61 patients having undergone the Norwood right
ventricle to pulmonary artery procedure. Seven patients
(11.5%) died postoperatively and 8 additional patients
(13.1%) died in the interstage period, before the BCPA
procedure. Of the 46 patients (75.4%) undergoing the BCPA, 1
died postoperatively. There was only 1 death post-Fontan and
all 44 survivors (72.1%) underwent neurocognitive assess-
ment at a mean age of 56.1 months (SD, 5.7 months)
(Figure 1).

The overall survival to the Fontan procedure was 59.8%
(44.6% and 73.8% for the consecutive eras) and 58% survived
to undergo neurocognitive assessment. No patient was lost to
follow-up. Of the 25 total deaths post-Norwood, 17 patients
required cardiopulmonary resuscitation (CPR), of whom 12
died and 14 patients required extracorporeal membrane
oxygenation (ECMO), of whom 13 died. On univariate analysis,
variables associated with mortality post-Norwood included
birth weight, gestational age, preoperative ventilation and
lactate, modified Blalock-Taussig–type Norwood shunt, car-
diopulmonary bypass time, postoperative lactate and pH,
delayed sternal closure and the need for CPR, ECMO, or
dialysis (Table S1). A strong correlation was identified
between preoperative ventilation and birth weight or gesta-
tional age, between dialysis and open sternum days, and
between pH and lactate. In the multivariable model for
mortality post-Norwood, when CPR and ECMO were included
in the model, only those 2 variables were found to be

significant: ECMO (odds ratio [OR], 116.85; 95% CI, 11.56–
990.09 [P<0.001]) and CPR (OR, 14.31; 95% CI, 3.27–62.67
[P=0.004]). When ECMO and CPR were excluded, the factors
associated with increased mortality were lower birth weight,
modified Blalock-Taussig–type shunt, and prolonged open
sternum duration (Table 4). Age at Norwood was not statis-
tically significantly associated with survival when analyzed as
a continuous variable or as a categorical variable with cutoffs
of 5, 7, 10, or 14 days.

Overall interstage mortality (between Norwood and BCPA)
was 13.7% (16/117). On univariate analysis, only 3 variables
showed a borderline association but did not reach statistical
significance: birth weight (OR, 0.38; 95% CI, 0.13–1.06
[P=0.064]), elevated pre-Norwood modified inotropic score
(OR, 1.02; 95% CI, 1.00–1.05 [P=0.055]), and age at Norwood
operation >7 days (OR, 3.59; 95% CI, 0.95–13.7 [P=0.060]).
Multivariable analysis was not performed.

Clinical Outcomes
On the last follow-up at a mean age of 56.6 months (SD, 6.4
months), the mean weight and height z scores were �0.96
(1.06) and �0.68 (0.95), respectively. The mean number of
total cardiac hospitalizations was 2.5 (SD, 2.1) and noncar-
diac hospitalizations was 1.8 (SD, 2.1). The majority of
patients were taking cardiac medications (92.5%), 11.9% were
taking pulmonary medications, and a total of 26 (38.8%) had
been fed by a gastrostomy or NG tube as an outpatient at
some point in time. At the mean age of assessment of
56.6 months, a total of 18 patients had neuromotor and/or
sensory disability: 8 patients (12%) had a chronic neuromotor
disability, 1 (1.5%) had visual impairment, 8 (12%) had
sensorineural hearing loss, and 2 (3%) had epilepsy.

Table 1. Continued

Variables Total Cohort (N=117) Norwood Survivors (N=92) Norwood Deaths (N=25) Overall Survivors (N=68)*

Convulsion (patients) 9 (7.7%) 8 (8.7%) 1 (4.0%) 8 (11.8%)

CPR (patients) 14 (12.0%) 4 (4.3%) 10 (40.0%) 3 (4.4%)

ECMO (patients) 14 (12.0%) 1 (1.1%) 13 (52.0%) 1 (1.5%)

Overall hospitalization

Ventilation time, d 23.3 (15.1) 21.1 (11.2) 31.2 (24.3) 21.4 (11.2)

Hospitalization, d 37.6 (24.7) 38.9 (25.2) 32.7 (22.6) 39.2 (26.5)

Convulsion (patients) 12 (10.3%) 10 (10.9%) 2 (8.0%) 9 (13.2%)

CPR (patients) 17 (14.5%) 5 (5.4%) 12 (48.0%) 4 (5.9%)

Dialysis (patients) 33 (28.2%) 19 (20.1%) 14 (56.0%) 11 (16.2%)

Sepsis (patients) 27 (23.1%) 22 (23.9%) 5 (20.0%) 17 (25.0%)

Data are presented as mean (SD), median (interquartile range), or number (percentage). ACC indicates aortic cross clamp; CPB, cardiopulmonary bypass; CPR, cardiopulmonary
resuscitation; DHCA, deep hypothermic circulatory arrest; ECMO, extracorporeal membrane oxygenation; HLHS, hypoplastic left heart syndrome; ICU, intensive care unit; MBTS, modified
Blalock-Tausig shunt; PaO2, arterial partial pressure of oxygen.
*Survivors after the Fontan procedure, evaluated at 48 to 72 months of age.
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Table 2. Demographic and Perioperative Variables for all Patients With Classic HLHS Undergoing the BCPA Procedure (N=76)

Variables BCPA Cohort (N=76) BCPA Survivors (N=73) BCPA Deaths (N=3) Overall Survivors (N=68)*

Operative

Age at surgery, mo 6.6 (2.2) 6.7 (2.2) 5.4 (3.6) 6.5 (2.2)

Weight at surgery, kg 6.5 (1.1) 6.5 (1.2) 6.3 (0.45) 6.4 (1.0)

CPB, min 62.0 (27.5) 59.1 (22.2) 131.2 (55.0) 60.3 (23.1)

DHCA 6 (7.9%) 5 (6.8%) 1 (33.3%) 5 (7.4%)

RVPA shunt occlusion

Partial 20 (26.3%) 20 (27.4%) 0 20 (29.4%)

Complete 54 (71.1%) 51 (69.9%) 3 (100%) 46 (67.6%)

None 2 (2.6%) 2 (2.7%) 0 2 (2.9%)

Concomitant surgeries

Arch repair 5 (6.6%) 5 (6.8%) 0 5 (7.4%)

Systemic atrioventricular valve repair 2 (2.6%) 2 (2.7%) 0 2 (2.9%)

Pulmonary artery plasty 3 (3.9%) 2 (2.7%) 1 (33.3%) 2 (2.9%)

Atrial septostomy 3 (3.9%) 3 (4.1%) 0 3 (4.4%)

Transferred to pediatric ICU, intubated 70 (92.1%) 67 (91.8%) 3 (100%) 62 (91.2%)

Reintubated within 24 h 3 (3.9%) 3 (4.1%) 0 3 (4.4%)

Postoperative, day 1

Highest serum lactate, mmol/L 2.4 (1.7) 2.3 (1.7) 4.3 (0.66) 2.4 (1.7)

Lactate time to <2 mmol/L, h 2.0 (4.9) 1.6 (3.3) 13.8 (16.7) 1.8 (3.4)

Lowest arterial pH 7.32 (0.05) 7.32 (0.05) 7.30 (0.08) 7.32 (0.05)

Lowest PaO2 38.7 (6.2) 39.2 (6.0) 30.3 (3.3) 39.1 (6.2)

Lowest hemoglobin, g/L 112.1 (20.0) 112.0 (20.3) 112.3 (7.5) 111.4 (20.1)

Highest serum creatinine, lmol/L 43.5 (12.6) 43.3 (12.5) 51.4 (10.1) 43.6 (12.5)

Highest glucose, mmol/L 10.5 (4.5) 10.4 (4.4) 13.4 (2.3) 10.5 (4.5)

Highest inotrope score 3.2 (5.9) 2.9 (5.1) 10.1 (17.1) 3.0 (5.2)

Postoperative, day 2 to 5

Highest serum lactate, mmol/L 1.5 (0.9) 1.4 (0.9) 3.4 (2.5) 1.5 (0.9)

Lowest arterial pH 7.34 (0.05) 7.35 (0.04) 7.31 (0.07) 7.35 (0.04)

Lowest PaO2 38.8 (6.1) 38.7 (6.0) 32.3 (6.3) 38.7 (6.1)

Lowest hemoglobin, g/L 107.2 (17.2) 107.4 (17.1) 117.0 (18.0) 106.1 (16.2)

Highest serum creatinine, lmol/L 39.7 (13.9) 39.5 (13.7) 45.7 (22.9) 39.2 (14.1)

Highest glucose, mmol/L 8.2 (2.3) 8.0 (1.9) 10.9 (6.9) 8.1 (1.8)

Highest inotrope score 1.7 (5.3) 1.2 (3.7) 13.3 (19.0) 1.3 (3.8)

Highest BCPA CVP (days 1–5) 19.6 (4.3) 19.5 (4.2) 18 (7.6) 20 (4.0)

Postoperative, day 1 to 30

Ventilation time, d 2.8 (6.1) 1.9 (3.1) 22.7 (20.6) 2.0 (3.2)

ICU LOS, d 7.6 (3.9) 5.2 (4.7) 66.3 (32.0) 5.3 (4.8)

Hospitalization, d 17.9 (19.5) 13.4 (18.8) 128.1 (73.3) 13.5 (19.4)

Cardiac catheterization 4 (5.3%) 2 (2.7%) 2 (66.7%) 2 (2.9%)

Convulsion (patients) 1 (1.3%) 1 (1.4%) 0 1 (1.5%)

CPR (patients) 0 0 0 0
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Neurocognitive and Functional Outcomes
The mean FSIQ score was 86.7 (SD, 16.1), PIQ was 86.3 (SD,
15.8), VIQ was 88.8 (SD, 17.2), and VMI was 83.2 (SD, 14.8).
The mean GAC score was 88.2 (SD, 19.9). The results are
shown in Table 5, along with the proportion of patients with
scores 1 (<85) and 2 (<70) SDs below the population norms.
Using FSIQ, severe cognitive impairment (score <70) was
identified in 13% of patients. Using the GAC, severe impair-
ment in functional ability (score <70) was reported by 25% of
parents/guardians.

Table 6 shows the results for the multivariable linear
regression analysis of factors associated with lower scores
for each of the intelligence quotient (IQ) outcomes (Table S2
shows the univariate analysis). Sepsis at the time of the
Norwood operation, lowest arterial partial pressure of oxygen
(PaO2) post-BCPA operation, older age at Fontan (Figure 2), and
the presence of a chronic neuromotor disability pre-Fontan
were associated with lower scores for all 3 outcomes of FSIQ,
PIQ, and VIQ. Older age at Norwood was associated with lower
VIQ scores, while non-European race and lower socioeconomic
status were associated with lower PIQ scores. The respective
multivariable linear regression models for FSIQ, PIQ, and VIQ
accounted for 45%, 42%, and 45% of the outcome variability
around the mean (adjusted R2). For sensitivity analysis, the
multivariable linear regression analysis for factors associated
with FSIQ, PIQ, and VIQ was repeated after excluding patients
with chronic neuromotor disability and chromosomal abnor-
mality (n=11). Age at Fontan remained a statistically significant
predictor of lower FSIQ and PIQ scores, as did sepsis peri-
Norwood. PaO2 post-BCPA, non-European race, and lower
socioeconomic status remained associated with PIQ scores
(Table 7). Age at Fontan was compared across the study era,
with no significant change identified over the years (P=0.790).
Noncardiac hospitalizations were included in the models and
were not found to be statistically significant independent
predictors.

For VMI, variables associated with lower scores on multivari-
able analysis included lowest PaO2 post-BCPA (effect size, 9.15;
95% CI, 1.36–12.88 [P=0.045]) and noncardiac hospitalizations

(effect size, �28.25; 95% CI, �36.75 to �15.66 [P=0.005])
(adjusted R2=24%). Overall convulsions showed a borderline
result (effect size, �35.25; 95% CI, �50.69 to 9.15 [P=0.070]).
Age at Fontan was not statistically significant.

For the GAC instrument results, variables associated with a
lower score on multivariable analysis included prolonged
ventilation pre-Norwood (effect size, �1.18; 95% CI, �1.91 to
�0.45 [P=0.002]), lower weight at the time of the BCPA
operation (effect size, 4.11; 95% CI, 0.20–8.03 [P=0.040]),
prolonged postoperative ventilation at the time of the BCPA
operation (effect size, �1.36; 95% CI, �2.68 to �0.04
[P=0.044]), and overall convulsion at any time during all 3
surgical stages (effect size, �13.27; 95% CI, �23.76 to �2.79
[P=0.014]). The regression model adjusted R2 was 31%.

Using the median age at Fontan of 40 months (IQR, 35–47
months), baseline and perioperative variables were compared
between patients with age at Fontan completion <40 months
(n=33) versus ≥40 months (n=35). The median weight at
Fontan was 13.7 kg (IQR, 12.8–15.4 kg) versus 14.4 kg (IQR,
13.0–16.1 kg) (P=0.002), and the mean age was 33.6 months
(SD, 3.6 months) versus 49.2 months (SD, 7.2 months)
(Table S3). On univariate analysis, the only variables associ-
ated with age at Fontan as a continuous variable included the
use of deep hypothermic circulatory arrest, overall ventilation
and convulsion peri-Norwood, and age at BCPA. On multivari-
able linear regression analysis, older age at BCPA (months)
(effect size, 1.18; 95% CI, 0.14–2.23 [P=0.027]) and convul-
sions at the time of Norwood (effect size, 6.38; 95% CI, �0.16
to 12.91 [P=0.056]) (adjusted R2 15%) were associated with
an older age at Fontan (months).

Discussion
This study evaluated the survival, neurocognitive, and func-
tional outcomes of a large prospective cohort of 117
consecutive patients with classic HLHS who underwent 3-
stage surgical palliation in a single referral surgical center.
Detailed demographic, medical, and perioperative data for all
3 surgical stages were available for all patients and no

Table 2. Continued

Variables BCPA Cohort (N=76) BCPA Survivors (N=73) BCPA Deaths (N=3) Overall Survivors (N=68)*

ECMO 2 (2.6%) 1 (1.4%) 1 (33.3%) 1 (1.5%)

Inhaled nitric oxide 9 (11.8%) 7 (9.6%) 2 (66.7%) 7 (10.3%)

Dialysis (patients) 1 (1.3%) 1 (1.4%) 0 1 (1.5%)

Sepsis (patients) 0 0 0 0

Data are presented as mean (SD) or number (percentage). BCPA indicates bidirectional cavopulmonary anastomosis; CPB, cardiopulmonary bypass; CPR, cardiopulmonary resuscitation;
CVP, central venous pressure; DHCA, deep hypothermic circulatory arrest; ECMO, extracorporeal membrane oxygenation; HLHS, hypoplastic left heart syndrome; ICU, intensive care unit;
LOS, length of stay; PaO2, arterial partial pressure of oxygen; RVPA, right ventricle to pulmonary artery.
*Survivors after the Fontan procedure, evaluated at 48 to 72 months of age.

DOI: 10.1161/JAHA.119.013632 Journal of the American Heart Association 7

Cognitive Outcomes in Hypoplastic Left Heart Atallah et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Table 3. Demographic and Perioperative Variables for all Patients With Classic HLHS Undergoing the Fontan Procedure (N=70)

Variables Fontan Cohort (N=70) Fontan Deaths (N=2) Overall Survivors (N=68)*

Operative

Age at surgery, mo 41.7 (9.7) 40.6 (1.6) 41.7 (9.9)

Weight at surgery, kg 14.0 (1.7) 15.5 (2.5) 14 (1.7)

CPB, min 77.5 (23.1) 79.5 (2.1) 77.4 (23.5)

DHCA 4 (5.7%) 0 4 (5.9%)

Type of Fontan

Extracardiac 52 (74.3%) 2 (100%) 50 (73.5%)

Intra-extracardiac 11 (15.7%) 0 11 (16.2%)

Lateral tunnel 7 (10.0%) 0 7 (10.3%)

Fenestration 59 (84.3%) 2 (100%) 57 (83.8%)

Concomitant surgeries

Arch repair 4 (5.7%) 0 4 (5.9%)

Systemic atrioventricular valve repair 16 (23%) 0 16 (23%)

Systemic ventriculoarterial valve repair 2 (2.9%) 0 2 (2.9%)

Pulmonary artery plasty 2 (2.9%) 0 2 (2.9%)

Atrial septostomy 1 (1.4%) 0 1 (1.5%)

Transferred to ICU, intubated 39 (55.7%) 2 (100%) 37 (54.4%)

Reintubated within 24 h 5 (7.1%) 1 (50%) 4 (5.9%)

Postoperative, day 1

Highest plasma lactate, mmol/L 4.5 (1.7) 4.6 (2.1) 4.5 (1.7)

Lactate time to <2 mmol/L, h 10.7 (7.3) 13 (4.0) 10.7 (7.3)

Lowest arterial pH 7.28 (0.04) 7.26 (0.01) 7.28 (0.04)

Lowest PaO2 55.7 (13.9) 55.1 (24.1) 56.3 (14.2)

Lowest hemoglobin, g/L 121.4 (20.3) 136.5 (37.5) 121.1 (20.3)

Highest serum creatinine, lmol/L 64.6 (20.3) 83.5 (13.4) 64.2 (20.1)

Highest glucose, mmol/L 13.0 (4.6) 7.5 (1.6) 14.0 (4.6)

Highest inotrope score 9.5 (9.0) 19.1 (1.4) 9.4 (9.0)

Postoperative, day 2 to 5

Highest plasma lactate, mmol/L 2.1 (1.2) 2.8 (0.3) 2.1 (1.2)

Lowest arterial pH 7.33 (0.06) 7.21 (0.06) 7.33 (0.05)

Lowest PaO2 53.1 (10.9) 50.2 (13.1) 53.1 (11.2)

Lowest hemoglobin, g/L 118.7 (17.8) 113.0 (4.2) 119.0 (18.0)

Highest serum creatinine, lmol/L 68.5 (54.6) 153.0 (123) 66.2 (51.1)

Highest glucose, mmol/L 9.7 (2.8) 12.1 (0.7) 9.6 (2.8)

Highest inotrope score 5.6 (10.1) 19.8 (11.0) 5.2 (9.8)

Highest CVP (days 1–5) 19.1 (3.5) 21.5 (4.0) 9.6 (2.8)

Postoperative, day 1 to 30

Ventilation, d 1.8 (2.6) 8.0 (3.0) 2.1 (2.5)

ICU LOS, d 4.7 (3.4) 81.5 (104) 4.7 (3.4)

Hospitalization, d 14.4 (7.2) 85.0 (99.0) 14.1 (7.1)

Cardiac catheterization 2 (2.9%) 0 2 (2.9%)
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patients were lost to follow-up. Mortality post-Norwood in the
recent era was 11.5%, being similar to the 12% reported from
the Single Ventricle Reconstruction trial during a similar
period.2 Predictors of 30-day mortality after Norwood were
also similar, including low birth weight, prolonged open
sternum, and the need for ECMO post-Norwood.2

Sixty-eight survivors were assessed at a mean age of
56.6 months. Their average neurocognitive outcome scores,
including FSIQ, PIQ, and VIQ, were all within 1 SD below the
population mean, similar to previous reports.7,8,10,11 A
significantly low FSIQ, defined as <2 SD below the mean
(score <70), was present in 13% of survivors. The novel finding

Table 3. Continued

Variables Fontan Cohort (N=70) Fontan Deaths (N=2) Overall Survivors (N=68)*

Convulsion (patients) 4 (5.7%) 0 4 (5.9%)

CPR (patients) 1 (1.4%) 0 1 (1.5%)

ECMO (patients) 0 0 0

Inhaled nitric oxide 5 (7.1%) 1 (50%) 4 (5.9%)

Dialysis (patients) 2 (2.9%) 1 (50%) 1 (1.5%)

Sepsis (patients) 2 (2.9%) 0 2 (2.9%)

Overall for all 3 surgical stages†

Ventilation, d 27.2 (21.5) 100.5 (105) 25.1 (12.2)

Hospitalization, d 69.3 (45.9) 145.0 (116) 67.3 (42.1)

Convulsion (patients) 13 (18.6%) 0 13 (19.1%)

CPR (patients) 5 (7.1%) 0 5 (7.4%)

ECMO (patients) 2 (2.9%) 0 2 (2.9%)

Dialysis (patients) 13 (18.6%) 1 (50%) 12 (17.6%)

Sepsis (patients) 21 (30.0%) 1 (50%) 20 (29.4%)

Data are presented as mean (SD) or number (percentage).CPB indicates cardiopulmonary bypass; CPR, cardiopulmonary resuscitation; CVP, central venous pressure; DHCA, deep
hypothermic circulatory arrest; ECMO, extracorporeal membrane oxygenation; HLHS, hypoplastic left heart syndrome; ICU, intensive care unit; LOS, length of stay; PaO2, arterial partial
pressure of oxygen.
*Survivors after the Fontan procedure, evaluated at 48 to 72 months of age
†Includes Norwood preoperative data, as well as Norwood, bidirectional cavopulmonary anastomosis, and Fontan postoperative (up to 30 days postoperative) data.

Figure 1. Schematic of the overall cohort 3-stage palliative course and interval mortality, showing the early era (1996–2002, modified Blalock-
Taussig shunt [MBTS]) and the recent era (2002–2010, right ventricle to pulmonary artery [RVPA]), and interquartile age range for each stage.
BCPA indicates bidirectional cavopulmonary anastomosis; IQR, interquartile range.
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in this study is the association between older age at Fontan
and lower IQ scores across all 3 parameters, with a 6- to 7-
point decline in mean IQ score per additional year of delayed
Fontan timing. Other relevant predictors of lower neurocog-
nitive scores included sepsis peri-Norwood, lowest PaO2 post-
BCPA, and pre-Fontan disability. When excluding patients with
pre-Fontan disability or chromosomal abnormality, peri-Nor-
wood sepsis and age at Fontan remained as independent
predictors. Additional analysis looking for variables associated
with older age at Fontan failed to identify obvious confounders
such as a more complicated medical or perioperative course,
clustering of patients from the older era, or patients with more
comorbidities. The only independently associated factor was
age at BCPA, with an effect factor of only 1.18, meaning that
for every 1-month delay in completing the BCPA, the Fontan
procedure was delayed by 1.18 months.

Other studies have evaluated predictors of neurocognitive
outcomes in 48- to 72-month-old patients with HLHS post-
Fontan.7–9,11 Rotermann and colleagues8 evaluated patients
with a single ventricle, including 59 with HLHS, comparing
neurodevelopmental outcomes and their association with
initial surgical palliation involving the Norwood procedure.
Outcomes, however, were dichotomized as “below average”
versus “average or above.” They identified head circumfer-
ence, preoperative adverse events, and postoperative stay as
independent predictors. Gaynor and colleagues7 evaluated
preschool neurodevelopmental outcomes in 112 patients with
Fontan, including 91 with HLHS, comparing them with
patients who had biventricular repair. Patients with Fontan
were found to have worse processing speed, inattention, and
impulsivity. The analysis of variables associated with lower IQ
scores included predominantly peri-Norwood variables.
Longer cardiopulmonary bypass and Norwood length of stay
were consistent predictors of lower FSIQ, PIQ, and VIQ. In the
latter study, age at Fontan was not analyzed as a possible
predictor. In the study by Rotermann et al8, age at Fontan was
higher in the group of patients with below average neurode-
velopmental outcomes (2.8 versus 2.6 years, P=0.074), but

Table 4. Multivariable Logistic Regression Model for Risk
Factors Associated With Postoperative Mortality After the
Norwood Procedure

Variables OR (95% CI) P Value

Birth weight, kg 0.39 (0.15–0.97) 0.042

Use of RVPA shunt 0.23 (0.07–0.74) 0.013

Open sternum, d 1.14 (1.04–1.25) 0.005

Analysis excludes cardiopulmonary resuscitation (CPR) and extracorporeal membrane
oxygenation (ECMO) as these variables are likely to cancel out more informative proximal
predictors of outcome. Odds ratio (OR) results for CPR and ECMO, when included in the
model, are presented under Results. RVPA indicates right ventricle to pulmonary artery.

Table 5. Demographic, Clinical, and Neurocognitive
Outcomes for 68 Survivors, Assessed Between 6 and 8
Months After the Fontan Procedure

Variables N=68

Demographic

Age at assessment, mo 56.6 (6.4)
Range (48–79)

Socioeconomic status* 45.0 (12)

Guardianship, both parents 61 (90%)

Primary language, English 61 (91%)

Mother’s schooling, y 13.9 (2.1)

Race

European 57 (84%)

Other 11 (16%)

Clinical parameters

Cardiac hospitalizations 1.7 (1.0)

Noncardiac hospitalizations 0.6 (0.1)

Noncardiac medical specialist seen 2.5 (1.6)

Chronic cardiac medications 2.0 (1.1)

Chronic pulmonary medications 0.2 (0.5)

Outcomes

Chronic neuromotor disability 8 (12%)

Visual impairment 1 (1.5%)

Sensorineural hearing loss 8 (12%)

Epilepsy 2 (3%)

FSIQ 86.7 (16.1)
Range (54–115)

FSIQ <85 28 (41%)

FSIQ <70 9 (13%)

PIQ 86.3 (15.8)
Range (54–118)

PIQ <85 30 (44%)

PIQ <70 10 (15%)

VIQ 88.8 (17.2)
Range (54–120)

VIQ <85 21 (31%)

VIQ <70 8 (12%)

VMI 83.2 (14.8)
Range (47–107)

Adaptive behavioral assessment system 88.2 (19.9)
Range (52–117)

GAC <85 25 (37%)

GAC <70 17 (25%)

Data are presented as mean (SD) or number (percentage). FSIQ indicates
full-scale intelligence quotient; GAC, general adaptive composite; PIQ, performance
intelligence quotient; VIQ, verbal intelligence quotient; VMI, visual motor integration.
*Socioeconomic status as measured by the Blishen index.
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was not an independent predictor. Of note, the average age at
Fontan in that study was lower than our overall cohort but was
similar to the subgroup of patients in our cohort with Fontan
completion younger than the median age of 40 months (mean
age, 2.8 years). The overall average age at Fontan in our study
was a mean of 3.5 years (median, 3.3; IQR, 2.9–3.9), in
keeping with several larger published series.27–29

The pathogenesis of the association between older age at
Fontan and worse neurocognitive outcomes is unclear. It may
correlate with longer cerebral exposure to a hypoxic state,
during a period of rapid cognitive development.30 Several
investigators have used near-infrared spectroscopy to assess
cerebral oxygenation and identified a correlation between the
severity and duration of pre-Norwood and post-Norwood
hypoxia and worse neurocognitive outcomes (IQ and VMI).31,32

It is conceivable that a more chronic exposure to less severe
hypoxia may have similar consequences. Our data do not allow
us to ascertain the relationship between chronic hypoxia and
neurocognitive outcomes as oxygen saturation was recorded
only in the acute postoperative state. Although post-Norwood
hypoxia was not a predictor in our study, lowest PaO2 post-
BCPA was an independent variable associated with lower IQ
scores post-Fontan. The phenomenon of hypoxia may be
compounded by the reported findings of ischemic brain insults
peri-Fontan procedure and associated worse neurocognitive
outcomes and parental reports of adaptive behavior.11,22,33

However, it is unclear whether the age at Fontan influences the
risk of perioperative ischemic injury.

Another possible pathological factor is the change in cardiac
output and consequently cerebral perfusion upon Fontan

completion. Shiraishi et al34 showed an inverse relationship
between age at Fontan and cardiac index at 5 and 10 years
post-Fontan, arguing for Fontan completion at an earlier age.
Their aim was to contrast the outcomes of patients undergoing
the Fontan procedure before or after 3 years of age. They
showed a benefit to younger age at Fontan with better
hemodynamics and exercise capacity. Our study suggests that
their findingsmay also be associatedwith better neurocognitive
outcomes. The optimal age at Fontan completion, however,
remains an unresolved clinical dilemma. In a single-center
study, Napoleone et al35 reported similar midterm morbidity
and mortality outcomes for the Fontan procedure performed
before and after 7 years of age. Wallace et al27 reviewed the
Society of Thoracic Surgeon database (2747 patients) and
concluded that although age at Fontan was not, a weight for age
z score <�2 was associated with higher in-hospital mortality,
Fontan failure, and longer length of stay.

Of the other factors associated with worse neurocognitive
outcomes, sepsis has been previously reported as an
independent predictor of worse neurocognitive outcomes in
502 patients undergoing neonatal open heart surgery and
followed by the Western Canadian Complex Pediatric Thera-
pies Follow-up Program.24 In our center, ongoing quality
improvement measures are aimed at decreasing the risk of
central line and sternal infection and prolonged open sternum
periods, as well as promoting early postoperative extubation
and earlier discharge from the intensive care unit.36

In our study, the average results for VMI and adaptive
functional ability as reported by the patients’ parents (GAC)
were also within 1 SD below the mean. This is again in keeping

Table 6. Multivariable Linear Regression Models for Factors Associated With FSIQ, PIQ, and VIQ at 48 to 72 Months of Age After
Surgical Palliation for Patients With Classic HLHS (N=68): Linear Regression Coefficient (b) and 95% CI

Variable

FSIQ

P Value

PIQ

P Value

VIQ

P ValueCoefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)

Norwood

Age at Norwood, d �0.70 (�1.40, �0.03) 0.041

Sepsis �9.90 (�17.00, �2.90) 0.007 �9.20 (�16.77, �2.10) 0.012 �9.20 (�17.02, �1.90) 0.015

BCPA

Lowest PaO2 (POD 2–5) 0.58 (0.07–1.09) 0.027 0.71 (0.20–1.23) 0.008 0.51 (�0.04, 1.06) 0.066

Fontan

Age at Fontan, y �6.50 (�10.42, �2.80) <0.001 �6.40 (�10.51, �2.70) <0.001 �5.10 (�9.00, �1.10) 0.013

Demographics

Race (European) 8.92 (0.76–17.10) 0.033

Socioeconomic status* 0.21 (�0.01, 0.42) 0.059

Pre-Fontan NMD �9.80 (�19.06, �0.49) 0.039 �10.04 (�19.72, �1.20) 0.026 �13.74 (�23.45, �3.40) 0.009

The adjusted R2 values for each model were 0.45 for full-scale intelligence quotient (FSIQ), 0.42 for performance intelligence quotient (PIQ), and 0.45 for verbal intelligence quotient (VIQ).
BCPA indicates bidirectional cavopulmonary anastomosis; HLHS, hypoplastic left heart syndrome; NMD, neuromotor disability; POD, postoperative day; PaO2, arterial partial pressure of
oxygen.
*Socioeconomic status as measured by the Blishen index.
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Figure 2. Scatter plot and unadjusted regression line of Fontan age with or
without sepsis vs each of full-scale intelligence quotient (FSIQ) (A), performance
intelligence quotient (PIQ) (B), and verbal intelligence quotient (VIQ) (C).
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with other series.7,10,11 However, 25% of parents reported
significant adaptive deficits on the GAC (score <70), placing
these children at risk for difficulties within early childhood
educational settings. Such a high risk of delayed functional
abilities has been previously identified by our group.22,37,38 The
extent of these overall cognitive and functional deficits has
also been identified in school-aged patients with HLHS.12,13

Bergemann and colleagues12 reported on the neuropsycho-
logical profile of 40 patients with HLHS. They identified deficits
in specific cognitive domains such as memory, executive
functions, and processing speed. Overall, such deficits in
functional abilities and the children’s inability to independently
complete different tasks of daily living can represent a
significant impediment to the development of essential
attributes such as autonomy, self-care, and social integration.

Limitations
The results of this study must be interpreted in the context of
the nonrandomized study design and the single surgical center
origin of the data. Although there was no loss to follow-up, the
inception cohort size limited the statistical power of the study.
The study included a large number of variables; however, in this
observational study, we cannot rule out other unmeasured
confounders that account for the findings. Specifically, certain
characteristics such as right ventricular function, tricuspid valve
regurgitation, pulmonary artery growth and vascular resistance,
and cardiac symptoms and oxygen saturation during follow-up
are some of the potentially confounding variables thatmay have
played a role in the timing of the Fontan procedure and that are
not directly measured in our data set. However, the overall

number of hospitalizations (cardiac and non-cardiac) and
medications (cardiac and pulmonary), as well as the number
of patients undergoing concomitant surgery such as atrioven-
tricular valve repair and pulmonary artery plasty at the time of
Fontan, were not independently associated with the cognitive
outcomes post-Fontan. It is also possible that certain changes
in surgical and medical practice over the years may not have
been accounted for. Nevertheless, age at Fontan, the finding of
most interest, did not significantly vary over the years. Finally,
neuroimaging was not routinely performed in all patients in our
study; hence, its correlation with the outcomes could not be
systematically evaluated.

Conclusions
Patients with HLHS are at risk for significant neurocognitive
and adaptive functional deficits. Measures to avoid risk of
sepsis and hypoxia may have a favorable impact on their
outcomes. The association between the age at Fontan and
neurocognitive outcomes is a new finding. Published studies
have provided contrasting evidence on the optimal age for
Fontan completion based on hemodynamic outcomes. The
findings in this study suggest that younger age at Fontan
results in better neurocognitive outcomes when assessed at 48
to 72 months of age. These results need to be confirmed in
larger patient populations, as the impact on clinical practice is
considerable. A larger series may also help identify the optimal
age range for Fontan completion. Additional studies will also
need to explore the pathophysiology of such an association,
presumed multifactorial, and its application to other single
ventricle patients undergoing the Fontan procedure.

Table 7. Multivariable Linear Regression Models for Factors Associated With FSIQ, PIQ, and VIQ at 48 to 72 Months of Age After
Surgical Palliation for Classic HLHS, Excluding Patients With Pre-Fontan Disability and Chromosomal Abnormality (N=57): Linear
Regression Coefficient (b) and 95% CI

Variable

FSIQ

P Value

PIQ

P Value

VIQ

P ValueCoefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)

Norwood

Age at Norwood, d �0.71 (�1.50 to �0.06) 0.069

Sepsis �11.09 (�19.41, �2.30) 0.014 �11.23 (�19.44, �2.80) 0.010 �9.30 (�18.49 to �0.57) 0.037

BCPA

Lowest PaO2 (POD 2–5) 0.55 (�0.03, 1.14) 0.065 0.68 (0.13–1.23) 0.016

Fontan

Age at Fontan, y �6.20 (�10.71, �2.00) 0.005 �6.50 (�10.89, �2.60) <0.001 �4.05 (�8.30 to �0.31) 0.068

Demographics

Race (European) 8.70 (0.49–16.90) 0.038

Socioeconomic status* 0.24 (0.02–0.46) 0.032

The adjusted R2 values for each model were 0.29 for full-scale intelligence quotient (FSIQ), 0.39 for performance intelligence quotient (PIQ), and 0.23 for verbal intelligence quotient (VIQ).
BCPA indicates bidirectional cavopulmonary anastomosis; HLHS, hypoplastic left heart syndrome; PaO2, arterial partial pressure of oxygen; POD, postoperative day.
*Socioeconomic status as measured by the Blishen index.
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Western Canadian Complex Pediatric Therapies Follow-up Program participating members: 

Diane M. Moddemann, MD; University of Manitoba, Manitoba, Canada 

Bryan Acton, MD; University of Saskatchewan, Saskatchewan, Canada 

Jaya P Bodani, MD; University of Saskatchewan, Saskatchewan, Canada 

Leonora Hendson, MD; University of Calgary, Alberta, Canada 

Anne R. Synnes, MD; University of British Columbia, British Columbia, Canada 



Table S1. Univariate logistic regression analysis for risk factors associated with post-operative mortality after the Norwood 

procedure (N=117): Odd ratio and 95% Confidence Interval.  

Variables OR (95% CI) P 

Female sex 1.93 (0.79, 4.70) 0.148 

Birth Weight, kg 0.31 (0.13, 0.73) 0.007 

Birth weight <2.5kg 2.58 (0.67, 9.93) 0.169 

Gestational Age, weeks 0.73 (0.57, 0.93) 0.011 

Antenatal diagnosis 0.55 (0.23, 1.33) 0.184 

Pre-Norwood   

Highest lactate 1.10 (0.98, 1.24) 0.112 

Lowest pH 0.20 (0.01, 4.59) 0.312 

Lowest PaO2 0.95 (0.89, 1.03) 0.211 

Lowest base deficit 0.96 (0.89, 1.03) 0.216 

Inotrope score 1.00 (0.98, 1.02) 0.964 

Ventilation, days 1.08 (1.02, 1.15) 0.010 

CPR Exclude – only 4  



ECMO Exclude – only 3  

Operative – Norwood   

Age at Norwood, days 1.02 (0.97, 1.09) 0.412 

Norwood Sano (vs BT) 0.25 (0.096, 0.66) 0.005 

CPB, min 1.01 (1.003, 1.02) 0.005 

ACC, min 1.00 (0.98, 1.03) 0.913 

DHCA, min 1.01 (0.99, 1.03) 0.387 

Norwood POD 1   

Highest lactate 1.09 (0.997, 1.20) 0.059 

Lowest pH 0.025 (0.0002, 2.88) 0.127 

Lowest paO2 1 (0.94, 1.06) 1.000 

Highest inotrope score 1.03 (1.002, 1.05) 0.035 

Norwood POD 2-5   

Highest lactate 1.25 (1.11, 1.41) <0.0001 

Lowest pH 0.99 (0.98, 0.99) 0.001 

Lowest paO2 1.01 (0.92, 1.11) 0.829 



Highest inotrope score 1.06 (1.02, 1.09) 0.001 

Norwood Overall   

Convulsions 0.42 (0.049, 3.48) 0.418 

CPR 13.6 (3.79, 48.7) <0.0001 

Dialysis 5.53 (2.17, 14.1) <0.0001 

Open sternum, days 1.13 (1.04, 1.24) 0.004 

Sepsis (pre or post op) 1.00 (0.36, 2.81) 1.000 

 

  



Table S2. Univariate linear regression analysis for factors associated with FSIQ (Full-Scale IQ), PIQ (Performance IQ), VIQ 

(Verbal IQ) and VMI (Visual-Motor Integration) at 48-72 months of age, after surgical palliation for classic HLHS (N=68): 

Linear regression coefficient (beta) and 95% Confidence Interval. 



Variables Full-Scale IQ Performance IQ Verbal IQ VMI 

 
Coefficient (95% CI) p-value Coefficient (95% CI) p-value Coefficient (95% CI) p-value Coefficient (95% CI) p-value 

Female sex 6.43(-0.23, 0.92) 0.134 4.65 (-3.73, 13.04) 0.272 6.98 (-2.07, 16.03) 0.129 6.37 (-1.40, 14.13) 0.107 

Birth Weight, kg 5.47 (-1.86, 12.80) 0.141 5.10 (-2.1, 12.31) 0.162 5.77 (-1.96, 12.80) 0.147 4.98 (-1.77, 11.72) 0.145 

Antenatal diagnosis 2.26 (-5.63, 10.14) 0.570 3.58 (-4.14, 11.29) 0.358 2.07 (-6.37, 10.51) 0.626 1.92 (-5.34, 9.18) 0.599 

Pre-Fontan 

disability 

18.83 (-28.90, -8.76) <0.001 -15.2 (-25.42, -4.98) <0.004 -21.01 (-31.68, -10.34) <0.002 -11.61 (-21.40, -1.83) 0.021 

Pre-Norwood         

Highest lactate -0.51 (-1.82, 0.80) 0.441 -0.44 (-1.73, 0.85) 0.500 -0.56 (-1.97, 0.840) 0.426 0.045 (-1.17, 1.26) 0.941 

Lowest pH 30.22 (-2.23, 62.66) 0.067 20.7 (-11.63, 52.04) 0.206 34.96 (0.41, 69.50) 0.047 19.52 (-10.71, 49.76) 0.202 

Lowest PaO2 0.35 (-0.23, 0.92) 0.234 0.17 (-.39, 0.74) 0.543 0.29 (-0.33, 0.91) 0.354 0.31 (-0.22, 0.84) 0.252 

Lowest base deficit 0.55 (-0.23, 1.33) 0.164 0.52 (-0.25, 1.23) 0.181 0.51 (-0.33, 1.35) 0.232 0.24 (-0.49, 0.97) 0.509 

Inotrope score -0.11 (-0.42, 0.19) 0.461 -0.02 (-0.32, 0.28) 0.910 -0.13 (-0.46, 0.20) 0.427 0.029 (-0.25, 0.31) 0.836 

Ventilation time -1.10 (-1.75, -0.44) 0.001 -0.72 (-1.39, -0.05) 0.036 -1.52 (-2.17, -0.86) <0.001 -0.98 (-1.58, -0.37) 0.002 

Norwood - 

Operative 

      

  

Age at Norwood, 

days 

-0.97 (-1.68, -0.27) 0.008 -0.70 (-1.42, 0.01) 0.052 -1.45 (-2.16, -0.73) <0.001 -0.69 (-1.36, -0.03) 0.042 

CPB, min -0.03 (-0.11, 0.06) 0.543 -0.01 (-0.10, 0.72) 0.761 -0.05 (-0.14, 0.05) 0.314 -0.04 (-0.12, 0.03) 0.261 

ACC, min 0.04 (-0.21, 0.30) 0.735 -0.06 (-0.31, 0.20) 0.661 0.16 (-0.11, 0.43) 0.250 0.08 (-0.16, 0.32) 0.505 

DHCA, min -0.09 (0.31, 0.13) 0.430 -0.13 (-0.35, 0.08) 0.230 -0.01 (-0.25, 0.22) 0.912 -0.06 (-0.26, 0.15) 0.591 



Norwood POD 1         

Highest lactate -0.35 (-1.45, 0.74) 0.520 -0.57 (-1.64, 0.50) 0.289 -0.43 (-1.60, 0.73) 0.461 -0.13 (-1.13, 0.88) 0.804 

Lowest pH 2.79 (-52.66, 58.24) 0.920 -5.23 (-59.66, 49.21) 0.849 5.17 (-54.12, 64.46) 0.862 -18.41 (-69.21, 32.39) 0.472 

Lowest paO2 1.32 (0.30, 2.34) 0.012 1.40 (0.41, 2.40) 0.006 1.27 (0.17, 2.38) 0.025 0.80 (-0.17, 1.76) 0.105 

Highest inotrope 

score 

0.03 (-0.29, 0.35) 0.843 0.02 (-0.30, 0.34) 0.888 0.06 (-0.28, 0.40) 0.715 -0.06 (-0.35, 0.24) 0.710 

Norwood POD 2-5         

Highest lactate -0.82 (-2.82, 1.19) 0.419 -0.27 (-2.24, 1.71) 0.788 -1.10 (-3.23, 1.04) 0.309 0.19 (-1.66, 2.04) 0.841 

Lowest pH 68.28 (-7.23, 143.80) 0.076 42.8 (-32.46, 117.99) 0.260 71.72 (-9.10, 152.55) 0.081 10.86 (-60.23, 81.96) 0.761 

Lowest paO2 0.59 (-0.41, 1.60) 0.240 0.57 (-0.42, 1.55) 0.254 0.92 (-0.14, 1.98) 0.086 0.16 (-0.77, 1.09) 0.739 

Highest inotrope 

score 

-0.30 (-0.77, 0.18) 0.220 -0.18 (-0.66, 0.29) 0.444 -0.38 (-0.89, 0.13) 0.139 0.10 (-0.344, 0.54) 0.657 

Norwood overall         

Ventilation, days -0.52 (-0.85, -0.19) 0.002 -0.40 (-0.69, -0.02) 0.038 -0.62 (-0.97, -0.27) <0.001 -0.47 (-0.77, -0.16) 0.003 

ICU LOS, days -0.19 (-0.39, < 0.001) 0.055 -0.17 (-0.36, 0.03) 0.089 -0.14 (-0.36, 0.07) 0.191 -0.01 (-0.20, 0.18) 0.912 

Hospitalization, 

days 

-0.21 (-0.35, -0.07) 0.004 -0.13 (-0.28, 0.01) 0.070 -0.20 (-0.35, -0.05) 0.011 -0.08 (-0.22, 0.06) 0.246 

Convulsions 

(patients) 

-9.60 (-20.94, 1.74) 0.096 -6.96 (-18.21, 4.28) 0.220 -9.66 (-21.82, 2.502) 0.118 -5.49 (-16.06, 5.08) 0.304 

Dialysis (patients) 3.87 (-6.74, 14.49) 0.469 7.28 (-3.04, 17.59) 0.164 -1.42 (-12.81, 9.98) 0.805 1.60 (-8.20, 11.40) 0.746 



Open sternum, days 0.24 (-1.10, 1.58) 0.719 0.39 (-0.92, 1.70) 0.557 0.13 (-1.31, 1.56) 0.862 0.42 (-0.81, 1.65) 0.500 

Sepsis (patients) -12.65 (-21.16, -4.13) 0.004 -11.65 (-20.08, -3.22) 0.008 -11.37 (-20.66, -2.09) 0.017 -7.18 (-15.33, 0.97) 0.083 

BCPA         

Age at BCPA, 

months 

-0.28 (-2.10, 1.54) 0.76 -0.41 (-2.20, 1.37) 0.648 -0.21 (-2.15, 1.73) 0.828 -1.18 (-2.83, 0.46) 0.156 

Weight at BCPA, 

kg 

2.62 (-1.10, 6.34) 0.164 2.75 (-0.90, 6.39) 0.137 2.25 (-1.75, 6.25) 0.266 1.15 (-2.31, 4.61) 0.511 

CPB, min -0.03 (-0.20, 0.14) 0.712 -0.14 (-0.31, 0.03) 0.095 0.03 (-0.15, 0.22) 0.718 -0.08 (-0.24, 0.08) 0.302 

DHCA -0.93 (-15.97, 14.11) 0.902 -3.09 (-17.84, 11.66) 0.677 -5.85 (-21.87, 10.17) 0.468 1.50 (-12.32, 15.33) 0.829 

BCPA POD 1         

Inotrope score -0.90 (-1.63, -0.16) 0.018 -0.91 (-1.63, -0.19) 0.014 -0.82 (-1.61, -0.02) 0.044 -0.64 (-1.33, 0.05) 0.069 

Highest lactate -2.47 (-4.68, -0.27) 0.029 -3.21 (-5.32, -1.11) 0.003 -1.49 (-3.91, 0.93) 0.224 -1.68 (-3.75, 0.38) 0.108 

Lowest PaO2 0.76 (0.15, 1.36) 0.015 0.80 (0.20, 1.39) 0.009 0.58 (0.08, 1.25) 0.084 0.31 (-0.27, 0.89) 0.291 

Highest creatinine -0.34 (-0.65, -0.04) 0.029 -0.29 (-0.60, 0.008) 0.056 -0.29 (-0.62, 0.04) 0.085 -0.30 (-0.58, -0.02) 0.038 

Highest glucose -0.41 (-1.28, 0.46) 0.348 -0.32 (-1.18, 0.54) 0.456 -0.61 (-1.53, 0.32) 0.196 -0.35 (-1.15, 0.45) 0.387 

Lowest pH 35.91 (-38.63, 

110.46) 

0.340 22.70 (-50.80, 96.18) 0.540 43.60 (-35.95, 123.16) 0.278 -1.34 (-70.38, 67.70) 0.969 

BCPA POD 2-5         

Highest lactate -4.32 (-8.60, -0.05) 0.048 -5.8 (-9.88, -1.72) 0.006 -2.01 (-6.70, 2.67) 0.395 -3.05 (-7.03, 0.93) 0.131 



Lowest pH 

97.3 (12.34, 182.31) 0.025 93.97 (10.41, 177.53) 0.028 87.97 (-3.94, 179.87) 0.060 

104.03 (26.96, 

181.10) 

0.009 

Lowest PaO2 0.81 (0.19, 1.43) 0.011 0.80 (0.19, 1.40) 0.011 0.78 (0.11, 1.45) 0.023 0.68 (0.11, 1.26) 0.020 

Highest creatinine -0.23 (-0.51, 0.05) 0.107 -0.30 (-0.57, -0.02) 0.034 -0.15 (-0.45, 0.15) 0.329 -0.19 (-0.45, 0.07) 0.148 

Highest inotrope 

score 

-0.50 (-1.54, 0.53) 0.336 -1.17 (-2.16, -0.19) 0.020 0.16 (-0.95, 1.27) 0.774 -0.26 (-1.21, 0.70) 0.590 

BCPA overall         

Ventilation, days -1.60 (-2.79, -0.40) 0.010 -1.90 (-3.04, -0.75) 0.002 -1.31 (-2.62, -0.01) 0.048 -1.41 (-2.51, 0.31) 0.013 

ICU LOS, days -0.66 (-1.46, 0.14) 0.106 -1.15 (-1.90, -0.40) 0.003 -0.33 (-1.20, 0.53) 0.444 -0.80 (-1.53, -0.08) 0.030 

Hospitalization, 

days 

-0.21 (-0.41, -0.01) 0.035 -0.19 (-0.38, 0.01) 0.061 -0.18 (-0.39, 0.04) 0.105 -0.13 (-0.31, 0.06) 0.181 

Fontan         

Age at Fontan, 

years 

-6.84 (-11.28, -2.28) 0.004 -6.36 (-11.1, -1.92) 0.005 -5.88 (-11.1, -0.96) 0.020 -4.08 (-8.4, -0.24) 0.065 

Year of Fontan 0.02 (-0.98, 1.03) 0.963 0.41 (-0.58, 1.39) 0.410 -0.30 (-1.38, 0.77) 0.573 0.46 (-0.46, 1.38) 0.322 

Weight at Fontan, 

kg 

-1.82 (-4.13, 0.49) 0.120 -1.63 (-3.91, 0.64) 0.156 -1.60 (-4.08, 0.89) 0.204 -1.47 (-3.60, 0.66) 0.173 

CPB, min -0.08 (-0.25, 0.08) 0.322 -0.04 (-0.206, 0.12) 0.622 -0.14 (-0.32, 0.03) 0.107 -0.06(-0.21, 0.10) 0.469 

DHCA 4.08 (-12.58, 20.73) 0.627 2.64 (-13.73, 19.01) 0.748 2.58 (-15.25, 20.41) 0.774 -1.28 (-16.62, 14.06) 0.868 

Fontan type 1.61 (-6.06, 9.28) 0.676 1.13 (-6.41, 8.67) 0.78 1.48 (-6.73, 9.69) 0.720 -1.70 (-8.75, 5.35) 0.632 



Fenestration -5.61 (-16.18, 4.96) 0.293 -8.79 (-19.04, 1.45) 0.091 -5.63 (-16.95, 5.68) 0.324 -2.68 (-12.47, 7.10) 0.586 

Transferred to ICU 

intubated 

-2.87 (-10.72, 4.98) 0.467 -6.09 (-13.69, 1.50) 0.114 -0.80 (-9.23, 7.63) 0.851 -6.38 (-13.46, 0.70) 0.077 

Fontan POD 1         

Highest lactate -2.16 (-4.45, 0.13) 0.064 -2.32 (-4.55, -0.08) 0.042 -1.68 (-4.16, 0.80) 0.181 -2.31 (-4.40, -0.23) 0.030 

Lowest PaO2 0.10 (-0.19, 0.38) 0.509 0.22 (-0.06, 0.50) 0.119 0.07 (-0.23, 0.38) 0.636 0.14 (-0.13, 0.40) 0.301 

Highest pH 

35.0 (-60.91, 130.95) 0.469 

20.90 (-73.54, 

115.33) 

0.660 54.80 (-47.36, 156.88) 0.288 18.7 (-69.79, 107.13) 0.675 

Highest creatinine -0.10 (-0.29, 0.09) 0.302 -0.11 (-0.30, 0.08) 0.263 -0.06 (-0.27, 0.15) 0.584 -0.03 (-0.21, 0.15) 0.723 

Highest inotrope 

score 

-0.11 (-0.55, 0.33) 0.617 -0.11 (-0.537, 0.33) 0.629 -0.07 (-0.54, 0.40) 0.759 -0.23 (-0.63, 0.17) 0.259 

Fontan POD 2-5         

Highest lactate -1.07 (-4.29, 2.15) 0.508 -1.17 (-4.33, 2.00) 0.464 -0.98 (-4.43, 2.47) 0.573 -0.93 (-3.90, 2.03) 0.532 

Lowest PaO2 0.12 (-0.25, 0.48) 0.522 0.21 (-0.14, 0.56) 0.240 0.22 (-0.17, 0.60) 0.270 0.13 (-0.20, 0.46) 0.441 

Highest pH 38.0 (-33.61, 109.64) 0.293 33.6 (-36.82, 104.07) 0.344 43.1 (-33.40, 119.64) 0.265 17.7 (-48.59, 84.01) 0.595 

Highest creatinine -0.09 (-0.17, -0.02) 0.013 -0.07 (-0.14, 0.01) 0.073 -0.12 (-0.19, -0.04) 0.004 -0.07 (-0.14, -0.003) 0.042 

Highest inotrope 

score 

-0.28 (-0.68, 0.12) 0.165 -0.33 (-0.72, 0.06) 0.093 -0.26 (-0.68, 0.17) 0.234 -0.25 (-0.61, 0.12) 0.183 

Fontan overall         

Dialysis (patients) 3.87 (-6.74, 14.49) 0.469 7.28 (-3.04, 17.59) 0.163 -1.42 (-12.81, 9.98) 0.805 1.60 (-8.20, 11.40) 0.746 



Ventilation, days -1.27 (-2.77, 0.24) 0.098 -1.06 (-2.55, 0.42) 0.158 -1.34 (-2.95, 0.26) 0.100 -0.71 (-2.11, 0.70) 0.315 

ICU LOS, days -1.47 (-2.58, -0.37) 0.010 -1.41 (-2.5, -0.32) 0.012 -1.59 (-2.77, 0.40) 0.009 -1.30 (-2.33, -0.29) 0.013 

Hospitalization, 

days 

-0.29 (-0.83, 0.26) 0.295 -0.34 (-0.87, 0.20) 0.212 -0.28 (-0.86, 0.30) 0.341 -0.28 (-0.78, 0.22) 0.271 

Sepsis (patients) -12.65 (-21.16, -4.13) 0.004 -11.65 (-20.08, -3.22) 0.008 -11.37 (-20.66, -2.09) 0.017 -7.18 (-15.33, 0.97) 0.015 

Convulsions 

(patients) 

-16.7 (-25.80, -7.60) <0.001 -14.88 (-23.97, -5.78) <0.001 -16.43 (-26.31, -6.54) <0.001 -12.71 (-21.35, -4.08) 0.001 

Demographics         

Blishen Index 0.16 (-0.12, 0.43) 0.252 0.20 (-0.07, 0.46) 0.142 0.10 (-0.19, 0.40) 0.491 0.09 (-0.16, 0.34) 0.472 

Mothers Education 0.74 (-0.86, 2.33) 0.360 0.76 (-0.80, 2.33) 0.333 0.72 (-0.99, 2.42) 0.405 -0.14 (-1.61, 1.34) 0.853 

Guardianship – 

both parents 

-5.63 (-18.47, 7.21) 0.384 -7.67 (-20.21, 4.88) 0.227 -5.45 (-19.20, 8.30) 0.431 -11.87 (-23.39, -0.36) 0.044 

European vs other 5.76 (-4.44, 15.96) 0.264 8.92 (-0.95, 18.79) 0.076 8.99 (-1.79, 19.78) 0.101 5.71 (-3.65, 15.08) 0.228 

Cardiac 

hospitalizations 

-2.03 (-5.90, 1.85) 0.300 -1.36 (-5.19, 2.46) 0.479 -2.27 (-6.42, 1.87) 0.278 -1.66 (-5.23, 1.92) 0.357 

Non-cardiac 

hospitalizations 

-6.09 (-9.93, -2.36) 0.002 -5.51 (-9.32, -1.69) 0.005 -7.64 (-11.63, -3.66) <0.001 -7.12 (-10.47, -3.76) <0.001 

Non-cardiac 

medical specialist 

-1.74 (-4.14, 0.65) 0.151 -2.12 (-4.50, 0.16) 0.068 -1.99 (-4.55, 0.55) 0.123 -2.33 (-4.50, -0.17) 0.035 



 

  

Chronic cardiac 

medications 

0.53 (-3.18, 4.24) 0.776 1.27 (-2.36, 4.90) 0.487 0.30 (-3.67, 4.27) 0.881 -1.09 (-4.49, 2.32) 0.526 

Chronic pulmonary 

medications 

0.81 (-5.84, 7.45) 0.810 2.41 (-4.09, 8.91) 0.463 0.03 (-7.08, 7.14) 0.994 -1.94 (-8.04, 4.15) 0.526 



Table S3. Demographic, all three perioperative and overall variables for all classic HLHS patients having undergone 

neurocognitive assessment post Fontan procedure (N=68). Data are presented as median (IQR) and counts (%). 

Variables Overall  

N=68 

Median age < 40 mths, 

N=33 

Median age >= 40 mths, 

N=35 

P-value 

 

Female sex 20 (29.4%) 10 (30.3%) 10 (28.6%) 1.00 

Norwood RVPA (vs. MBTS) 44 (64.7%) 22 (67%) 22 (63%) 0.94 

Birth Weight, kg 3.28 (3.03, 3.55) 3.18 (3.05, 3.67) 3.28 (2.98, 3.59) 0.65 

Gestational Age, weeks 39.0 (38.0, 40.0) 39.0 (38.0, 40.0) 39.0 (38.0, 40.0) 0.48 

Chromosomal anomaly 2 (2.9%) 0 (0%) 2 (6%) 0.49 

Antenatal diagnosis 38 (56.9%) 20 (61%) 18 (51%) 0.60 

Pre-Fontan disability 

Motor/hearing/vision 

10 (14.7%) 3 (9%) 7 (20%) 0.31 

Pre-Norwood     

Highest lactate 2.7 (2.0, 4.4) 2.7 (2.2, 4.5) 2.7 (2.0, 3.8) 0.54 

Lowest pH 7.2 (7.2, 7.3) 7.2 (7.2, 7.3) 7.2 (7.2, 7.3) 0.77 

Lowest PaO2 31.0 (28.5, 35.0) 31.0 (29.0, 36.0) 30.0 (28.0, 35.0) 0.23 



Lowest base deficit -5.0 (-7.5, -3.0) -4.9 (-9.0, -3.0) -5.0 (-7.0, -2.5) 0.87 

Inotrope score 5.0 (0.0, 10.0) 0.6 (0.0, 10.0) 5.0 (0.0, 10.0) 0.31 

Ventilation time 6.0 (4.0, 9.0) 7.0 (3.0, 9.0) 6.0 (4.0, 9.0) 0.90 

CPR 2 (3%) 0 (0) 2 (3%) 0.49 

ECMO 1 (1.5%) 0 (0%) 1 (3%) 1.00 

Norwood - Operative     

Age at Norwood, days 8.0 (7.0, 12.0) 8.0 (7.0, 13.0) 8.0 (7.0, 11.0) 0.97 

Year of surgery 2004 (2000, 2006) 2005 (2001, 2008) 2004 (1999, 2005) 0.13 

CPB, min 97.0 (81.0, 142.0) 96.0 (82.0, 129.0) 98.0 (80.0, 146.0) 0.81 

ACC, min 42.0 (33.0, 52.5) 41.0 (33.0, 51.0) 42.0 (32.0, 53.0) 0.98 

DHCA, min 31.0 (19.0, 42.0) 26.0 (20.0, 40.0) 33.0 (15.0, 43.0) 0.41 

Norwood POD 1     

Highest lactate 6.9 (4.8, 10.1) 7.7 (5.0, 9.3) 6.5 (4.7, 10.2) 0.93 

Lowest pH 7.3 (7.2, 7.3) 7.3 (7.2, 7.3) 7.3 (7.2, 7.3) 0.41 

Lowest paO2 31.5 (29.5, 34.0) 32.0 (29.0, 34.0) 31.0 (30.0, 34.0) 0.77 

Highest inotrope score 12.0 (10.0, 19.5) 12.5 (10.0, 20.0) 12.0 (9.0, 19.0) 0.89 



Norwood POD 2-5     

Highest lactate 2.4 (1.9, 3.2) 2.5 (1.8, 3.5) 2.3 (1.9, 3.0) 0.65 

Lowest pH 7.3 (7.3, 7.4) 7.3 (7.3, 7.4) 7.3 (7.3, 7.4) 0.62 

Lowest paO2 34.0 (31.0, 36.0) 34.0 (31.0, 35.0) 35.0 (32.0, 36.0) 0.33 

Highest inotrope score 10.0 (7.0, 17.5) 12.0 (6.0, 17.0) 10.0 (7.5, 20.0) 0.91 

Norwood overall     

Ventilation, days 19.0 (14.5, 25.0) 18.0 (13.0, 23.0) 21.0 (17.0, 27.0) 0.15 

ICU LOS, days 18.5 (15.0, 26.5) 18.0 (16.0, 24.0) 20.0 (14.0, 34.0) 0.68 

Hospitalization, days 30.0 (22.0, 44.0) 29.0 (24.0, 44.0) 31.0 (21.0, 52.0) 0.57 

Convulsions 9 (13%) 1 (3%) 8 (23%) 0.028 

CPR, pre& post 4 (6%) 1 (3%) 3 (8%) 0.61 

Dialysis 11 (16%) 7 (21%) 4 (11%) 0.34 

ECMO, PO 1 (1.5%) 0 (0%) 1 (3%) 1.00 

Open sternum, days 5.0 (3.0, 6.0) 5.0 (3.0, 6.0) 5.0 (3.0, 6.0) 0.62 

Sepsis 17 (25.0%) 8 (24%) 9 (26%) 1.00 

BCPA     



Age at BCPA, months 6.0 (5.0, 7.2) 5.9 (5.0, 7.0) 6.3 (5.5, 7.4) 0.16 

Weight at BCPA, kg 6.4 (5.6, 7.0) 6.4 (5.8, 7.0) 6.4 (5.4, 7.0) 0.24 

CPB, min 54.5 (45.5, 65.0) 52.0 (47.0, 61.0) 58.0 (45.0, 67.0) 0.65 

DHCA (used) 5 (7%) 3 (9%) 2 (6%) 0.67 

BCPA POD 1     

Inotrope score 0.0 (0.0, 5.0) 0.0 (0.0, 3.0) 0.0 (0.0, 5.0) 0.18 

Highest lactate 1.7 (1.5, 2.8) 1.7 (1.5, 2.8) 1.7 (1.5, 2.6) 0.55 

Lowest PaO2 39.0 (35.0, 44.0) 39.0 (35.0, 43.0) 39.0 (35.0, 44.0) 0.86 

Highest creatinine 44.0 (36.0, 49.5) 43.0 (36.0, 51.0) 44.0 (36.0, 49.0) 0.97 

Highest glucose 9.2 (7.3, 12.4) 10.2 (7.6, 11.9) 9.0 (7.2, 13.1) 0.69 

Lowest pH 7.3 (7.3, 7.4) 7.3 (7.3, 7.4) 7.3 (7.3, 7.4) 0.89 

BCPA POD 2-5     

Highest lactate 1.2 (1.0, 1.7) 1.1 (0.9, 1.6) 1.2 (1.0, 1.8) 0.28 

Lowest pH 7.4 (7.3, 7.4) 7.4 (7.3, 7.4) 7.4 (7.3, 7.4) 0.74 

Lowest PaO2 38.0 (35.0, 43.0) 37.0 (35.0, 43.0) 39.0 (34.0, 43.0) 0.87 

Highest creatinine 37.0 (29.5, 48.5) 40.0 (31.0, 50.0) 35.0 (29.0, 42.0) 0.25 



Highest inotrope score 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.71 

BCPA overall     

Ventilation, days 2.0 (0.0, 2.0) 2.0 (0.0, 2.0) 2.0 (0.0, 2.0) 0.81 

ICU LOS, days 4.0 (3.0, 6.0) 4.0 (3.0, 5.0) 4.0 (3.0, 6.0) 0.87 

Hospitalization, days 8.0 (7.0, 13.0) 8.0 (7.0, 9.0) 9.0 (8.0, 14.0) 0.01 

Fontan     

Age at Fontan, months 40.1 (34.8, 47.4) 34.5 (31.2, 36.2) 46.9 (42.7, 55.1) <0.001 

Year of Fontan 2007 (2003, 2009.5) 2007 (2004, 2011) 2007 (2003, 2009) 0.61 

Weight at Fontan, kg 13.7 (12.8, 15.4) 13.2 (12.6, 14.2) 14.4 (13.0, 16.1) 0.002 

CPB, min 76.5 (60.0, 94.0) 76.0 (60.0, 89.0) 77.0 (60.0, 96.0) 0.67 

DHCA, used 4 (6%) 3 (9%) 1 (3%) 0.35 

Fontan type    0.18 

Intra-extra 11 (16%) 8 (24%) 3 (9%) 

Extra-cardiac 50 (74%) 21 (64%) 29 (83%) 

Lateral Tunnel 7 (10%) 4 (12%) 3 (9%) 

Fenestration 57 (84%) 28 (85%) 29 (83%) 1.000 



Concomitant Surgeries     

Arch Repair 4 (6%) 3 (9%) 1 (3%) 0.349 

Systemic AV valve repair 16 (24%) 6 (18%) 10 (29%) 0.396 

Systemic VA valve repair 2 (3%) 1 (3%) 1 (3%) 0.999 

Pulmonary artery plasty 2 (3%) 1 (3%) 1 (3%) 0.999 

Atrial septostomy 1 (1.5%) 1 (3%) 0 0.485 

Transferred to ICU intubated 37 (54%) 17 (52%) 20 (57%) 0.82 

Fontan POD 1     

Highest lactate 4.3 (3.4, 5.8) 4.1 (3.3, 5.4) 4.5 (3.5, 6.0) 0.45 

Lowest PaO2 55.0 (45.0, 62.0) 50.0 (43.0, 57.0) 58.0 (50.0, 64.0) 0.037 

Highest pH 7.3 (7.3, 7.3) 7.3 (7.3, 7.3) 7.3 (7.3, 7.3) 0.38 

Highest creatinine 61.0 (50.0, 71.5) 61.0 (50.0, 71.0) 62.0 (50.0, 79.0) 0.70 

Highest inotrope score 6.5 (4.5, 12.0) 5.0 (5.0, 12.0) 7.0 (4.0, 12.0) 0.93 

Fontan POD 2-5     

Highest lactate 1.9 (1.4, 2.6) 1.7 (1.1, 2.3) 2.0 (1.5, 2.6) 0.10 

Lowest PaO2 52.0 (43.0, 59.5) 50.0 (43.0, 59.0) 53.0 (48.0, 62.0) 0.23 



Highest pH 7.3 (7.3, 7.4) 7.3 (7.3, 7.4) 7.3 (7.3, 7.4) 0.39 

Highest creatinine 49.5 (36.0, 69.5) 52.0 (35.0, 74.0) 49.0 (37.0, 62.0) 0.65 

Highest inotrope score 1.0 (0.0, 5.5) 0.0 (0.0, 5.0) 1.0 (0.0, 8.0) 0.72 

Fontan overall     

CPR 1 (1.5%) 0 (0%) 1 (3%) 1.000 

Convulsions 4 (6%) 1 (3%) 3 (9%) 0.61 

Dialysis 1 (1.5%) 0 (0%) 1 (3%) 0.49 

Ventilation, days 1.0 (0.0, 2.0) 1.0 (0.0, 2.0) 1.0 (0.0, 2.0) 0.59 

ICU LOS, days 3.0 (3.0, 6.0) 3.0 (2.0, 6.0) 3.0 (3.0, 6.0) 0.97 

Hospitalization, days 12.0 (9.0, 19.0) 12.0 (8.0, 19.0) 12.0 (9.0, 19.0) 0.88 

Overall for all operations     

Sepsis at any point 20 (29%) 9 (27%) 11 (31%) 0.79 

ECMO at any point 2 (3%) 0 (0%) 2 (6%) 0.49 

CPR at any time 5 (7%) 1 (3%) 4 (11%) 0.36 

Dialysis at any point 12 (18%) 7 (21%) 5 (14%) 0.53 

Convulsions 13 (19%) 2 (6%) 11 (31%) 0.012 



All ventilation, days 22.5 (17.0, 31.5) 21.0 (15.0, 27.0) 23.0 (19.0, 33.0) 0.14 

All ICU LOS, days 36.5 (32.0, 44.0) 38.0 (33.0, 42.0) 35.0 (27.0, 54.0) 0.82 

All hospitalization, days 57.5 (44.5, 71.5) 57.0 (49.0, 62.0) 58.0 (44.0, 81.0) 0.62 

Demographics     

Blishen 43.0 (34.0, 56.0) 42.0 (35.0, 53.0) 44.0 (34.0, 60.0) 0.60 

Mothers Education 14.0 (12.0, 15.5) 14.0 (12.0, 16.0) 13.0 (12.0, 15.0) 0.48 

Guardianship – both parents 61 (90%) 29 (88%) 32 (91%) 0.78 

European vs other 56 (82%) 28 (85%) 28 (80%) 1.00 

AV: atrio-ventricular, VA:ventriculo-arterial. 

 


