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Risk factors for hospital morbidity and mortality after the Norwood
procedure: A report from the Pediatric Heart Network Single
Ventricle Reconstruction trial
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Objectives: We sought to identify risk factors for mortality and morbidity during the Norwood hospitalization in
newborn infants with hypoplastic left heart syndrome and other single right ventricle anomalies enrolled in the
Single Ventricle Reconstruction trial.

Methods: Potential predictors for outcome included patient- and procedure-related variables and center volume and
surgeon volume. Outcome variables occurring during the Norwood procedure and before hospital discharge or stage
II procedure included mortality, end-organ complications, length of ventilation, and hospital length of stay. Univariate
and multivariable Cox regression analyses were performed with bootstrapping to estimate reliability for mortality.

Results: Analysis included 549 subjects prospectively enrolled from 15 centers; 30-day and hospital mortality
were 11.5% (63/549) and 16.0% (88/549), respectively. Independent risk factors for both 30-day and hospital
mortality included lower birth weight, genetic abnormality, extracorporeal membrane oxygenation (ECMO) and
open sternum on the day of the Norwood procedure. In addition, longer duration of deep hypothermic circulatory
arrest was a risk factor for 30-day mortality. Shunt type at the end of the Norwood procedure was not a significant
risk factor for 30-day or hospital mortality. Independent risk factors for postoperative renal failure (n = 46), sep-
sis (n = 93), increased length of ventilation, and hospital length of stay among survivors included genetic ab-
normality, lower center/surgeon volume, open sternum, and post-Norwood operations.

Conclusions: Innate patient factors, ECMO, open sternum, and lower center/surgeon volume are important risk
factors for postoperative mortality and/or morbidity during the Norwood hospitalization. (J Thorac Cardiovasc

Surg 2012;144:882-95)

Risk factors for hospital morbidity and mortality after the
Norwood procedure for patients with hypoplastic left heart
syndrome (HLHS) have been reported from single centers
and multicenter databases. Many centers report low birth
weight, genetic abnormalities, restrictive atrial septum, du-
ration of cardiopulmonary bypass (CPB), and extracorpo-
real membrane oxygenation (ECMO) as risk factors for
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mortality.''* Multicenter reports have shown higher
mortality at smaller volume centers.>'>'¢

The Pediatric Heart Network Single Ventricle Reconstruc-
tion (SVR) trial provides a unique opportunity to analyze
prospectively collected preoperative, operative, and postop-
erative data in the largest cohort of newborn infants with
HLHS and other single right ventricle anomalies to date.
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Abbreviations and Acronyms
CPB = cardiopulmonary bypass
CPR = cardiopulmonary resuscitation
DHCA = deep hypothermic circulatory arrest
ECMO = extracorporeal membrane oxygenation
E-CPR = ECMO required to restore circulation

during CPR

HLHS = hypoplastic left heart syndrome
MBTS = modified Blalock-Taussig shunt
RCP = regional cerebral perfusion
RVPAS = right ventricular—pulmonary artery shunt
SVR = Single Ventricle Reconstruction

Primary results of the SVR trial reported differences in out-
come between subjects undergoing the Norwood procedure
with a right ventricular—pulmonary artery shunt (RVPAS)
versus a modified Blalock-Taussig shunt (MBTS).!” The ini-
tial report focused solely on the comparative outcomes rela-
tive to shunt type. The primary aim of this prespecified
secondary analysis was to examine the associations of
patient-related risk factors and perioperative management
variables on morbidity and mortality during the Norwood
hospitalization. To facilitate comparisons with previous re-
ports of surgical morality for the Norwood procedure, we an-
alyzed both 30-day and hospital mortality. Our secondary
aim was to explore associations with shunt type on longer-
term transplant-free survival in subjects requiring cardiopul-
monary resuscitation (CPR) and/or ECMO.

METHODS
Study Design

Details of the SVR trial design have been previously published.'”'® In
brief, inclusion criteria consisted of a diagnosis of HLHS or other single
right ventricle anomaly and a planned Norwood procedure. Patients were
excluded if the preoperative cardiac anatomy rendered either the MBTS
or RVPAS technically impossible or if they had any major congenital or
acquired extracardiac abnormality that could independently decrease the
likelihood of transplant-free survival at 1 year of age. Subjects were ran-
domly assigned to receive either the MBTS or the RVPAS. The institutional
review board at each center approved the protocol. Written informed con-
sent was obtained from a parent/guardian before randomization. Other than
the type of shunt placed, the remainder of the perioperative care was per
institutional standard. For the purposes of this analysis, subjects were cat-
egorized by the shunt in place at the end of the Norwood procedure.

Data Collection and Definitions

Data were prospectively collected. The 16 outcome variables are defined
in Appendix Table 1. Other than 30-day mortality, outcomes were recorded
if they occurred before hospital discharge or before stage II procedure for
subjects not discharged. ECMO initiated after the Norwood procedure
was considered an outcome variable. The 42 potential risk factors are de-
fined in Appendix Table 2. Subjects underwent genetic evaluations when
indicated by clinical suspicion of a genetic abnormality. In addition, a re-
search option for a genetic evaluation was offered. Preoperative shock

was defined as a composite of hepatic failure (Appendix Table 1), renal fail-
ure (Appendix Table 1), lactate greater than 10 mmol/L, or intubation for
shock. Perfusion strategies included deep hypothermic circulatory arrest
(DHCA) alone or regional cerebral perfusion (RCP) with or without
DHCA. Open sternum included all subjects with an open sternum on the
day of the Norwood procedure. These subjects were categorized as those
at a “routine” center where sternums of all patients were left open at the
end of the Norwood procedure or those at an “‘elective” center where the
surgeon selectively decided to leave the patient’s sternum open. ECMO
for failure to separate from CPB was examined as a potential risk factor.
The day of Norwood procedure was defined as day 1.

The longer-term outcome of patients requiring CPR (defined as receiv-
ing chest compressions) and/or ECMO was examined in further detail.
Subjects were characterized as follows: CPR alone (CPR), ECMO alone
(ECMO), ECMO required to restore circulation during CPR (E-CPR),
and neither CPR nor ECMO (“‘none”). For the subanalysis of these 4
groups, only CPR, ECMO, or E-CPR occurring within 30 days of Norwood
procedure were included. Subjects requiring ECMO for failure to separate
from CPB were included in the ECMO group.

Statistical Methods

Summary statistics include mean + standard deviation, median, and
range. We analyzed 2 mortality outcomes: (1) time to death up to discharge
from the Norwood hospitalization, using Kaplan-Meier estimation and Cox
proportional hazards regression, with censoring at dates of cardiac trans-
plant and at time of stage IT procedure (for those not discharged) and (2) a di-
chotomous 30-day post-Norwood procedure mortality indicator, using
logistic regression. We analyzed 4 continuous outcomes using linear
regression: post-Norwood right ventricular fractional area change, log-
transformed time to initial extubation, log-transformed total days venti-
lated, and log-transformed hospital length of stay. Subjects who died or
underwent cardiac transplant during the hospitalization were excluded
from analysis of the extubation, ventilation, and length of stay outcomes.
We analyzed 10 dichotomous morbidity outcomes using logistic regression;
for 3 of these (necrotizing enterocolitis, liver failure, mediastinitis), only
univariate analyses were conducted owing to the low event rate. For con-
struction of multivariable models, variables with a P value < .2 in univariate
analysis were used as candidate predictors in regression modeling. The R?
and maximum rescaled R values are reported for linear and logistic regres-
sion models, respectively. In addition, generalized additive modeling was
used to identify nonlinear associations between outcomes and continuous
candidate predictors. Variables with a nonlinearity P value < .05 were con-
sidered in the multivariable selection procedure. Bootstrap resampling was
used to estimate the reliability of each factor selected by stepwise regression
for the multivariable mortality model.'®?° We retained a term in the model
if it had reliability greater than 50% and a P value of less than .05.

‘We used analysis of variance and the Kruskal-Wallis test for comparison of
the distributions of baseline characteristics across the 4 ECMO/CPR groups.
To account for potential survival bias in this secondary analysis of CPR with
or without ECMO subjects, we used Cox proportional hazards regression with
a time-dependent group indicator to model time to death or transplant, using
all available follow-up data. A test of interaction between subject group and
shunt type was used to assess differential treatment effect by group.

RESULTS

Between May 2005 and July 2008 there were 549 evalu-
able SVR subjects: 268 with an MBTS and 281 with an
RVPAS.

Mortality
Mortality during the Norwood hospitalization was 16%
(88/549). Deaths occurred at a median of 16 days, (range,
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