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Determinants of neurological outcome in neonates with
congenital heart disease following heart surgery
Viktoria A. Kuhn 1, Jessica L. Carpenter2, David Zurakowski3, Justus G. Reitz1, Lauren Tague4, Mary T. Donofrio4, Jonathan Murnick5,
Roland Axt-Fliedner1, Catherine Limperopoulos6 and Can Yerebakan7

BACKGROUND: The objective was to determine the association between perioperative risk factors and brain imaging abnormalities
on neurologic outcome in neonates with hypoplastic left heart syndrome (HLHS) or d-Transposition of the great arteries (d-TGA)
who underwent cardiac surgery including cardiopulmonary bypass.
METHODS: A retrospective analysis of neonates with HLHS or d-TGA undergoing cardiac surgery including cardiopulmonary bypass
between 2009 and 2017 was performed. Perioperative risk factors and Andropoulos’ Brain Injury Scores from pre- and
postoperative brain magnetic resonant images (MRI) were correlated to outcome assessments on patients between 5 and
23 months of age. Neurologic outcome was measured using the Pediatric Stroke Outcome Measure (PSOM) and Pediatric Version of
the Glasgow Outcome Scale-Extended (GOS-E).
RESULTS: Fifty-three neonates met our enrollment criteria (24 HLHS, 29 d-TGA). Mechanical ventilation > 12 days and DHCA >
40min were associated with worse outcome. MRI measures of brain injuries were not associated with worse outcome by PSOM or
GOS-E.
CONCLUSION: For HLHS and d-TGA patients, duration of mechanical ventilation and DHCA are associated with adverse neurologic
outcome. Neonatal brain MRI commonly demonstrates acquired brain injuries, but the clinical impact of these abnormalities are not
often seen before 2 years of age.
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IMPACT:

● Acquired brain injury is common in high-risk neonates with CHD but poor neurological outcome was not predicted by severity
of injury or lesion subtype. Longer stay in ICU is associated with postoperative brain injuries on MRI.

● Total duration of ventilation > 12 days is predictive of adverse neurological outcome scores.
● DHCA > 40min is associated with adverse neurological outcome scores.
● Neurological outcome before 2 years of age is more affected by the clinical course than by cardiac diagnosis.

INTRODUCTION
Congenital heart defects are the most common birth defects seen
worldwide. The incidence of moderate to severe congenital heart
disease (CHD) is estimated to be 6/1000 live birth.1

With advances in prenatal diagnosis of CHD, surgical techni-
ques, cardiopulmonary bypass (CPB) and the perioperative care of
patients, the mortality of children with CHD has declined
significantly over the last two decades.2

Morbidity, however, remains high, with 30–50% of patients
suffering some degree of neurodevelopmental disability.3–5

Despite great efforts invested to maximize neurological outcome,
brain injury remains the most common extracardiac complication
of patients undergoing cardiac surgery.6 White matter injury (WMI)
is the most common cerebral injury subtype found in neonates

with CHD.7 Andropoulos et al.8 demonstrated that brain
immaturity in neonates with CHD is significantly associated with
pre- and postoperative brain injury, especially WMI. Fetal studies
have shown abnormal brain development and cerebral blood flow
in fetuses with CHD.9–12 Limperopoulos et al.13 provided the first
in vivo evidence that impairment of fetal brain growth in fetuses
with CHD has its onset in the third trimester. McQuillen et al.14

suggest that failures in brain oxygen and nutrient delivery due to
the underlying heart defect and alterations in fetal blood flow lead
to the impairments of fetal brain growth. Moreover, the
oligodendrocytes that have high activity levels in the third
trimester are excessively vulnerable for hypoxia/ischemia, infec-
tion, hyperoxia or anesthetic drugs, which increases the risk of
hypoxic and oxidative injuries to the white matter in CHD patients
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due to decreased brain oxygen delivery caused by the underlying
cardiac defect.15

Nonmodifiable patient characteristics like CHD subtype, chro-
mosomal anomalies and socioeconomic status are reported to be
strong predictors of adverse neurodevelopmental outcome of
children with CHD.3,16–18 Over the last two decades several studies
have sought to improve outcomes by identifying modifiable risk
factors as well. Deep hypothermic circulatory arrest (DHCA) for
>40min, longer stay in intensive care unit (ICU) and the duration
of ventilation are found to be associated with adverse neurolo-
gical outcome.19–21 Many risk factors for neurodevelopmental
disability are also associated with a higher incidence of brain
injury seen on magnetic resonance imaging (MRI).5,8,22 Multiple
studies have demonstrated a high incidence of both brain injury
and abnormal neurodevelopmental outcome in CHD patients, yet
little is known about the direct impact of structural brain injury on
neurodevelopmental outcome in this population.
In this study we investigated the impact of pre- and post-

operative brain injuries on neurological outcome in neonates with
hypoplastic left heart syndrome (HLHS) or d-Transposition of the
great arteries (d-TGA). Clinical risk factors known to be associated
with neurological outcome were also assessed for impact on brain
injury in the postoperative period.

METHODS
Patient cohort
This is a retrospective study of patients receiving congenital heart
surgery with CPB during the first month of life. Consecutive
patients with a diagnosis of HLHS or d-TGA born between 2009
and 2017 who underwent an open heart surgery with CPB at
Children’s National Medical Center in Washington DC within their
first month of life were included. Only subjects with pre- and
postoperative brain MRIs were enrolled in the study. Patients with
gestational age <36 weeks at birth, genetic abnormalities known
to be associated with abnormal neurodevelopment, congenital
brain abnormalities and/or multiple congenital anomalies were
excluded. Patients with incomplete MRIs were also excluded
(minimum required sequences: DWI, T2, T1).
The study was approved by the Children’s National Medical

Center Institutional Review Board in Washington DC.

Clinical data
Medical records for all subjects were reviewed to extract patient
characteristics and clinical data: Perioperative data, collected from
electronic medical records, included gestational age (GA), APGAR
scores, birth weight and head circumference, age at time of
preoperative MRI, length of stay in the ICU, length of hospital stay,
duration of intubation and mortality. Intraoperative data, includ-
ing age and weight at intervention, time of CPB, aortic cross-clamp
time, time of DHCA and type of procedure, were also recorded.

MR imaging
Magnetic resonance imaging studies were done pre- and
postoperatively on either a 1.5 T (Discovery MR450; GE Healthcare,
Waukesha, Wisconsin or Siemens Avanto, Erlangen, Germany) or
3.0 T scanner (Discovery MR750; GE Healthcare, Waukesha,
Wisconsin). Scans were obtained clinically as per the institutional
routine in all patients. The scans included standard T1- and T2-
weighted images, diffusion-weighted imaging, susceptibility-
weighted images and magnetic resonance spectroscopy. Post-
operative scans were most commonly done in the days prior to
discharge once the patients were stable and pacing wires were
removed.

MRI analysis
Magnetic resonance images were scored by two clinicians familiar
with brain injury associated with CHD, one a pediatric neuror-
adiologist, the other a pediatric neurologist. Scores were assigned
retrospectively and outside of regular clinical practice but because
the images were not deidentified, clinicians were not considered
blinded. Pre- and postoperative MR images were graded
according to a scoring system devised by Andropoulos et al.8

Brain injury was divided into eight categories: WMI, infarction
(ischemic stroke), intraparenchymal hemorrhage, punctate lesions,
elevated lactate on MR spectroscopy, intraventricular hemorrhage
(IVH), subdural hemorrhage and dural sinovenous thrombosis. The
subcategories were scored for severity based on Andropoulos’
scorings system—0 for none, 1 for mild, 2 for moderate and 3 for
severe. For the total brain injury score, the scores in each category
were multiplied by a proposed outcome significant multiplier: 3
for WMI, infarction or intraparenchymal hemorrhage; 2 for
punctate lesions or increased lactate on MRS; and 1 for IVH,
subdural hemorrhage, dural sinovenous thrombosis. A total brain
injury score of 0 represents no injury; a score of 1–5 mild injury,
6–10 moderate injury and >10 severe injury (Supplementary
Material).

Measures of neurologic outcome
At our institution, neonates with CHD including surgery with CPB
are scheduled for appointments with a pediatric neurologist and
developmental psychologist after discharge as part of the Cardiac
Neurodevelopmental Outcome (CANDO) program. Based on
assessments from these clinical appointments, two different
outcome scores were assigned to quantify the neurologic
outcome of the patients.
The Pediatric Stroke Outcome Measure (PSOM) is a measure of

neurologic deficits, using five categories: sensorimotor function,
expressive language, language comprehension, behavior/state
regulation and cognition. Each category has four different scores:
0 for no deficit, 0.5 for mild deficit, 1 for moderate deficit and
decreased function, or 2 for severe deficit and missing function
(Table 1).23 Normal to mild deficits were classified as good

Table 1. Pediatric Stroke Outcome Measure criteria.

Severity of neurological
deficits

Total PSOM criteria

Normal Score 0–0.5 in all subdomains Scores: 0 for no deficit, 0.5 for mild deficit, 1 for moderate deficit and
decreased function, 2 for severe deficit and missing function
Subdomains: sensorimotor function, expressive language, language
comprehension, behavior/state regulation and cognition

Mild Score 1 in 1–2 subdomains and score <1 in
remaining subdomains

Moderate Score 1 in ≥3 subdomains OR
score 2 in one subdomain and score <2 in all
remaining subdomains

Severe Score 2 in ≥2 subdomains

PSOM indicates Pediatric Storke Outcome Measure.
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outcome, moderate and severe deficits were classified as poor
outcome.
Functional scores were assigned using the Pediatric version of

the Glasgow Outcome Scale-Extended (GOS-E Ped) modified by
Beers et al. The score is a measure of functional outcome of
patients <17 years of age after brain injury.24 It evaluates the
functional independence inside and outside the home, capacity
for school, participation in social and leisure activities and
psychological problems with an impact on the interaction with
family or friends. The GOS-E Ped was divided into eight categories
ranging from 1= upper good recovery/normal to 8= death.

Statistical analysis
Univariate analyses were performed with the Mann–Whitney U
test for continuous (non-normally distributed) variables, Student’s
t tests for normally distributed variables and Fisher’s exact test for
categorical or binary variables to evaluate differences between
HLHS and d-TGA groups. Changes for HLHS and d-TGA in ordinal
brain injury scores between preop and postop were assessed by
the Wilcoxon signed-ranks test and presented as median scores
and interquartile ranges (IQR). Diagnosis, duration of DHCA, ICU
length of stay, duration of ventilation and preoperative total
injury score were analyzed as candidate predictors of adverse
neurologic outcome. Backwards stepwise multivariable logistic
regression modeling with the likelihood ratio test used to
assess significance (threshold of p < 0.05 was used for entry and
p < 0.10 for removal from the model) was used to define
risk factors for worse GOS-E and PSOM scores and derive odds
ratios and 95% confidence intervals. It was also used to
identify independent risk factors for moderate to severe post-
operative brain injuries (total brain injury score ≥ 6). Receiver
operating characteristic curve analysis was applied to identify
optimal cut-off values of continuous predictor variables using the
Youden J-index. To identify candidate predictors of moderate to
severe postoperative WMI, infarction and intraparenchymal
hemorrhage, the subcategories were analyzed as binary cate-
gories. PSOM scores were grouped as normal/mild deficits (scores
0–1) and moderate/severe deficits/death (scores 2–4). GOS-E
scores were divided into good recovery (score 1 or 2) and
moderate to severe disabilities (scores 3–8). Statistical analysis was
performed using IBM SPSS Statistics (version 24.0, IBM Corpora-
tion, Armonk, NY). Two-tailed values of p < 0.05 were considered
statistically significant without any adjustments for multiple
testing and multiple endpoints and therefore should be regarded
as exploratory evidence.

RESULTS
Fifty-three patients met our criteria and were included in the
study. Twenty-four with the diagnosis of HLHS and twenty-nine
with the diagnosis of d-TGA underwent open heart surgery in the
time between 2009 and 2017 at Children’s National Medical
Center in Washington DC, USA. The characteristics of the cohort
are summarized in Table 2.
Variables from the clinical course of our cohort are presented in

Table 3.
Twenty three of 29 patients with d-TGA (79%) required balloon

atrial septostomy (BAS) before surgery (age= 973 ± 2090min). No
patients with HLHS had a catheter intervention to open the atrial
septum prior to surgery.
Two patients (8%) with HLHS required postoperative extra-

corporeal membrane oxygenation (ECMO) and one patient with d-
TGA (3%). Two patients with HLHS had a cardiac arrest after
surgery, of which one required ECMO. No patient with d-TGA had
a postoperative cardiac arrest. All patients with postoperative
ECMO and/or cardiac arrest survived the first 2 years of life.
Four patients (17%) with HLHS died, three within the first year

of life (17, 19 and 35 weeks of age) and one at 82 weeks of age.

One hundred percent in the group of d-TGA survived the first
2 years of life.

Brain injury scores
The preoperative MRIs were done on day of life 2 ± 1.8 and the
postoperative scans 25 ± 20 days after surgery. Preoperative brain
injuries were present in 53% of all patients (40% HLHS; 63% d-
TGA). The most common preoperative brain injuries in the group
of HLHS were IVH (20%), WMI (20%) and infarctions (16%),
whereas subdural hemorrhage (27%) and WMI (23%) were the
most frequently seen injuries in patients with d-TGA. Two patients

Table 2. Patient characteristics.

Parameter HLHS, n= 24
Mean ± SD

d-TGA, n= 29
Mean ± SD

Male 16 (67%) 18 (62%)

Prenatal diagnosed 23 (96%) 20 (69%)

Birth weight (g) 3152 ± 578 3250 ± 565

z-score −0.35 ± 1.19 −0.23 ± 1.14

Head circumference (cm) 33.8 ± 1.4 33.3 ± 1.6

z-score −0.74 ± 0.91 −1.14 ± 1.08

Gestational age at birth (weeks) 38 ± 1 38 ± 1.2

Apgar at 1 min 8 (3–9) 8 (0–9)

Apgar at 5 min 9 (6–9) 8 (5–9)

Age at preop MRI (days) 2.7 ± 2.1 2.8 ± 1.5

Age at surgery (days) 5.4 ± 2.5 6.6 ± 2.4

Weight at surgery (g) 3124 ± 550 3403 ± 595

Time between surgery and postop
MRI (days)

37 ± 22 16 ± 13

Age at neurological assessment
(months)

10 ± 6 10 ± 6.5

Weight at neurological assessment (kg) 8.17 ± 2.2 9.46 ± 2.64

z-score −1.15 ± 1.07 −0.27 ± 0.91

Length at neurological assessment (cm) 70.89 ± 10.93 74.35 ± 10.82

z-score −1.363 ± 2.11 −0.48 ± 1.17

Head circumference at neurological
assessment (cm)

44.42 ± 3.29 43.85 ± 2.43

z-score −0.19 ± 0.98 −0.74 ± 0.98

d-TGA d-Transposition of the great arteries, HLHS hypoplastic left heart
syndrome, MRI magnetic resonance imaging.

Table 3. Perioperative parameters.

Parameter HLHS
Median (interquartile
range)

d-TGA
Median (interquartile
range)

CPB time (min) 145 (133–169) 188 (158–206)

Aortic cross-clamp
time

41 (0–50) 114 (106–125)

DHCA time (min) 50 (42–56) 9 (8–12)

ICU length of stay
(days)

28 (19–47) 13 (10–23)

Hospital length of
stay (days)

56 (34–79) 19 (16–34)

Duration of
ventilation (days)

15 (7–35) 7 (4–10)

CPB cardiopulmonary bypass, DHCA deep hypothermic circulatory arrest,
ICU intensive care unit.
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with d-TGA (7%) had preoperative infarction. The median
preoperative total brain injury score for the HLHS group was 0
(IQR 0–3) and 1 (IQR 0–3) for the d-TGA group. Sixteen patients
(30%) had no preoperative and only postoperative lesions noted
on MRI (9 HLHS, 7 d-TGA). New lesions (defined as an increase in
number or size of preoperative lesions or new type of lesion) were
seen in 30 out of 53 patients (57%). The incidence of postoperative
brain abnormalities was 72% in patients with HLHS and 77% in
patients with d-TGA. The most common new postoperative brain
injuries were WMI (33%) and infarction (33%) for HLHS patients
and punctuate lesions (26%) and SDH (22%) for d-TGA patients
(see Table 4). The median postoperative total brain injury score for
the HLHS group was 4 (IQR 1–8) and 3 (IQR 1–5) for the group of
d-TGA.
Pre- and postoperative brain MRI findings are summarized in

Table 4.
A significant increase of the total brain injury score from

preoperative to postoperative was seen in both cardiac diagnosis
groups (HLHS: p= 0.006, d-TGA: p= 0.017).
A diagnosis of HLHS correlated with an increased risk for

moderate to severe postoperative infarction (size > one-third of a
vascular territory in one hemisphere) (p= 0.017). The length of
stay in ICU was significantly associated with a moderate to severe
total injury score (total score ≥ 6) on postoperative brain MRI (p <
0.001). Among the 17 patients with a moderate to severe
postoperative total injury score (≥6), the median (IQR) cardiac

ICU time was 33 days (21–55 days) compared to 14 days
(10–22 days) for the other 36 patients with postoperative injury
scores < 6 (p < 0.001).
Of note, BAS was not associated with an increased risk for

preoperative brain injury in the d-TGA group. Specifically, patients
with d-TGA, who underwent a BAS, neither show a higher
preoperative total brain injury score (p= 0.934), nor a higher
preoperative prevalence of WMI (p= 0.380), infarction (p= 0.910)
or intraparenchymal hemorrhages (p= 0.070) compared to
patients without BAS.

Neurologic outcomes
Eight patients were lost to follow-up. Forty-five out of 53 patients
(85%) underwent a neurologic assessment between 5 and
23 months of age. The median age of neurologic assessment
was 10 ± 6 months.
An abnormal assessment was seen in 49% of the patients,

whereby 82% of the HLHS patients and 17% of the d-TGA patients
had an abnormal examination.
PSOM and GOS-E scores were highly correlated with each other

(rs= 0.916, p < 0.001).
The mean PSOM scores were 1.82 ± 1.296 for the HLHS group

and 0.25 ± 0.608 for the d-TGA group. The mean GOS-E scores
were 3.86 ± 2.122 in patients with HLHS and 1.54 ± 0.932 in
patients with d-TGA.
The multivariable logistic regression analyses showed a

significant correlation between DHCA longer than 40min (odds
ratio (OR)= 11.6; 95% Cl, 2.0–74.7; p= 0.005) and total duration of
ventilation more than 12 days (OR= 17.9; 95% Cl, 2.8–113.3; p <
0.001) and moderate to severe deficits based on PSOM scores
(Fig. 1).
DHCA more than 40min (OR= 14.3, 95% Cl, 2.5–84.7, p < 0.001)

and a total duration of ventilation more than 12 days (OR= 13.9;
95% Cl, 2.3–84.0; p= 0.002) were also predictive for moderate to
severe disabilities based on GOS-E scores (Fig. 2).
Of note, 75% of the patients with DHCA time more than 40min

showed a total injury score ≥ 1 on postoperative brain MRI.
ICU length of stay more than 24 days (PSOM: p= 0.724; GOS-E:

p= 0.860) and moderate to severe preoperative brain injuries
(PSOM: p= 0.359; GOS-E: p= 0.787) were neither predictive for
worse PSOM scores nor for worse GOS-E scores (Table 5).

DISCUSSION
In this retrospective study, we evaluated the impact of patient
characteristic, clinical factors and structural brain injury severity on
neurological outcome within the first 2 years of life. Abnormal
brain MRI findings were present in 53% of the patients prior to
surgery and 73% after surgery. New postoperative findings were
seen in 55%. The most common brain MRI findings were IVH, WMI
and infarctions in the group of HLHS and WMI in patients with d-
TGA. The incidence of perioperative brain injuries in our study is
concordant with other studies.8,21,22

Independent risk factors for adverse neurological outcome in
our cohort were DHCA > 40min and longer duration of ventilation,
which is also consistent with previously published studies.19–21

In 2007, McQuillen et al. reported a high rate of new
postoperative brain lesions with WMI predominance in their study
of 62 patients with CHD. New acquired brain injury in their study
cohort were primarily seen in patients with single ventricles who
underwent a Norwood procedure.22 In our study, we also noted a
high rate of new postoperative lesions (57% of the patients),
including a high prevalence of WMI. However, in our cohort, new
postoperative lesions subtypes varied based on the CHD
diagnosis. Specifically, infants with either HLHS or d-TGA were
found to have similar total brain injury scores but differences in
injury subcategories were noted. For example, a greater incidence
of hemorrhage in the d-TGA group was noted on the

Table 4. Pre- and postoperative brain MRI findings.

Parameter HLHS
n, %

d-TGA
n, %

Total
n, %

Median preoperative brain
injury score

0 (IQR 0–3) 1 (IQR 0–3) 1 (IQR 0–3)

Any preoperative finding 10 (40%) 19 (63%) 29 (53%)

Preoperative WMI 5 (20%) 7 (23%) 12 (22%)

Preoperative infarction 4 (16%) 2 (7%) 6 (11%)

Preoperative IP hemorrhage 1 (4%) 0 (0%) 1 (2%)

Preoperative punctate
lesions

2 (8%) 3 (10%) 5 (10%)

Preoperative elevated lactate
in MRS

0 (0%) 3 (10%) 3 (5%)

Preoperative IVH 5 (20%) 2 (7%) 7 (13%)

Preoperative SDH 2 (8%) 2 (7%) 4 (7%)

Preoperative DVST 0 (0%) 0 (0%) 0 (0%)

Median postoperative brain
injury score

4 (IQR 1–8) 3 (IQR 1–5) 3 (IQR 1–6)

Any postoperative finding 18 (72%) 23 (77%) 41 (75%)

Postoperative WMI 12 (48%) 7 (23%) 19 (35%)

Postoperative infarction 8 (32%) 3 (10%) 11 (20%)

Postoperative IP hemorrhage 2 (8%) 1 (3%) 3 (5%)

Postoperative punctate
lesions

4 (16%) 13 (43%) 17 (31%)

Postoperative elevated
lactate in MRS

0 (0%) 1 (3%) 1 (2%)

Postoperative IVH 6 (24%) 6 (20%) 12 (22%)

Postoperative SDH 1 (4%) 8 (27%) 9 (16%)

Postoperative DVST 0 (0%) 0 (0%) 0 (0%)

Any new postoperative
finding

14 (58%) 16 (55%) 30 (57%)

DVST dural sinovenous thrombosis, IP intraparenchymal, IQR interquartile
range, IVH intraventricular hemorrhage, MRS magnetic resonance spectro-
scopy, SDH subdural hemorrhage, WMI white matter injury.
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postoperative scans. Microhemorrhage, intraventricular hemor-
rhage and subdural hemorrhage were most commonly seen, all
which historically are less likely to impact neurological
outcome.8,25 Newly acquired postoperative injuries found in the
HLHS cohort, however, were primarily WMI and infarction.

Prior studies have shown an increased risk of infarction after
BAS,26,27 but this association is not consistent in the literature.28–30

Kelly et al.31 suggest that the patients who undergo BAS have the
greatest burden of hypoxia and are therefore at higher risk of
brain injuries. Perhaps the failure to consistently demonstrate

Multivariable predictors of worse GOS-E scores (moderate-to-severe disabilities)

Diagnossis (HLHS vs d-TGA)

DHCA > 40 min

ICU > 24 days

0.1 0.2 0.5 1 2 5 10 20 30 50 70

Duration of ventilation > 12 days

Preop. brain injury score > 6

Adjusted odds ratio (95% confidence interval)

Fig. 2 Forest plot of Multivariable predictors of worse GOS-E scores (moderate to severe disabilities). Horizontal lines represent 95%
confidence interval. The circle represents the combined result. The vertical line extending from 1 is the null value. * represents a significant
independent predictor.

Table 5. Results of multivariable regression analysis of factors predictive of adverse neurodevelopmental outcome scores.

Variable PSOM (moderate to severe deficits) GOS-E (moderate to severe disabilities)

Odds ratio 95% Cl p value Odds ratio 95% Cl p value

Diagnosis (HLHS vs. d-TGA) 1.5 0.1–49.5 0.831 0.7 0.1–22.8 0.855

DHCA > 40min 11.6 2.0–74.7 0.005a 14.3 2.5–84.7 <0.001a

ICU length of stay > 24 days 1.6 0.2–20.4 0.724 1.3 0.1–15.9 0.860

Total duration of ventilation > 12 days 17.9 2.8–113.3 <0.001a 13.9 2.3–84.0 0.002a

Preoperative total brain injury score ≥ 6 3.3 0.3–40.7 0.359 1.4 0.2–16.6 0.787

Cl confidence interval, DHCA deep hypothermic circulatory arrest, d-TGA d-Transposition of the great arteries, GA gestational age, HLHS hypoplastic left heart
syndrome, ICU intensive care unit.
aSignificant independent predictor.

Multivariable predictors of worse PSOM scores (moderate-to-severe deficits)

Diagnosis (HLHS vs d-TGA)

DHCA > 40 min

ICU > 24 days

Duration of ventilation > 12 days

Preop. brain injury score > 6 or higher

0.1 0.2 0.5 1 2 5 10 20 30 50 70

Adjusted odds ratio (95% confidence interval)

Fig. 1 Forest plot of Multivariable predictors of worse PSOM scores (moderate to severe deficits). Horizontal lines represent 95%
confidence interval. The circle represents the combined result. The vertical line extending from 1 is the null value. * represents a significant
independent predictor.
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increased injury in this vulnerable population relates to the timing
of the BAS and the associated supportive care received. BAS was
not associated with an increased risk for preoperative brain injury
in our cohort, including infarction, WMI and hemorrhage which
may be a reflection of our center’s high rate of early BAS and
cardiac-focused perinatal care.
In univariate analysis, infants with HLHS were identified to have

worse neurological outcome compared to those with d-TGA but
CHD subtype did not predict outcome in the multivariate analysis.
These groups differed significantly in terms of operative and
perioperative management. Infants with HLHS had a longer
duration of pre- and postoperative ventilation as well as longer
stay in ICU. Other studies have also described differences in
developmental outcome for single ventricle CHD and d-TGA
patients using univariate regression analysis.18,21,32 However,
similar to our cohort, these studies were also unable to confirm
this finding in a multivariate regression analysis. In repeated
analyses, the clinical factors appear to surpass the CHD diagnosis
as stronger predictors of adverse neurodevelopmental
outcome.21,32 Perhaps, future larger studies using a more
substantive tool for measuring outcome, like the Bayley Score of
Infant Development and/or multivariate regression analyses, may
better determine the association between CHD diagnosis and
adverse outcome.
Several studies over the last two decades have defined risk

factors associated with perioperative brain injury and adverse
neurodevelopmental outcome in children with CHD.3,8,20,26,32

Historically there have been concerns that the use of DHCA
increases the risk of perioperative brain injury and adverse
neurodevelopmental outcome in children with CHD. However,
there are a growing number of studies that suggest a limited
period of DHCA does not affect the neurodevelopmental
outcome.19,33 Investigators from the Boston Circulatory Arrest
Trial concluded that only a duration of DHCA beyond 41min
affects the neurodevelopmental outcome.19 Our results support
the concept that DHCA > 40min is an independent risk factor for
poor neurologic outcome
Despite the many investigations of risk factors for perioperative

brain injury and adverse neurodevelopmental outcome in the
CHD population, the relationship between structural brain injury
and abnormal neurological outcome is still not well understood.
Beca et al.34 performed the largest study to date, investigating

the impact of brain injuries on neurodevelopmental outcome. In
this multicenter study, they examined 153 infants with mixed CHD
diagnosis, who underwent congenital heart surgery with or
without CPB and evaluated the neurodevelopmental outcome at
2 years of age using the third edition of the Bayley Scales of
Infants and Toddler Development (Bayley-III). Brain MRI findings
were classified as focal infarction, WMI or hemorrhage. A
correlation between the Bayley Scales and brain injuries was not
found. They noted the diagnostic group as the strongest predictor
for new postoperative WMI. Similar to the results of our study,
Beca et al. showed that single ventricle patients are at greatest risk
for new postoperative WMI.
More recently, Claessens et al.35 reported an association

between perioperative brain injury, especially WMI, and reduced
brain volumes with adverse cognitive, behavioral and motor
outcome at 2 years of age. These findings confirm the findings of
Andropoulos et al., who also described an association between
new postoperative WMI and worse cognitive outcome at
12 months of age in a group of varying types of CHD.20 Compared
to Beca et al., who analyzed brain injury only as a dichotomous
predictor, Claessens et al. also included brain volumes and cortical
measures, such as the inner cortical surface and a gyrification
index. Neonates with worse neurodevelopmental outcome
showed smaller brain volumes and decreased cortical measures
in this study.35 The impacts of altered cerebral development and
acquired brain injury on the neurodevelopmental outcome of CHD

patients are complex and multifaceted. Inconsistencies in the
literature may indicate variations among CHD subtypes and the
postnatal care received that still need to be explored.
Of note is that, Peyvandi et al. recently suggested that the

timing of neurodevelopmental assessment could influence the
predictive value of brain injuries on neurological outcome. They
showed that only clinical factors, such as cardiac lesion, BAS and
maternal education, were associated with worse 12 months Bayley
Scales. However, brain injury scores were significantly associated
with lower Bayley Scales at 30 months follow-up.36 McGrath et al.
further described neurodevelopmental evaluations at 1 year of
age modestly predict the status at school-age, thus cautioning
long-term follow-up is necessary to predict the risk for adverse
developmental outcome. In their study, they demonstrated that
children with d-TGA with deficits at 8 years of age frequently have
a normal performance at 1 year of age.37 These findings could
help explain why we did not find an association between brain
injuries and neurological outcomes within the first 2 years of life in
our cohort. A correlation could possibly be demonstrated on
follow-ups beyond 24 months of age when cognitive and
language skills are more accurately tested. Also, patients with
HLHS typically undergo multiple surgeries with CPB. Therefore,
neurodevelopmental testing in the first 2 years of life may
underestimate the cumulative impact of hospital time and of
multiple surgeries on performance at school-age. Moreover,
assessment of neurodevelopmental outcome using the Bayley
Score of Infant Development, the gold standard for the assess-
ment of outcome of infants, may have allowed for a better
correlation between brain injuries and neurodevelopmental out-
come within the first 2 years of life.
The present study has several limitations. It was a single-center

study with a retrospective study design and a small sample size,
which limits the statistical power of the analysis. Furthermore, we
do not have a control group of either healthy neonates or CHD
patients without DHCA or CPB. Only patients with pre- and
postoperative MRI scans were included. Therefore, the sickest
neonates may be excluded, either because they were not stable
enough to undergo a preoperative MRI scan or they died after
surgery and for this reason did not undergo a postoperative MRI
examination. Moreover, preoperative brain MRI exams were first
included into our routine clinical practice in 2009. The consistency
of these screening MRIs improved as the program developed and
became more standardized. As a result, the patients receiving
clinically indicated brain MRIs may have included more screening
MRIs over time.
Also, in order to capture a homogeneous group of patients for

comparison of clinical variables, we did not include patients born
prior to 36 weeks gestation. Because we did not include babies
born at <36 weeks in our analysis, our findings may not be
applicable to all d-TGA and HLHS patients treated with surgery in
the neonatal period.
Also, as our patients were not sedated for their MRI study, they

needed to be clinically stable before the scan could be obtained
safely. Consequently, the time between surgery and the post-
operative MRI scan is variable. The MRI scans for d-TGA patients
were on average 2 weeks earlier compared to the HLHS group.
The inconsistency in the timing of the postoperative scan may
have impacted certain aspects of the scoring, especially in the
subcategories IVH, MRS and subdural hemorrhage, which were
more commonly seen in the d-TGA group. Also, WMI lesions can
become less visible with time.
Eight patients were lost for follow-up and did not have outcome

scores assigned which is a significant portion of total patients in
this small cohort and may have impacted the analysis. Also, the
age range used for assigning neurological outcome covers a broad
range of early development that likely impacted sensitivity of the
testing. Follow-up assessments were made over a broad range of
ages (5–23 months). Due to normal developmental progressions,
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assessment in infancy is less sensitive at detecting deficits than
those obtained in toddlers. Also, due to the retrospective design
of the study, the Bayley Score of Infant Development, a more
substantive tool for measuring development, was not used. To
compensate for the inherent limitations of a retrospective
assessment, we chose two complimentary measures of outcome:
the PSOM that emphasizes the neurological examination and the
GOS-E Peds that focuses on functional outcome. Also, scores were
assigned by a single clinician so that scores could be consistently
assigned across the spectrum of ages. Finally, neurodevelop-
mental outcome has been shown to be associated with socio-
economic status (SES). No SES variable was included in this
analysis which may have impacted outcomes. Furthermore, the
reoperation and re-intervention rate of patients with CHD could
have a substantial impact on the neurodevelopmental outcome,
which were not included in our analysis. Further larger studies are
in preparation and will consider the reoperation and re-
intervention rate.

CONCLUSION
In this study of neonates undergoing surgery for HLHS or d-TGA,
prolonged mechanical ventilation and extended duration of DHCA
were associated with worse early neurological outcome scores.
Brain injury was commonly seen by MRI before and after surgery
but no correlation between the total brain injury score and
adverse neurological outcome was seen in the first 2 years of life.
Neurological outcome seems to be more affected by the clinical
course than by the CHD diagnosis itself.
Future studies that include neurodevelopmental assessments

beyond 24 months of age may shed further light on the impact of
brain injury in the neonatal period on more long-term neurode-
velopmental outcome.
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