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CHILDREN WHO UNDERGO SURGICAL PROCEDURES

utilising cardiopulmonary bypass to correct
congenital cardiac abnormalities have been

shown to be at risk of neurological injury at the time
of surgery. Clinically detected adverse events are
recorded in up to one-twentieth of cases, and include
sequels ranging from transient seizures with no appar-
ent long-term injury, injuries resulting in specific
learning disabilities, to patients who are left with

permanent and severe neurological disabilities.1–4

Strategies of operative management, such as long peri-
ods of circulatory arrest, have been identified as risk
factors for poor neurological outcome, and this has
resulted in the modification of surgical techniques
over the past decade to minimise the risk of neuro-
logical injury.5,6

Multidisciplinary programs of early intervention,
which target children who have sustained a neuro-
logical insult early in life, have been shown to improve
long-term outcomes.7,8 Infants with congenital cardiac
disease are unequivocally at risk for such injuries, and
thus require careful assessment of their neurodevel-
opment progress.9 The identification of subgroups at
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particular risk would be advantageous in caring for
these children, and in maximising the utilisation of
limited resources.

With this in mind, our study aims to assess the
value of three perioperative markers associated with
neurological injury in selecting a subgroup of patients
at increased risk of having neurodevelopmental delay
1 year following surgery. The markers selected for
assessment were electroencephalographic abnormal-
ity,5 reduced velocity of cerebral arterial blood flow,10

and elevated levels of S-100B in the serum.11 S-100B
is a small protein that binds calcium that is present in
glial and Schwann cells, and which is found in cere-
brospinal fluid and serum following neuronal injury.

Subjects and methods

Subjects
All infants with structural heart disease, aged from
16 days to 4 months, admitted to Prince Charles Hos-
pital for cardiac surgery requiring cardiopulmonary
bypass, were considered for enrolment in this study.
We excluded those with known chromosomal abnor-
malities, associated extracardiac abnormalities, or an
abnormal neurological examination. Informed consent
was obtained from all parents. Using these criterions,
47 infants were enroled prior to surgery during the
period from December, 1999, to August, 2001. This
study was approved by the Prince Charles Hospital
Human Research Ethics Committee.

Methods
Demographics, including age, weight and cardiac
diagnosis, were collected at the time of enrolment.
The infants underwent cardiac surgery utilising cardio-
pulmonary bypass. Surgical and anaesthetic techniques
were not influenced by the protocol, and remained
uniform throughout the period, with 2 surgeons 
and 3 anaesthetists performing all these procedures.
All infants received postoperative sedation using 
infusions of morphine and midazolam. Significant 
postoperative complications, which could potentially
influence neurological outcome, were recorded. Three
perioperative markers for neurological insult were
monitored during the postoperative period.

Continuous video synchronised 10-channel elec-
troencephalography monitoring was performed for
24 h, from 6 to 30 h following completion of surgery.
All electroencephalographic studies were interpreted
in a blinded manner by a single paediatric neurologist
(CJB). Results were classified as normal or abnormal.
Either an abnormal electroencephalographic back-
ground, such as slow waves, low voltage, or burst-
suppression, or epileptiform activity, such as unifocal,

multifocal, or generalised discharges, were classified
as pathological.12,13

The velocity of cerebral blood flow was measured
by transcranial Doppler ultrasonography using an
Acuson XP10 machine with a 5 MHz probe in all
infants preoperatively, and at 1, 2, 3 and 5 h postop-
eratively. The probe was placed over the anterior
fontanelle, and the flow in the anterior cerebral
artery was sampled using pulsed wave Doppler. All
measurements were performed by the same operator
(DRR). The mean velocity was recorded at each time
interval, and normalised against the value obtained
prior to bypass to determine relative changes in veloc-
ity over time.10,14

Blood was collected upon completion of cardio-
pulmonary bypass, and 24 h later, for measurement of
levels of S-100B in the serum. The blood samples were
centrifuged to separate the serum, frozen to �20°C,
and stored for analysis. Levels of the protein were
quantitatively determined by use of a commercially
available immunoradiometric assay (Sangtel 100,
A.B. Sangtel Medical, Bromma, Sweden). The lower
sensitivity of this assay was 0.2 µ/l.11,15

Neurodevelopmental assessment
All infants underwent a detailed neurological assess-
ment, including examination of cranial circumfer-
ence, cranial nerves, muscle tone, deep tendon reflexes,
and posture prior to inclusion in the study, and were
assessed as normal. The second edition of the Bayley
Scales of Infant Development was used to assess 
neurodevelopmental state.16 This assessment tool is
a standardised test appropriate for infants from 16 days
of age, and provides a flexible administration format,
which yields a Mental Developmental Index and a
Psychomotor Developmental Index normalised for
age. Scores for mental and psychomotor develop-
ment �85 are considered to be in normal range. The
preoperative assessment was performed by a trained
paediatrician (DRR), and the follow-up assessment
at 1 year was performed by a trained psychologist.

Statistical analysis
Results are expressed as mean values with the stan-
dard deviation. For comparison of the change in
mean values for mental and motor activity, we used
two-sided paired t-tests, using two-sided Wilcoxon
two-sample rank sum tests for differences in median
values. Simple and multiple linear regression 
methods were used to analyse risk factors associated
with adverse neurodevelopmental outcome. Spearman
correlation, with two-sided hypothesis testing, was
used to examine the correlation between variables.
These tests were considered statistically significant
when the p value was �0.05. The Statistical Package
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for the Social Sciences: version 10 was used for all of
the analyses.

Results

Of the 47 infants enroled in the study, 2 died and 
10 (21%) were lost to follow-up at 1 year when fami-
lies were contacted to have their child reassessed
with the Bayley Scales. An infant who underwent a
Norwood procedure died several months later fol-
lowing aspiration. The second infant who died had 
a relatively hypoplastic left ventricle with a large 
ventricular septal defect, and initially underwent
banding of the pulmonary trunk. He subsequently
died due to complications related to a bidirectional
cavo-pulmonary shunt. These 12 patients have been
excluded from the study.

The mean age of the 35 infants at time of surgery
was 57 � 15 days, and their weight at surgery was
4.3 � 3.4 kg. No infants required ventilation prior to
surgery. Table 1 details the cardiac diagnoses treated.
Mean cardiopulmonary bypass time was 147 � 74
min. Circulatory arrest was required in 8 operations,
with a mean duration of 12 � 3 min. Postoperative
paralysis with a vecuronium infusion was utilised in
9 (28%) patients, with all patients receiving an 
infusion of morphine and midazolam for sedation.
Peritoneal dialysis was used in 7 (20%) patients. The
only significant postoperative complication was junc-
tional ectopic tachycardia, which occurred in 7 (20%)
patients. The infants were ventilated for a mean of
69 � 29 h, and were discharged from intensive care
96 � 52 h following surgery.

Three infants required repair of aortic coarctation,
which did not involve cardiopulmonary bypass, prior
to the index procedure. Three patients underwent
further bypass procedures during the 1-year period
of follow-up, and have not been excluded from the
study as the procedures were uncomplicated. The
first patient underwent repair of tetralogy of Fallot at
2 months, and subsequently required further resection
of a right ventricular outflow obstruction at the age
of 5 months. The second patient underwent repair of
tetralogy of Fallot at 3 months, and required repair of

stenosis of 1 pulmonary artery at 1 year. The third
patient had tricuspid atresia, with the index operation
being a bidirectional cavo-pulmonary anastomosis 
at 4 months. He required resection of subaortic
obstruction at age 10 months.

All infants had mental scores within the normal
range prior to surgery. In 2 (5.7%) patients, how-
ever, the motor scores were 80. At 1-year follow-up,
only 20 (57%) children had both mental and motor
scores in the normal range, with 18 patients demon-
strating deterioration of both these scores. In 1 infant
with a poor outcome, both mental and motor scores
were less than 70, while 5 infants had motor scores
less than 70. The scores at 1 year were significantly
lower, with the mean mental score changing from
103 � 5 to 94 � 13 (p � 0.001), and the mean
motor score changing from 99 � 8 to 89 � 20
(p � 0.004) (Table 2).

Age at the time of surgery, length of cardiopul-
monary bypass, aortic cross clamp time, and the use
of circulatory arrest were not useful in predicting
changes in either the mental or motor scores. Exami-
nation of the residuals indicated that assumptions 
of normality were not reasonable for the regressions
involving change in motor scores. As such, the results
for these regressions should be treated with caution.

The group with an abnormal electroencephalogram
was small, with postoperative abnormalities detected
in 4 (11%) patients. Seizures were observed in 
2 patients, with 1 (2.8%) patient having clinical
seizures. Another patient exhibited burst-suppression
activity, with yet another having an electroence-
phalogram with abnormally low voltages. Longer
cardiopulmonary bypass time was not a risk factor
for the presence of electroencephalographic abnor-
malities (p � 0.08). Testing for a difference in median
change in the scores obtained in the Bayley Scales at
follow-up between the patients with abnormal and
normal electroencephalograms showed no signifi-
cant difference for either mental (p � 0.23) or motor
scores (p � 0.08).

The mean velocity of cerebral blood flow reached
its nadir at 2 h, and then showed recovery 3 and 5 h
subsequent to bypass. Variable velocities at 1, 2, 3
and 5 h were not a significant predictor of changes to
in the mental and motor scores at follow-up. Results
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Table 1. Cardiac diagnoses in patients undergoing surgical
treatment.

Patients 
Cardiac diagnosis enroled

Transposition 12
Tetralogy of Fallot 9
Ventricular septal defect 8
Totally anomalous pulmonary venous connection 2
Common arterial trunk 2
Complex functionally single ventricle 2

Table 2. Changes following surgery in the mental and motor
scores as assessed using the second edition of the Bayley Scales 
of Infant Development.

1-year 
Pre-surgery follow-up p

Mental score 103 � 5 94 � 13 0.001
Motor score 99 � 8 89 � 20 0.004

1404-07.qxd  8/17/04  10:57 AM  Page 391

https://doi.org/10.1017/S104795110400407X Published online by Cambridge University Press

https://doi.org/10.1017/S104795110400407X


for velocities measured at 5 h should be treated with
caution, since normality assumptions were not met.
There was no significant difference in median veloc-
ities between patients who had normal mental and
motor scores as compared to those with abnormal
scores (Fig. 1).

Elevated levels of S-100B in the serum immedi-
ately following surgery were not associated with
changes in mental (p � 0.78) or motor (p � 0.49)
scores at follow-up. Similarly, elevated levels 24 h
after bypass did not predict changes in mental
(p � 0.63) or motor (p � 0.28) outcomes. The
regression assumptions, however, were not met for
the analyses involving change in motor scores. There
was no significant difference (p � 0.77) in median
levels at 24 h after bypass for patients who had nor-
mal mental and motor scores versus those who had
abnormal scores (Fig. 2).

Patients with an abnormal electroencephalogram
had significantly higher median levels of S-100B 24 h
after bypass, when compared to normal patients
(p � 0.02) (Fig. 3). High levels 24 h after bypass were
significantly but weakly correlated with reduced
velocities of cerebral blood flow at 1 h (p � 0.02), 2 h
(p � 0.03), 3 h (p � 0.01) and 5 h (p � 0.01) after
bypass. There was no association demonstrated
between velocity of cerebral flow and the presence of
an abnormal electroencephalogram (p � 0.10).

Discussion

Our cohort of infants with a variety of cardiac abnor-
malities, who were assessed prospectively over a 

1-year period after surgery, and used as their own
control, showed significant impairment of both 
mental and motor neurodevelopmental outcomes at 
follow-up. While there are difficulties in reliably assess-
ing neurodevelopmental status in an infant with car-
diac disease,17,18 we chose the second edition of the
Bayley Scales of Infant Development for our study 
as it is a validated tool widely utilised in paediatric
research and clinical settings. It proved to be an assess-
ment tool that was reliable to administer in infants
with a mean age of 57 days, who were clinically stable,
non-ventilated and assessed as neurologically normal.16
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Figure 1.
Cerebral blood flow velocity changes seen in patients with normal
versus abnormal follow-up Bayley Scales of Infant Development II
scores (p � ns).
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Figure 2.
Serum S-100B levels in patients with normal and abnormal Bayley
Scales of Infant Development II scores at follow-up (p � 0.77).
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Figure 3.
Serum S-100B levels in patients with normal and abnormal elec-
troencephalograms (p � 0.02).
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At follow-up, only 20 (57%) children had both men-
tal and motor scores as assessed with the tool in the
normal range, and overall there was a mean reduction
of 9 points in mental scores, and 10 points in motor
scores. The changes seen in our population are con-
sistent with other studies that suggest that cardiac
surgery has an adverse effect on neurodevelopmental
outcome.9,19–25

These findings occurred in a group of patients
where there was only one overt neurological compli-
cation during admission for surgery, although 3 other
patients had subclinical electroencephalographic
abnormalities. In our centre, many of these children
with neurodevelopmental problems would not have
been identified if they had not participated in the
study. This suggests that there is a need for those
involved in paediatric cardiology more carefully to
assess and monitor the neurodevelopmental progress
of all children undergoing cardiac surgery.

The complexity and multiplicity of procedures
involved in paediatric cardiac surgery make it diffi-
cult to identify children at risk of a poor neurologi-
cal outcome. The operative period is a time of great
risk for neurological insult, and perioperative mark-
ers of neurological insult were investigated as pre-
dictors of poor long-term outcome. The limitation
of this hypothesis is that adverse events in the post-
operative intensive care unit, cardiac state following
surgery, and family and social influences follow-
ing discharge7,26 will influence neurodevelopmental
outcome, and potentially confound the association
between perioperative markers and outcome. The
other limitation of this study was that our numbers
were small, with one-quarter of our patients lost to
follow-up. There was also a low incidence of neuro-
logical complications and abnormal electroencephalo-
graphic outcomes. This limited the statistical power
to determine if the markers that were studied had
predictive value, and it is possible that a study with
a larger sample size would identify significant relation-
ships. Studies also suggest that those lost to follow-up
have systematically worse outcomes,27 and this may
indicate that we have potentially underestimated 
the adverse effect of surgery on neurodevelopmental
outcome.

The occurrence of transient seizures detected both
clinically and by continuous electroencephalographic
monitoring has been shown to be associated with 
a pattern of worse neurodevelopmental outcomes.23

The incidence of electroencephalographic abnormal-
ities in the perioperative period has been reported in
up to one-fifth,5 but in the current era, with improved
strategies for surgery and cardiopulmonary bypass,
this incidence has probably decreased. The incidence
of electroencephalographic abnormalities in our
population was 11%. Despite this low incidence of

abnormality, over two-fifths of our infants studied
showed impairment of neurodevelopmental outcome
at 1 year. This study did not confirm the associa-
tion between postoperative electroencephalographic
abnormality and poor outcome. Our failure to con-
firm this association is possibly due to small num-
bers, low incidence of injury, and the possibility of
preoperative electroencephalographic abnormalities
that were not detected confounding the results. It is
also clear that a normal postoperative electroencephalo-
gram does not guarantee a normal neurodevelopmen-
tal outcome.

The postoperative reduction of cerebral blood
flow seen in this cohort of patients is consistent with
previous reports.10 We assessed the hypothesis that
this reflects inadequate cerebral perfusion during
this period, placing the patient at increased risk of
neurological injury, but the differences in cerebral
blood flow seen in infants with normal versus abnor-
mal outcomes did not demonstrate a predictive value
which would be clinically useful.

Elevation of levels of S-100B in the serum follow-
ing cardiac surgery in adults has been associated
with impaired neuropsychological function.28,29 We
explored the possibility of a similar association in
infants undergoing cardiac surgery, but again we were
unable to demonstrate any such association. Measur-
able levels of S-100B have been demonstrated in the
serum of neonates prior to cardiopulmonary bypass,
and this is thought to reflect active turnover of protein
in the maturing central nervous system, an immature
less impermeable blood–brain barrier, and low renal
excretion.11,30 These factors, when combined with the
multiple neurodevelopmental influences that occur
in the first year of life, significantly impact on the
predictive value of this marker in the infant popula-
tion, and are likely to explain why measurement of
S-100B was not demonstrated to be a useful clinical
predictor of neurodevelopmental outcome.

Significant increases above levels found prior to
bypass in infants following cardiac surgery has been
repeatedly demonstrated, and the degree of elevation
has been associated with length of cardiopulmonary
bypass and circulatory arrest. Previous studies have not
shown any association with neurological symptoms
assessed clinically in the perioperative period.11,30–32

The strong association between electroencephalo-
graphic abnormality and postoperative elevation of
S-100B in the serum demonstrated in our study is
supportive evidence that elevated levels do reflect
acute neurological injury rather than a transient
increase in the permeability of the blood–brain bar-
rier to this protein.

The perioperative markers assessed in our study
failed to identify the patients at risk of a poor neuro-
developmental outcome at one year following surgery.
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But we included only 35 infants. It is possible that,
with a larger population, it may prove possible to
demonstrate an association between neurological
outcome and electroencephalographic abnormality,
cerebral flow of blood, and/or levels of S-100B in the
serum, but we acknowledged that, even if this could
be demonstrated, the clinical application of these
investigations would be very limited in the setting
of an average cardiac unit performing 300–400 cases
per year. The identification of a single test that would
reliably predict long-term neurodevelopmental out-
come was an optimistic goal, but the possibility does
remain that a logistic regression model could be
developed which combines some of the markers
studied with other operative and physiological vari-
ables. If this were possible, it would be invaluable in
identifying those patients at risk. Models for such
scores exist in the setting of paediatric intensive care
that predict survival,33,34 but a score predictive of
neurological outcome would be more difficult to cre-
ate because of the numerous variables involved in
reaching the end point.

In this era, where it is now customary to antici-
pate excellent rates of survival following complex
cardiac surgery, clinicians are obliged to monitor the
neurodevelopmental progress of their patients with
congenital cardiac disease. The significant incidence
of neurodevelopmental injury related to cardiac sur-
gery in infancy, and the inability reliably to identify
those groups at risk, suggests that ideally all infants
undergoing major cardiac surgery should undergo
formal neurodevelopmental assessment. This would
ensure that all injured patients are identified early in
life, and they and their families can then be referred
early for appropriate assessment, counselling, and
treatment of these disabilities. Our cohort of patients
requires ongoing follow-up, with further formal
neurodevelopmental assessments, to determine if the
changes identified at an early age will have a signifi-
cant impact on their long-term developmental out-
come and performance at school.
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