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Abstract Background. Deep hypothermia with either
total circulatory arrest or low-flow cardiopulmonary by-
pass is used to support vital organs during heart surgery
in infants. We compared the developmental and neu-
rologic sequelae of these two strategies one year after
surgery.

Methods. Infants with D-transposition of the great ar-
teries who underwent an arterial-switch operation were
randomly assigned to a method of support consisting pre-
dominantly of circulatory arrest or a method consisting
predominantly of low-flow bypass. Developmental and
neurologic evaluations and magnetic resonance imaging
(MRI) were performed at one year of age.

Results. Of the 171 patients enrolled in the study, 155
were evaluated. After adjustment for the presence or ab-
sence of a ventricular septal defect, the infants assigned
to circulatory arrest, as compared with those assigned to
low-flow bypass, had a lower mean score on the Psycho-
motor Development Index of the Bayley Scales of Infant
Development (a 6.5-point deficit, P=0.01) and a higher

EEP hypothermia with total circulatory arrest is a
method of support for vital organs that is often
used during the repair of complex congenital heart ab-
normalities in infants. The maximal duration of circu-
latory arrest that will not result in impairment of the
central nervous system is uncertain.? Few data are
available on the developmental and neurologic sequelae
of the most important alternative support strategy, con-
tinuous low-flow cardiopulmonary bypass.?®
In 1988 we began a randomized clinical trial to com-
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proportion had scores <80 (i.e., 2 SD or more below the
population mean) (27 percent vs. 12 percent, P=0.02).
The score on the Psychomotor Development Index was
inversely related to the duration of circulatory arrest
(P=0.02). The risk of neurologic abnormalities increased
with the duration of circulatory arrest (P=0.04). The
method of support was not associated with the preva-
lence of abnormalities on MRI scans of the brain, scores
on the Mental Development Index of the Bayley Scale, or
scores on a test of visual-recognition memory. Periopera-
tive electroencephalographic seizure activity was associ-
ated with lower scores on the Psychomotor Development
Index (P=0.002) and an increased likelihood of abnor-
malities on MRI scans of the brain (P<0.001).

Conclusions. Heart surgery performed with circulatory
arrest as the predominant support strategy is associated
with a higher risk of delayed motor development and neu-
rologic abnormalities at the age of one year than is sur-
gery with low-flow bypass as the predominant support
strategy. (N Engl J Med 1995;332:549-55.)

pare the incidence of brain injury in children with
D-transposition of the great arteries undergoing an ar-
terial-switch operation after assignment to a strategy
consisting predominantly of circulatory arrest with that
in children assigned to a strategy consisting predomi-
nantly of low-flow cardiopulmonary bypass. In the ear-
ly postoperative period, the infants assigned to cir-
culatory arrest had a higher incidence of neurologic
morbidity than those assigned to low-flow bypass, in-
cluding a higher incidence of seizures and ictal activ-
ity on continuous electroencephalographic (EEG) mon-
itoring, a longer time to the reappearance of normal
brain EEG activities, and release of greater amounts of
the brain isoenzyme of creatine kinase.* In this report
we compare the developmental and neurologic status of
the children in the two groups at one year.

METHODS

Between April 1988 and February 1992, we enrolled 171 patients
in a prospective, randomized, single-center trial. The eligibility crite-
ria included a diagnosis of p-transposition of the great arteries with
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either an intact ventricular septum or a ventricular septal defect, a
scheduled repair to be performed by three months of age, and coro-
nary-artery anatomy considered suitable for the arterial-switch oper-
ation. Exclusion criteria included a birth weight below 2.5 kg, a rec-
ognizable syndrome of congenital anomalies, associated extracardiac
anomalies that were moderate or severe, previous cardiac surgery, or
associated cardiovascular anomalies requiring reconstruction of the
aortic arch or additional open surgical procedures. Informed consent
was obtained from the parents of all the infants. Additional informa-
tion about the study design, perfusion methods, surgical techniques,
and anesthetic management was presented previously.!

Information on family characteristics®® was obtained from inter-
views with the parents. Prenatal and perinatal data were also record-
ed. Examination of the children at the age of one year was performed
by investigators who were unaware of the treatment assignment or
clinical course.

Developmental Testing

All assessments were conducted at 8 a.m. Two examiners admin-
istered the Bayley Scales of Infant Development,” which yield scores
on two indexes: the Psychomotor Development Index and the Mental
Development Index. We also calculated the proportion of children
whose scores were less than or equal to 80 (approximately 2 SD below
the current mean scores on the 1969 version of this test?). An evalu-
ation of interexaminer reliability (13 infants) showed that the exam-
iners were in agreement for 99 percent of the individual items, and
correlations between the raw scores were higher than 0.99.

The Fagan Test of Infant Intelligence,’ which assesses visual-rec-
ognition memory, was also administered. The mean novelty-prefer-
ence score (percentage of time spent looking at a novel stimulus) was
computed, and children with scores lower than 53 percent were con-
sidered to have failed the test.?

Neurologic Examination

Neurologic examinations were performed by a pediatric neurolo-
gist using the format derived from the National Collaborative Peri-
natal Project. Findings were classified as normal, possibly abnormal,
or definitely abnormal. Abnormalities were subclassified according to
type (cerebral palsy, tone alteration, ataxia or dysmetria, focal abnor-
malities, and abnormalities of the special senses).!*!® Children who
had cerebral palsy were excluded from classification in other cate-
gories.

Magnetic Resonance Imaging

Patients underwent magnetic resonance imaging (MRI) of the
brain with a 1.5-tesla system (General Electric Medical, Milwaukee).
We used conventional spin—echo techniques, including sagittal T-
weighted images (repetition time, 600 msec; echo time, 15 msec;
number of signals averaged [NSA], 2) and axial proton-density—
weighted and T,-weighted images (repetition time, 2000 msec; echo
time, 90 msec; NSA, 2). A slice thickness of 5 mm was used with 1.0
to 2.5 mm of spacing between slices and a 24-cm field of view. Gad-
olinium enhancement was not used.

Two pediatric neuroradiologists independently assessed structural
and intensity abnormalities. The findings were classified as normal,
possibly abnormal, or definitely abnormal (mild, moderate, or se-
vere). Abnormalities were subclassified as diffuse (ventricular dilata-
tion, delayed myelination or maturation, or periventricular leukoma-
lacia), focal or multifocal (atrophy or intensity abnormality of gray or
white matter), or developmental (incidental). In cases of conflicting
assessments (14 percent of the studies, with 4 percent frank disagree-
ment), the two examiners reached an agreement.

Statistical Analysis

The two treatment groups were compared in intention-to-treat
analyses. Secondary analyses examined the effect of the duration (in
minutes) of total circulatory arrest on the outcome. All tests of hy-
potheses and regression analyses of outcome variables were adjusted
for the diagnosis (i.e., intact ventricular septum or ventricular septal
defect). Adjustment for the surgeon or for an interaction between the
surgeon and the treatment did not alter the results.

The outcomes at one year included both continuous and categori-
cal variables. Multiple linear-regression methods and Wilcoxon rank-
sum tests were used to analyze continuous variables. Stratified exact
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tests'* and multiple logistic-regression methods were used to analyze
categorical variables.

Scores on the Bayley Scales were expressed in two ways. First, the
standard scores on the Psychomotor Development Index and the
Mental Development Index were derived.” Second, for each scale,
the numbers of items passed were totaled and adjusted for age at the
time of examination by means of an analysis of covariance. This ap-
proach adjusts for imbalances between treatment and diagnostic
groups in the assignment of children to the age intervals used to de-
rive standard scores.

For some children, not all outcome scores were available. Analyses
were based on scores on the Psychomotor Development Index for 142
children and on scores on the Mental Development Index for 143
children. One child was too distressed for the administration of any
developmental tests. Testing of another child had to be terminated
before completion of the Psychomotor Development Index. A third
child, later found to be autistic, could not be tested because of re-
duced social relatedness. In addition, before data analysis and with-
out knowledge of the treatment assignments, a decision was made to
exclude the developmental scores of the first 10 children who re-
turned for examinations at one year. We had enrolled these 10 chil-
dren to demonstrate our ability to assign children randomly to treat-
ment groups at the time of surgery. At one year, these infants were
evaluated under conditions that were not standardized in terms of
time, location, and the children’s condition. The National Institutes
of Health Data and Safety Monitoring Committee for the trial ap-
proved our decision not to include these children in analyses of de-
velopmental end points.

Analyses of the Fagan test are based on the scores of 107 children.
Twenty children were excluded because they were not within the age
range of 11 to 13 months at the time of examination. Seventeen chil-
dren had incomplete tests because of their inability to cooperate.
(The 10 children first enrolled and the autistic child were also not in-
cluded.)

Neurologic examinations were completed for 154 children, and
MRI examinations for 142. The most common reason for the unavail-
ability of MRI scans was parental refusal to grant consent. The per-
centages of children for whom data were not available for the differ-
ent end points did not differ significantly according to whether they
underwent surgery with circulatory arrest or low-flow bypass.

RESULTS

Of the 171 infants enrolled in the trial, 168 were
alive at one year of age, and 155 (92 percent) returned
for evaluation. Seventy-six percent were boys, and 89
percent were white. Of the 13 infants who did not
return for the one-year evaluation (7 assigned to cir-
culatory arrest and 6 to low-flow bypass), 9 did not re-
turn because their parents decided not to participate,
2 could not be located, and 2 were living in other coun-
tries. The children who returned for evaluation did not
differ significantly from those who did not with respect
to sociodemographic factors, intraoperative perfusion
variables, or preoperative and postoperative neurologic
status. However, the children who did not return had a
longer median period of intubation (3.4 vs. 2.9 days,
P=0.02 by the Wilcoxon test) and a longer median
hospital stay (11 vs. 9 days, P=0.08 by the Wilcoxon
test).

Of the children who returned for evaluation, 120 (77
percent) had an intact ventricular septum, and 35 (23
percent) had a ventricular septal defect (Table 1).
Treatment groups for each diagnosis were similar with
respect to preoperative variables, sociodemographic
variables, and interim medical history. However, the in-
fants with a diagnosis of ventricular septal defect were
older at the time of surgery, making it difficult to dis-
tinguish the independent contributions of age at the
time of surgery and diagnosis to the status at one year.
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Table 1. Characteristics of Infants with p-Transposition of the Great Arteries, Accord-
ing to Ventricular Septal Status and Treatment Group.*

VENTRICULAR SEPTAL DEFECT

CIRCULATORY ARREST LOW-FLOW BYPASS

SEQUELAE OF HEART SURGERY WITH CIRCULATORY ARREST OR LOW-FLOW BYPASS 351

versely related to the duration of cir-
culatory arrest (P=0.008). Twenty
percent of the children (28 of 142)

had a score less than or equal to 80.

VARIABLE INTACT VENTRICULAR SEPTUM
CIRCULATORY ARREST ~LOW-FLOW BYPASS
(N=61) (N=59) (N=18)
mean =SD
Preoperative characteristics
Birth weight (g) 3601470 3480+414 3436+270
Gestational age (wk) 39.8+1.3 39.7*+1.1 40.1£1.2
Apgar score at 5 min 8.1x1.0 8.4*0.7 8.7x0.5
Age at surgery (days) 7.6£5.7 7.0£3.9 24.1%£21.4
Surgical data
Circulatory arrest (min) 52*13 14£12 54*8
Total bypass time (min) 81+28 12726 114%26
Total support time (min) 134%31 14131 16827
no. with abnormality/total no. (%)
Postoperative neurologic
abnormalities
Clinical seizures within 3/61 (5) 0/59 5/18 (28)
7 days
Ictal activity within 48 hrt 7/54 (13) 6/46 (13) 10/15 (67)
mean =SD
Follow-up data at 1 year
Age (mo) 12.4+0.8 12.5+0.8 12.1+0.4
Weight (z score) —0.30+1.04 —0.41+0.87 —0.62+0.94
Length (z score) 0.17+1.68 —0.37+1.90 —1.11%2.17
Social classi 41+15 45+14 43+13
Maternal 1Q§ 95*14 98+13 95+8

~N=17) Lower scores were more prevalent
among the children assigned to cir-
culatory arrest (27 percent vs. 12 per-
3564344 cent; exact P=0.02) and those with
39.4%1.0 a longer duration of circulatory ar-
*
12222??5 rest (P=0.03).

The effect of the treatment as-
33x16 signment on scores on the Psycho-
}g‘;fég motor Development Index could not

B be explained by any of the peri-
operative or sociodemographic vari-
ables measured. In multiple-regres-

7 6 sion models? scores were positi.vely
related to birth weight, but adjust-

2/11 (18) ment for this variable did not ap-
preciably alter the treatment-group

effect. A diagnosis of ventricular

124409 septal defect was an independent
—0.18+0.77 risk factor for a lower score (mean
—0.74=1.15 difference between the two groups,
ggf}i 6.6 points; 95 percent confidence in-

terval, 0.7 to 12.6; P=0.03).

*Only the 155 children who returned for evaluation at one year of age are included.

FRhythmic epileptiform activity continuing for more than five seconds on continuous video EEG monitoring.
$Score on the Hollingshead Four Factor Index of Social Status, with higher scores indicating higher social status.®

§Score on the Peabody Picture Vocabulary Test (revised).®

The treatment groups did not differ in terms of age-
adjusted weight or length at one year.

During the period between the neonatal arterial-
switch operation and the one-year evaluation, 78 chil-
dren (51 percent of those for whom data were avail-
able) underwent cardiac catheterization, and 1 child
(who had an intact ventricular septum and was as-
signed to low-flow bypass) underwent additional car-
diac surgery. At the time of the one-year evaluation,
11 children (7 percent) were receiving digoxin, and
2 (1 percent) were receiving diuretics. No child had
nonfebrile seizures after hospital discharge. Two chil-
dren (1 percent) had febrile seizures; neither had sei-
zures detected clinically or by EEG monitoring in the
perioperative period.

Developmental Testing
Psychomotor Development Index

The mean (%SD) score on the Psychomotor Develop-
ment Index for the two treatment groups combined was
95.1£15.5. Scores were significantly lower among the
children assigned to circulatory arrest (mean difference
between the two groups, 6.5 points; 95 percent confi-
dence interval, 1.6 to 11.5; P=0.01) (Table 2). Lower
scores were also associated with a longer duration of
circulatory arrest (P=0.02) (Fig. 1). None of various
nonlinear or piecewise linear models of this association
fit the data significantly better than did a linear model.
With adjustment for age at the time of examination,
the number of scale items passed was lower for children
assigned to circulatory arrest (P=0.003) and was in-

Mental Development Index

The score on the Mental Develop-
ment Index for the two treatment
groups combined was 105.1%15.0.
Scores tended to be lower among children assigned to
circulatory arrest (mean difference, 4.1 points; 95 per-
cent confidence interval, —0.7 to 8.8; P=0.10) (Table
2), although the scores did not decrease significant-
ly with an increased duration of circulatory arrest
(P=0.33). With adjustment for age at the time of
examination, the number of scale items passed was
lower among children assigned to circulatory arrest
(P=0.04) but was not significantly related to the dura-
tion of circulatory arrest (P=0.16). Of the eight chil-
dren with scores less than or equal to 80, six were
assigned to circulatory arrest (exact P=0.27). In mul-
tiple-regression models, lower scores on the Mental
Development Index were significantly associated with a
lower level of maternal education, but adjustment for
this variable did not appreciably alter the treatment-
group effect. A diagnosis of ventricular septal defect
was an independent risk factor for a lower score (mean
difference, 8.6 points; 95 percent confidence interval,

2.8 to 14.4; P=0.004).

Fagan Test of Infant Intelligence

The mean novelty-preference score for the two
groups combined was 58.8%7.6 percent. Scores were
not related to the treatment assignment (Table 2) or
the duration of circulatory arrest. A diagnosis of ven-
tricular septal defect was associated with lower scores
(mean difference, 3.6 percent; 95 percent confidence
interval, 0.2 to 7.0; P=0.04).

Although 21 percent of the children (23 of 107) had

test scores indicating failure (i.e., less than 53 percent),
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the percentage of such scores did not differ significant-
ly according to the treatment group (circulatory arrest,
25 percent; low-flow bypass, 17 percent) or diagnosis
(intact ventricular septum, 19 percent; ventricular sep-
tal defect, 29 percent). Inability to complete the test
was not associated with the treatment assignment.

Neurologic Examination

Five of the 154 children who underwent neurologic
examination (3 percent) had possible abnormalities,
and 48 (31 percent) had definite abnormalities, all of
which were judged to be mild. Neurologic abnormali-
ties tended to be more common among the children as-
signed to circulatory arrest than among those assigned
to low-flow bypass (41 percent vs. 28 percent; exact
P=0.09) (Table 3). Similarly, possible or definite neu-
rologic abnormalities were associated with a longer du-
ration of circulatory arrest (P=0.04) (Fig. 2). A low
Apgar score at five minutes and a young gestational
age were both independent risk factors for neurologic
abnormalities, but adjustment for these factors did not
appreciably affect the estimate of the increased risk as-
sociated with assignment to circulatory arrest. A total
of 28 children (18 percent) had hypotonia, 12 (8 per-
cent) had hypertonia, 7 (5 percent) had cerebral palsy,
4 (3 percent) had focal abnormalities, and 2 (1 per-
cent) had abnormalities of special senses. The occur-
rence of specific abnormalities was not associated with
the treatment assignment or the duration of circulatory
arrest.

Magnetic Resonance Imaging

Eleven of the 142 children (8 percent) who under-
went MRI had possible abnormalities, and 22 (15
percent) had definite abnormalities, which were judged
to be mild in 86 percent of these children. The abnor-
malities were classified as focal or multifocal in 20 chil-
dren, diffuse in 16, and developmental or incidental in
3 (i.e., left temporal lobar hypoplasia, Chiari type I
malformation, or a small arachnoid cyst in the left
sylvian fissure).

The prevalence of possible or definite abnormalities

Table 2. Scores on Developmental Tests, According to Ventricular Septal Status and

Treatment Group.
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Figure 1. Score on the Psychomotor Development Index at One
Year as a Function of the Duration of Total Circulatory Arrest.

Regression lines are shown for infants with an intact ventricular
septum (IVS) and those with a ventricular septal defect (VSD).
The P value shown was calculated by linear regression for the
effect of the duration of total circulatory arrest on the score on
the Psychomotor Development Index, with adjustment for
diagnosis.

was not related to the treatment assignment, the dura-
tion of circulatory arrest, or an associated diagnosis of
ventricular septal defect. Preoperative acidosis, howev-
er, was a significant risk factor for abnormalities detect-
ed on MRI scanning.

Relation between Perioperative Seizure Activity and Status
at One Year

During the first 48 hours after surgery, the infants
assigned to circulatory arrest had a significantly higher
risk of seizure activity, detected by continuous EEG
monitoring, than the infants assigned to low-flow by-
pass.* In regression analyses with adjustment for the
treatment group and the presence
or absence of a ventricular septal
defect, the occurrence of EEG sei-

TEST INTACT VENTRICULAR SEPTUM

CIRCULATORY
ARREST

LOW-FLOW
BYPASS

CIRCULATORY
ARREST

mean £SD

Psychomotor Development 94.1£15.3 99.1%£14.2 84.2+18.7

Index
Mental Development Index 106.0£15.6  108.0£12.4 92.8*15.7
Fagan Test of Infant Intelli- 59.4+%7.1 59.8£6.2 54.6=10.7

gencet

no. with low score/total no. (%)

Psychomotor Development 12/57 (21) 5/54 (9) 8/16 (50)

Index <80
Mental Development Index <80  3/58 (5) 1/54 (2) 3/16 (19)
Fagan Test <537 10/42 (24) 6/41 (15) 4/13 (31)

VENTRICULAR SEPTAL DEFECT

LOW-FLOW

96.0+11.1 0.01

3/11 (27) 0.35

zure activity in the early postopera-
tive period was associated with a
mean reduction of 11.2 points on
the Psychomotor Development In-
dex (P=0.002) and with a signif-
icantly higher risk of possible or

P VALUE*

BYPASS

1043151  0.10 definite abnormalities on MRI scan-
S7.5£90 049 ning (odds ratio, 9.4; 95 percent
confidence interval, 2.7 to 32.3;
P<0.001). The children assigned to
3/15 (20) 0.02 circulatory arrest also had an in-
creased risk of clinical seizures in
1/15 (7) 0.27

the early postoperative period.* De-
spite the limited statistical power of

*P values are for differences between treatment groups, with adjustment for diagnosis; P values were determined by linear
regression for continuous outcome variables and by stratified exact tests for dichotomous outcome variables.

fRestricted to infants between 11 and 13 months of age at the time of examination.

the analysis, the occurrence of clin-
ical seizures was associated with an
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Table 3. Neurologic Outcomes According to Ventricular Septal Status and Treatment

Group.

VARIABLE INTACT VENTRICULAR SEPTUM

CIRCULATORY
ARREST
(N=060)

LOW-FLOW
BYPASS
(N=59)

CIRCULATORY
ARREST
(N=18)

no. with abnormality (%)

Overall abnormalities

Possible 2(3) 1(2) 2(11)
Definite} 21 (35) 13 (22) 7(39)
Specific abnormalities
Cerebral palsy 3(5) 3(5) 0
Tone alteration§
Hypotonia 11 (18) 7(12) 7(39)
Hypertonia 5(8) 3(5) 0
Ataxia or dysmetria 1(Q2) 0 0
Focal abnormalities§ 1(2) 1) 1(6)
Abnormalities of 12 1(2) 0

special senses

VENTRICULAR SEPTAL DEFECT

SEQUELAE OF HEART SURGERY WITH CIRCULATORY ARREST OR LOW-FLOW BYPASS 353

ture of the cooling process, cerebral
blood flow during cooling and re-
warming, and blood pH values and

LowrLOw oy arterial carbon dioxide tension dur-
pYpass ing cooling.***

Although we were unable to de-

termine a threshold for the duration

0.09% of circulatory arrest below which no

3(41) increase in risk was evident, the

data are consistent with the hypoth-

1(6) 0.72 esis that a period shorter than 35

minutes (at 18°C) has a minimal ad-

igi; g:;é verse effect on scores on the Psycho-

0 1.00 motor Development Index at one

(1)(6) {'88 year. Substantial deficits seemed to

be most prevalent among the chil-

*P values, determined with stratified exact tests, are for differences between treatment groups, with adjustment for diag-

nosis.
FFor the comparison between normal results and possibly or definitely abnormal results.
+All definite abnormalities were judged to be mild.

§In patients without cerebral palsy.

increased risk of possible or definite neurologic abnor-
malities at one year (P=0.05).

DISCUSSION

We found that a strategy of support consisting pre-
dominantly of circulatory arrest during open-heart sur-
gery in infants, as compared with a strategy consisting
predominantly of low-flow cardiopulmonary bypass,
was associated with worse performance on tests of de-
velopmental and neurologic function at the age of one
year. Moreover, longer duration of circulatory arrest
was associated with increased risk of delayed psycho-
motor development and neurologic abnormalities at
one year. The magnitude of the effect was modest,
since the difference between the scores on the Psycho-
motor Development Index for the two treatment
groups was approximately 0.4 SD. However, trends to-
ward a more favorable outcome for children assigned to
low-flow bypass were evident for many of the end
points measured. These findings are consistent with
the higher risk of neurologic morbidity in the early
postoperative period previously reported for the chil-
dren randomly assigned to circulatory arrest.! In addi-
tion, seizure activity detected on continuous EEG mon-
itoring during the early postoperative period and a
diagnosis of ventricular septal defect were independent
risk factors for a poor outcome.

The duration of circulatory arrest that is safe (the
period during which no irreversible central nervous
system damage occurs) is unknown. Studies in animals
suggest that periods of arrest that are shorter than 30
minutes at brain temperatures of 15 to 20°C do not re-
sult in permanent structural or functional damage."!"
In follow-up studies of children who had undergone
open-heart surgery,>'? developmental impairment was
associated with periods of arrest that were longer than
60 minutes (at brain temperatures of 18 to 20°C) and
possibly with periods as short as 45 minutes. Modifying
factors may include the depth of hypothermia, the na-
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dren with circulatory-arrest periods
longer than 45 minutes. Our ability
to establish a threshold was limited
by the modest effect of the duration
of circulatory arrest and the consid-
erable degree of scatter in the data.

Although this study was designed to compare treat-
ment strategies and did not include a normal control
group, the scores of patients in both treatment groups
were considerably below average. The mean novelty-
preference score was similar to that for other infants at
risk for impaired cognitive development.® The mean
scores on the Bayley Scales were approximately 0.5 SD

10 r
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Figure 2. Estimated Probability of a Possible or Definite Neuro-
logic Abnormality at One Year as a Function of the Duration of
Total Circulatory Arrest.

Logistic-regression lines are shown for children with an intact
ventricular septum (IVS) and those with a ventricular septal de-
fect (VSD). Point estimates and exact 95 percent confidence in-
tervals for outcome probabilities are plotted for the means of
each quartile for the duration of circulatory arrest. The P value
was calculated by logistic regression for the effect of the duration
of circulatory arrest on the neurologic outcome, with adjustment
for diagnosis.
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(for the Mental Development Index) to 1 SD (for the
Psychomotor Development Index) lower than popula-
tion norms.? Apart from the duration of circulatory ar-
rest, these low scores may be associated with preoper-
ative cyanosis or hemodynamic instability, the generally
deleterious effects of cardiopulmonary bypass on the
central nervous system (e.g., microembolism and hy-
poperfusion), or the adverse effects of hemodynamic
conditions in the postoperative period.

Nearly one quarter of the patients had possible or
definite abnormalities on MRI scans, a finding that is
relatively common after open-heart surgery in children
and adults.?®*” These abnormalities included both dif-
fuse global or watershed (border-zone) injuries related
to hypoperfusion or to hypoxia or ischemia and focal or
multifocal lesions presumed to be macroembolic. Peri-
ventricular leukomalacia, selective neuronal necrosis,
focal or multifocal ischemic brain necrosis, and para-
sagittal cerebral lesions have been reported in infants
with congenital heart disease.?®*! White-matter injury,
reported in infants after cardiac surgery,?2?° could ac-
count for the observed motor deficits. The topography
of both neuronal and white-matter injury after heart
surgery in infants is consistent with ischemia as an im-
portant pathogenetic factor.*

EEG evidence of seizures during the first 48 hours
after surgery was common in the study cohort, and in-
fants with seizures had worse outcomes at one year of
age than infants without postoperative seizures. In-
deed, ictal activity on EEG monitoring in the first 48
hours after surgery was one of the strongest predictors
of outcome, which is consistent with the findings in
studies of neonates with other conditions.** At a devel-
opmental stage similar to that of the human infant at
birth, the infant rat brain is highly vulnerable to post-
ischemic seizures; this epileptic activity is correlated
with the degree of neuronal injury and neurologic se-
quelae.?*% Tt is not clear whether the occurrence of sei-
zures reflects an underlying brain injury or contributes
independently to the injury.®’

Several limitations inherent in the use of infant de-
velopmental testing at one year of age warrant com-
ment. Although tests such as the Bayley Scales have
satisfactory concurrent validity, the scores of one-year-
old children have limited predictive validity.?® The rel-
ative deficits of the children assigned to circulatory
arrest were most prominent in the domain of motor
function, but assessments at older ages may reveal
treatment effects in other domains, such as language or
visual-motor integration, that are not easily tested in
very young children.*

In summary, at one year of age the developmental
and neurologic status of children randomly assigned to
a strategy consisting predominantly of total circulatory
arrest as a method of supporting vital organs during
heart surgery was worse than that of children randomly
assigned to a strategy consisting predominantly of low-
flow bypass. Assessments of the children as they ap-
proach school age will clarify whether these findings
portend clinically important differences in academic
functioning. In treating individual infants, cardiovascu-
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lar surgeons must balance the technical advantages of
total circulatory arrest with its potential disadvantages.

We are indebted to the members of the Safety and Data Monitor-
ing Committee — Julien LE. Hoffman, M.D. (chairman), John W.
Kirklin, M.D., Barry M. Lester, Ph.D., Robert J. Levine, M.D., Eli M.
Mizrahi, M.D., Joseph G. Reves, M.D., George W. Williams, Ph.D.,
and Joel I. Verter, Ph.D.; to the perfusionists — David M. Farrell,
M.A., C.C.P, Willis G. Gieser, C.C.P.,, Robert A. LaPierre, B.S.,
C.C.P, Robert J. Howe, B.S., C.C.P, and Bettina Archilla, B.S.; to the
electroencephalographers — Lewis Kull, Sheila A. McPeck, Susan M.
Hegarty, and Wayne A. Cote; to Ludmila Kyn for data-base and sta-
tistical programming; to the nursing staff for assistance with adher-
ence to the protocol; to Donna M. Donati, Donna M. Duva, and Lisa-
Jean Buckley for data management; to Kathleen M. O’Brien for
project coordination; and to Edward Z. Tronick, Ph.D., for the use of
a testing suite in the Child Development Unit, Children’s Hospital.
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