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Neurologic and psycho-intellectual outcome related to structural
brain imaging in adolescents and young adults after neonatal arterial
switch operation for transposition of the great arteries

Anna Kathrin M. Heinrichs,” Annika Holschen, MD," Timo Krings, MD," Bruno J. Messmer, MD,*
Ralph Schnitker, PhD,” Ralf Minkenberg, Dipl-Phys,® and Hedwig H. Hovels-Giirich, MD"

Objective: We studied brain structure abnormalities in adolescents and young adults who had undergone the
neonatal arterial switch operation for transposition of the great arteries and related them to the neurologic
and psycho-intellectual outcomes.

Methods: In a prospective longitudinal study, 60 unselected adolescents and young adults who had undergone
surgery with combined deep hypothermic circulatory arrest and low flow cardiopulmonary bypass were
re-evaluated at a mean age of 16.9 4= 1.7 years to determine their clinical neurologic status, intellectual devel-
opment, and psychological condition. The results were related to population norms and anatomic structural ab-
normalities assessed by brain magnetic resonance imaging, with consideration of the risk factors in the
preoperative and perioperative periods.

Results: Neurologic impairment was more frequent (10%) than in the normal population. Although the average
full-scale, verbal, and performance intelligence quotients were not reduced, scores >2 standard deviations less
than the expected mean were increased. Above average scores were found for analytical thinking, but the orthog-
raphy testing results were reduced. The self-rated psychological condition was better than expected. Magnetic
resonance imaging demonstrated moderate or severe structural brain abnormalities in 32% of the patients. Peri-
ventricular leukomalacia was detected in >50%; its severity correlated with the grade of neurologic impairment,
which correlated significantly with reduced intelligence, analytical thinking, and orthography. Preoperative
acidosis and hypoxia were the only independent patient-related risk factors for neurologic dysfunction, reduced
intelligence, periventricular leukomalacia, and reduced brain volume.

Conclusions: Despite encouraging overall neurodevelopmental outcomes, a significant minority had
performances below the expected level, emphasizing the need for ongoing surveillance. Considering the high
frequency of structural brain abnormalities, prospective long-term studies are needed to define their prognostic
value with respect to the neuropsychological outcomes in childhood and adolescence. (J Thorac Cardiovasc Surg
2014;148:2190-9)

of the low mortality and good long-term cardiologic
results, longitudinal examination of the neurodevelopmen-
tal outcomes in adolescents and young adults has been
very rare.’

Within our institution’s prospective arterial switch reas-
sessment program, the patients had been evaluated at a
mean age of 5.4 years” and 10.5 years*® after neonatal
ASO, when they had presented with increased neurologic

. impairment but normal average intelligence scores. The
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See related commentary on pages 2199-200.

Although the neonatal arterial switch operation (ASO) to
correct transposition of the great arteries (TGA) has been
accepted for >25 years as the method of choice because
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The purpose of the present study was to reassess our pa-
tients’ neurologic status, formal intelligence, and psycho-
logical condition and to perform structural brain imaging.
Our patients were adolescents and young adults from a large
homogeneous group of unselected patients. Limited infor-
mation is available concerning the risk factors for structural
brain abnormalities, and the possible relations to neuropsy-
chological outcomes in this age group need additional
assessment.
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Abbreviations and Acronyms
ASO = arterial switch operation
CPB = cardiopulmonary bypass
DHCA = deep hypothermic circulatory arrest

1Q = intelligence quotient

MRI = magnetic resonance imaging

MRT = Mannheimer Rechtschreib test

PVL = periventricular leukomalacia

SD = standard deviation

SP = Spearman’s correlation coefficient

TGA = transposition of the great arteries

tMRI = total structural brain MRI
METHODS

Demographic Data

From 1986 to 1992, 96 neonates with TGA had undergone ASO. The pre-
sent study group consisted of 60 unselected adolescents and young adults
(67% of the 89 long-term survivors), who had been re-evaluated at a mean
+ standard deviation (SD) age of 16.9 £+ 1.7 years (range, 14.0-21.1),
78.3% of whom were male. Of the 60 patients, 54 (90%) had participated
in both preceding studies at a mean age of 5.4 years™ and 10.5 years,**
and 6 (10%) had participated in the study at a mean age of 5.4 years and
had been re-evaluated by questionnaire at a mean age of 10.5 years. Of the
60 patients, 74% had had simple TGA, and 18% had also had a nonimpor-
tant ventricular septal defect, and an additional 5% had an important ventric-
ular septal defect that had been closed during ASO. Two patients had had
coarctation of the aorta corrected during later infancy. Finally, 87% had
undergone atrial balloon septostomy, and all had been treated with prosta-
glandin E; before surgery to keep the arterial duct open. At re-evaluation,
all patients, except for 2 with spastic tetraplegia and 1 with distinct scoliosis,
had a normal endurance capacity as assessed by spiroergometry, and none
was taking cardiac or psychiatric medication. The rate of attendance to
special schools and the lack of a final school examination was 12% each.
The socioeconomic status, evaluated according to the income producer’s
profession, was not different from that of a normal population.”

The present study was designed as a case series with published controls
and prognostic factor analyses. The demographic data and risk factors for
neurodevelopmental outcome are listed in Table 1. The ethical medical
committee of the Aachen University of Technology (Aachen, Germany)
approved the study, and all patients and their parents provided written
informed consent.

Surgical Management and Perfusion Methods

The age at ASO ranged from 1 to 39 days (mean 7.1 & 5.1); 2 patients
were >12 days old. ASO was performed under conditions of deep hypo-
thermic circulatory arrest (DHCA) and combined low flow cardiopulmo-
nary bypass (CPB) by 2 surgeons (B.J.M., S.H.D.). The standardized
surgical technique using the Lecompte modification and bypass modalities
has been previously described.” The CPB times are listed in Table 1.

Neurologic Examination

The clinical neurologic status was evaluated by an experienced examiner
(H.H.H.-G.). The results were classified as normal or borderline without
functional impairment (grade 0) or moderately (grade 1, functional impair-
ment requiring therapy) or severely (grade 2, dependent on continued assis-
tance) impaired. Neurologic dysfunction was diagnosed in patients who had
>1 of the following abnormalities: abnormal head shape or growth,
abnormal cranial nerves, motor dyspraxia, ataxia, sensory dysfunction,
palsy, clinical seizures during the previous 5 years, and dysreflexia.
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Psycho-Intellectual Testing

The battery of tests focused on the evaluation of formal intelligence, ac-
ademic achievement, and psychological condition. The tests were normal-
ized for age and/or gender and were conducted by 2 examiners on 2
consecutive days within the scope of a standardized operative sequence.
Intelligence. The Hamburg-Wechsler intelligence test (German
version of the Wechsler Adult Intelligence Scale, revised),x with a possible
mean score of 100 £ 15, was used to determine cognitive development and
reduction of effort. Of the 60 patients, 56 were tested using 6 of 11 subtests
(information, arithmetic, similarities, vocabulary, picture completion, and
block design) to evaluate the verbal, performance, and full-scale intelli-
gence quotient (IQ) (Table 2).
Analytical thinking. The Leistungspriifsytem nach Horn” is a stan-
dardized German intelligence test consisting of 14 subtests with a mean
possible score of 100 £ 15. Subtest 3 (geometric shapes) was given to 56
patients to analyze analytical thinking as an indicator of the so-called fluid
intelligence, which has been assumed to be inherited rather than acquired.
Orthographic performance. The Mannheimer Rechtschreib test
(MRT)'? is a German standardized test of orthography, defined as the
assessment of spelling skills and mistakes. We used the long form, which
consisted of 120 items. The 6 subtests, consisting of 20 items each (Table
2), represent different categories to identify key aspects of orthographic
performance. The results of the subtests and a summary range are expressed
as percentages and were compared with published normal values from an
age-, graduation-, and province-matched German population.
Psychological condition. The Brief Symptom Inventory'' was
used to obtain standardized information from 57 patients on their subjective
psychological condition during the previous 7 days compared with that of
healthy controls. In the Brief Symptom Inventory, 53 items have been sub-
sumed into 9 symptom scales to provide psychometric information (soma-
tization, obsessive-compulsive behavior, interpersonal sensitivity,
depression, anxiety, hostility, phobic anxiety, paranoid ideation, psychoti-
cism). From these scales, 3 global indexes can be derived: the Global
Severity Index, measuring the overall psychological distress level and
defining the patient’s perception level of psychological problems; the Pos-
itive Symptom Distress Index, measuring the intensity of symptoms; and
the Positive Symptom Total, indicating the number of self-reported symp-
toms. The test results are expressed as normalized T scores, with higher
values representing increased psychological stress. The present study
focused mainly on the Global Severity Index T score as the most sensitive
factor for evaluating a patient’s general psychological condition (Table 2).

Structural Brain Imaging

Structural brain magnetic resonance imaging (MRI) was performed in
54 patients to evaluate possible cortical and white matter abnormalities af-
ter exposure to an increased risk of preoperative, perioperative, and postop-
erative hypoxia and hypoperfusion of the brain. The exclusion criteria were
a cardiac pacemaker or cochlea implant and noncompliance because of
anxiety (n = 4).

MRI was performed using a 3.0 Tesla Arechiva magnetic resonance
scanner (Philips Healthcare, Best, The Netherlands). The scanning proto-
col included acquisition of the following images: T2-fluid attenuated inver-
sion recovery, diffusion, T2* fast field echo (axial orientation), T2-turbo
spin echo, and T1* fast field echo (sagittal orientation).

The MRI scans were evaluated by a neuroradiologist (T.K.), who was
unaware of all clinical data, by visual inspection. Anatomic abnormalities
were classified with respect to the following criteria: reduced brain volume
(intrinsic volume loss [ventricular dilatation] and extrinsic volume loss
[increased width of sulci]—evaluated separately), periventricular leukoma-
lacia (PVL), focal non—periventricular white matter lesions, encephaloma-
lacia, and additional abnormalities. Brain volume loss and PVL were
classified into 4 grades: no abnormality (grade 0), mild (grade 1), moderate
(grade 2), and severe abnormality (grade 3) (Table 3). In addition, a sum-
mary score of all criteria was determined, the total structural brain MRI
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TABLE 1. Patient characteristics

Variable Definition/Comment Result
Perinatal asphyxia APGAR score <7 after 5 min 13.3% (8/60)
Severe preoperative acidosis and hypoxia pH value <7.2 in umbilical venous blood; severe 15.0% (9/60)

postasphyxia syndrome with organ failure and
cerebral seizures; repeated severe cyanosis caused by
intracardiac mixing problems

Age at surgery (d) — 7.1+5.1
Temperature at DHCA initiation (°C) — 151+ 1.0
DHCA duration (min) — 60.2 +3.3
CPB duration (min) — 61.7 + 14.1
Aortic crossclamping duration (min) — 65474
Perioperative and postoperative cardiocirculatory Low cardiac output® despite adequate filling pressures 16.7% (10/60)
insufficiency and inotropic and vasodilator therapy
Perioperative and postoperative resuscitation events Necessity for pharmacologic and/or mechanical 6.7% (4/60)

resuscitation

Postoperative IVH Evaluation by cranial ultrasonography preoperatively 6.7% (4/60)
and4 h, 1,2, and 3 d, and 1 and 2 wk postoperatively;
persistence of IVH-like findings 2 wk postoperatively

Perioperative and postoperative seizures Determined by clinical examination 3.3% (2/60)
Age at neurodevelopmental re-evaluation (y) — 169 £ 1.7
Socioeconomic status Family’s social classification according to income P = .697 vs published controls

ccin
producer’s profession

Data presented as mean =+ standard deviation or % (n/n). DHCA, Deep hypothermic circulatory arrest; CPB, cardiopulmonary bypass; /VH, intraventricular cerebral hemorrhage.
*Clinically estimated by arterial pressure (target value for mean pressure, 45 mm Hg), central venous pressure (target value, 5-7 mm Hg), diuresis (target value, >1.5 mL/kg body
weight/h), capillary refill time, and skin temperature. {P value calculated by comparison of frequencies, with socioeconomic status representing an ordinal scale.

(tMRI) score, which was classified into 3 grades: no or mild abnormality Statistical Analysis

(grade 0, all criteria classified as normal or mild), moderate abnormality The results are expressed as the mean = standard deviation or percent-
(grade 1, >1 criteria classified as moderate), and severe structural brain ab- ages. For the comparison of the mean values, ¢ tests were applied. For
normality (grade 2, >1 criteria classified as severe). intergroup comparisons of the clinical variables, the nonparametric

TABLE 2. Psycho-intellectual outcome parameters compared with population norms

Abnormal patient resultst (%)

Developmental test Normal score Patient score P value* <1SD <2 SD

HAWIE-R® (n = 56) (standard)

Verbal IQ 100 £ 15 104.2 £ 22.6 17 8.9 1.8

Performance IQ 100 £ 15 105.4 £ 27.5 .14 14.3 10.7

Full-scale 1Q 100 + 15 106.7 £ 23.1 .03 8.9 54
LPS’ (n = 56)

Analytical thinking 100 £ 15 120 £ 12.5 <.001 0 0
MRT' (n = 56) (percentage range)

Lengthening of vowels 50 + 34 24.6 £22.8 <.001 375 5.4

Shortening of vowels 50 £ 34 46.4 £29.2 .36 12.5 8.9

Confusion of consonants 50 £ 34 363 +254 <.001 12.5 8.9

Confusion of vowels 50 + 34 30.3 +27.1 <.001 35.7 8.9

Capitalization, separate, compound writing 50 £ 34 34.0 £ 24.5 <.001 25.0 35

Foreign words 50 £ 34 45.4 £ 30.1 .26 17.9 7.1

Orthography summary range 50 + 34 31.2£243 <.001 19.6 16.1
BSI'' (n = 57) (T score)

T-GSI 534 49.6 + 12.7 .009 53 1.8%

T-PSDI 52.8 523+ 123 .062

Data presented as mean + SD, unless otherwise noted. SD, Standard deviation; HAWIE-R, Hamburg-Wechsler intelligence test, revised; IQ, intelligence quotient; LPS, Leis-
tungspriifsystem nach Horn; MRT, Mannheimer Rechtschreib test; BS/, Brief Symptom Inventory; 7-GSI, T score of Global Severity Index; 7-PSDI, T score of Positive Symptom
Distress Index. *P values calculated by comparison of mean values; normal and abnormal results compared with normal published values.*'' tReduced = <1 SD or <2 SD.
iElevated distress level = >1 SD or >2 SD.
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TABLE 3. Results of structural brain magnetic resonance imaging for 54 adolescents and young adults after neonatal ASO

Reduced brain volume*

White matter injury

Additional
Classification criteria Intrinsic  Extrinsic Total PVL Non-periventricular Total Encephalomalacia abnormality
No abnormality (grade 0) 43 (79.6) 50 (92.6) 41 (75.9) 27 (50.0) 44 (81.5) 23 (42.6) 51 (94.4) 0
Total abnormality 11 (20.4) 4(74) 13 (24.1) 27 (50.0) 10 (18.5) 31 (57.4) 3(5.6) 0
Mild (grade 1) 6 (11.1) 3 (5.6) 18 (33.0) 6 (11.1)
Moderate (grade 2) 2 (3.7) 1(1.8) 7 (13.3) 2 (3.7)
Severe (grade 3) 3(5.6) 0 2 (3.7 2 3.7

Data presented as n (%). PVL, Periventricular leukomalacia. *Extrinsic brain volume loss refers to widening of the sulci; intrinsic volume loss refers to widening of the ventricles.

Mann-Whitney U test was used. The Wilcoxon rank sum test and correla-
tion analyses (Spearman’s correlation coefficient [SP]) were used to
analyze the continuous variables. To study the effect of the risk factors
on the neurodevelopmental outcome parameters, multivariate analysis
was applied, using multiple regression models. The considered risk factors
were statistically significant on the corresponding univariate analysis and
had been selected using a stepwise selection procedure (R.M.).

Statistical analysis was performed using the Statistical Package for So-
cial Sciences, for Windows, version 17.0 (SPSS GmbH Software, Munich,
Germany). All statistical tests were performed at a significance level of
P = .05.

RESULTS
Neurologic Status

Neurologic status was normal in 90% (grade 0, n = 54)
and impaired in 10% (n = 6). Of the 6 patients with neuro-
logic abnormalities, 2 had moderate impairment (grade 1,
3.3%). Of these 2 patients, 1 had developed motor dys-
praxia and 1 required a ventriculoperitoneal shunt after
perioperative intracerebral hemorrhage and permanent hy-
drocephalus. The other 4 patients (6.7%) had severe neuro-
logic dysfunction (grade 2); 2 had spastic hemiplegia and 2,
spastic tetraplegia. Motor dyspraxia was noted in 7 patients
(11.7%), and dysfunction of the cranial nerves (impairment
of tongue movement) was noted in 2 patients (3.3%).
Finally, 6 patients (8.3%) had ataxia, and 2 had presented
with dysreflexia (3.3%). Neither seizures nor sensory
dysfunction or abnormal head shape and growth had
manifested.

Psycho-Intellectual Outcome

Intelligence. The average full-scale, verbal, and perfor-
mance Qs were not reduced compared with the population
norms (Table 2). The frequency of scores >1 SD or >2 SD
less than the expected mean (ie, <85 or <70; expected fre-
quency 16% or 2%) was 14% and 11% for the perfor-
mance IQ, respectively.

Analytical thinking. A score greater than the expected
mean for subtest 3 of the Leistungspriifsytem nach Horn
had a mean percentage of 86% (range, 18%-98%; Table 2).
Orthography. The average orthographic performance was
significantly reduced in 4 of the 6 subtests and in the sum-
mary range MRT score compared with the population
norms. In all 6 subtests, the frequency of a percentage >1
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SD or >2 SD less than the expected frequency of 16%
and 2%, respectively, was increased (Table 2).
Psychological condition. The average Global Severity In-
dex T score indicated a significantly reduced psychological
distress level compared with the norm (Table 2). More than
two thirds of our patients estimated their psychological con-
dition within the normal range of +1 SD, and 25% scored
better than expected (<1 SD).

Structural Brain Imaging

The incidence and distribution of the classified criteria
with respect to structural abnormalities found on brain
MRI are listed in Table 3. Of the 60 patients, 50% had
PVL, two thirds of which were rated as mild. The incidence
of non—periventricular white matter lesions was 18.5%, for
atotal incidence of white matter injury of 57.4%. A reduced
brain volume was seen in 24.1%, most of which was rated
as mild. Finally, 3 patients (5.6%) presented with a sub-
stance defect related to a focal remote cerebral infarction.
Examples are shown in Figure 1.

For the tMRI score, 37 patients (68.5%) were rated as
having no or a mild abnormality (grade 0), 10 (18.5%) as
moderate (grade 1), and 7 (13%) as having severe abnor-
malities (grade 2).

Univariate Associations Among Qutcome
Parameters

The grade of neurologic dysfunction correlated signifi-
cantly with a poorer outcome for the verbal, performance,
and full-scale IQ, analytical thinking, and orthographic per-
formance. A reduced brain volume correlated with poorer
average IQ scores, and the grade of the tMRI score corre-
lated inversely with the scores of intellectual outcome
(Table 4). Intertest correlations were found between the
MRT summary range and the verbal 1Q (SP, 0.611;
P <.0001), performance IQ (SP, 0.646; P < .0001), full-
scale IQ (SP, 0.698; P < .0001), and analytical thinking
(SP, 0.511; P <.0001) scores.

Regarding the associations between neurologic status
and abnormalities on brain MRI, a weak correlation was
found between the grade of focal white matter injury and
grade of neurologic dysfunction (SP, 0.285, P = .037). Of
the 68.5% of patients with absent or mild brain MRI
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FIGURE 1. Examples of structural brain magnetic resonance imaging abnormalities in adolescents and young adults after neonatal arterial switch oper-
ation (T2-weighted axial planes). A, Moderate periventricular leukomalacia (arrows). B, Severe periventricular leukomalacia (arrows). C, Severe intrinsic
volume loss with ventricular dilatation (arrows), mild extrinsic volume loss with increased width of sulci, and moderate periventricular leukomalacia.
D, Substance defect of the left central gyrus (arrow) and non—periventricular white matter injury.

abnormalities (tMRI grade 0), 92% presented without
neurologic dysfunction. Also, of the patients without neuro-
logic dysfunction, 70% did not show any significant
structural brain abnormality (tMRI grade 0). Thus, a corre-
spondence between the grade of neurologic dysfunction and
brain MRI status was present in more than two thirds (68%)
of the patient group. In contrast, the neurologic status was
worse than the brain MRI result in 6%, and the MRI result
was classified as worse than the neurologic status in 26%.

Multivariate Risk Factor Analysis for Outcome
Parameters

In the multivariate analysis model, 6 dependent outcome
parameters were considered, each related to 9 risk factors
(Table 5). Of those, the model was able to confirm 2 vari-
ables as independent risk factors for neurodevelopmental

2194

outcome and structural brain MRI status. Severe preopera-
tive acidosis and hypoxia were the only independent risk
factors for neurologic dysfunction, with reduced brain vol-
ume and focal white matter injury on MRI also predicting a
risk of a reduced full-scale IQ. Poor socioeconomic status
was also an independent risk factor for a reduced full-
scale IQ and for reduced orthographic performance. The
considered risk factors concerning CPB modality and
perioperative and postoperative complications did not inde-
pendently influence any of the outcome parameters.

DISCUSSION

Children with congenital heart disease who undergo sur-
gery with CPB as neonates or infants remain at an increased
risk of neurodevelopmental and psychosocial dysfunction
in childhood and continuing into adolescence.'”'* The
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TABLE 4. Significant correlations between developmental test results and neurologic dysfunction or structural brain MRI abnormalities

Neurologic Reduced brain Focal white matter tMRI score
dysfunction (grade 0-2) volume (grade 0-3) injury (grade 0-3) (grade 0-2)
Test SP P value SP P value SP P value SpP P value
HAWIE-R® — —
Verbal IQ —0.323 .015 —0.318 .020
Performance 1Q —-0473 <.0001 —-0.307 .025
Full scale 1Q —0.443 .001 —0.358 .009 —0.282 041
LpS’ — — — —
Analytical thinking —0.443 .001 —0.29 .035
MRTI() . _ _ .
Lengthening —0.392 .003
Shortening —0.305 .022
Confusion of consonants —-0.304 .023
Confusion of vowels —-0.307 .009
Capitalization, separate, compound —0.288 .037
writing
Foreign words —0.285 .033
Orthography summary range —0.344 .010

tMRI, Total structural brain magnetic resonance imaging; SP, Spearman’s correlation coefficient; HAWIE-R, Hamburg-Wechsler intelligence test, revised; /Q, intelligence quo-
tient; LPS, Leistungspriifsystem nach Horn; MRT, Mannheimer Rechtschreib test.

more we are convinced that “caring for the adolescent with
surgically repaired d-transposition of the great arteries can
be one of the most satisfying experiences in congenital
cardiology,”'” the more we should be following up the
neurologic and psychosocial outcomes in adolescent and
young adult patients. In addition to the Boston Circulatory
Arrest Study cohort,' the Aachen TGA study cohort repre-
sents another homogeneous patient group in which the
long-term neurodevelopmental outcomes and the potential
risk factors have been periodically evaluated.”*° In the

diagnostic tool of MRI for brain examination has become
more and more established. Thus, we sought to focus on
the relations between the neurodevelopmental outcomes
and alterations found on structural brain imaging, because
very few data are yet available in this area of interest." '

Neurologic Status

It is well known that the neonatal ASO can be associated
with increased neurologic impairment in childhood.'” !
The earlier evaluation of our study group demonstrated

present study, we report our follow-up data at a mean patient
age of 17 years for a representative, unselected cohort. The

marked impairment of clinical neurologic status in 9% of
our patient at 5 years of age,” increasing to 27% at 10 years

TABLE 5. Multivariate regression analysis between cerebral risk factors and neurodevelopmental outcomes

Outcome parameters

Neurologic Reduced Focal white Orthography
dysfunction brain volume matter injury tMRI score Full scale IQ summary range
Risk factor R? P value R? P value R? P value R> Pvalue R> Pvalue R? P value
Severe preoperative acidosis and 0.3701 <.0001* 0.2241 0457+ 0.2788  .0446% 0.2709 0512 0.513  .011% 0.394 >2
hypoxia
Temperature at DHCA initiation 0.3701 >.2 02241 >2 0.2788  .1279 0.2709 >.2 0.513 >2 0394 >2
DHCA duration 0.3701 >.2 02241 >2 0.2788 >.2 02709 >2 0513  .174 0394 >2
CPB duration 0.3701 >.2 02241 >2 0.2788 >.2 02709 >.2 0.513 >2 0394 >2
Perioperative and postoperative ~ 0.3701 >.2 02241 >2 0.2788 >.2 02709 >2 0513 >2 0394 >2
cardiocirculatory insufficiency
Perioperative and postoperative ~ 0.3701  .1208  0.2241 >.2 0.2788 >.2 02709  .1495 0513 >2 0394 >2
resuscitation events
Postoperative IVH 03701 >.2 02241 >2 0.2788  .1463 0.2709 >.2 0513 >2 0394 >2
Perioperative and postoperative ~ 0.3701 >.8 02241 >2 0.2788  .1715 0.2709 >.2 0.513 >2 0394 >2
seizures
Socioeconomic status 0.3701 >.2 0.2241 >2 0.2788 >.2 0.2709 >.2 0.513 <.0001* 0.394 <.0001*

tMRI, Total structural brain magnetic resonance imaging; /Q, intelligence quotient; DHCA, deep hypothermic circulatory arrest; CPB, cardiopulmonary bypass; IVH, intraven-
tricular cerebral hemorrhage. *Statistically significant.
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of age.® The rate of dysfunction has decreased to 10% with
moderate or severe impairment in the present study, pre-
sumably owing to improvement of the milder forms of
neurologic abnormality from special education and phys-
ical therapy. Higher grades of neurologic dysfunction,
such as those present in patients with palsy or organic motor
coordination disorders, however, will persist for the pa-
tient’s lifetime, despite adequate therapy. Because we
have observed the whole patient cohort for >2 decades,
we believe that the percentage of moderate to severe neuro-
logic dysfunction we found is sufficiently reliable and was
not markedly biased by nonparticipating patients without
neurologic deficits. The occurrence of embolic events to
the brain due to balloon atrioseptostomy as a cause of severe
neurologic injury** has been controversial.”> However, we
could not determine whether this had occurred in our pa-
tients because brain imaging in the neonatal age had not
been performed. The clinical relevance of our findings is
underlined by the significant correlation between reduced
intelligence and poor orthography results. Confirming our
multivariate risk factor analysis from our corresponding
study at age 10 years,” we found the presence of severe pre-
operative acidosis and hypoxia to be the only independent
predictive factor for neurologic dysfunction. In contrast,
procedure-related factors as CPB and circulatory arrest
times and postoperative cardiocirculatory insufficiency
did not reach statistical significance.

Intellectual Outcome

Although the mean scores of formal intelligence were not
lower than expected, the SDs were larger, suggesting wide-
spread variability among our patients. Moreover, the perfor-
mance 1Qs showed considerably increased rates of patients
at <2 SDs (11%). Compared with our studies at a mean age
of 5 and 10 years,”® the mean values of the intelligence
parameters were stable; however, the SDs had markedly
increased. This points to a greater incidence of particular
cognitive deficits in young patients after neonatal ASO
compared with the normal population, confirming the
recent poor results of a neuropsychological evaluation
from the Boston study group.' That executive, acquired
functions, in particular, have been found to be reduced
can be underlined by the observation that our patients had
a considerable reduction in their orthographic skills but
not analytical thinking, which is a part of the fluid, inborn
intelligence. Functional disabilities, generally known as a
comorbidity of complex congenital heart defects during
childhood,'****> will persist into adolescence and young
adulthood in patients after neonatal ASO, most of whom
have grown up the same as healthy children, without
severe cardiac or extracardiac problems, but with a
history of fetal reduction of brain oxygenation’®”’ and
delayed brain maturation.”*~" The practical effect of our
results has been reflected by the increased rate of
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attendance to special schools and the lack of the final
school examination.

Consistent with our previous assessment,® reduced intel-
ligence and orthographic performance were associated with
neurologic impairment. Preoperative acidosis and hypoxia
was again the only independent patient-related risk factor
for a reduced IQ. Poorer socioeconomic status as an inde-
pendent risk factor for reduced intelligence and orthog-
raphy performance has been well proved”' and has been
underlined by our data.

Psychological Condition

As a part of health-related quality of life, the effect of the
subjective psychological condition on the daily lives of
young patients after neonatal ASO has been of increasing
significance. Our patients perceived lower psychological
distress than the population norms, and none of them had
received psychotherapy or psychiatric medication. This
was even more remarkable because, at 10 years of age,4
their parents had reported increased psychological stress,
in projection, for their children. It is well known that the
parents of children with congenital heart disease often
have an overcautious parenting style.”””” However, the
self-reported social cognition of the adolescents was worse
in the Boston study group with respect to positive emotions
and autistic traits compared with the reference population.’
Our present data do not support the assumption that adoles-
cents with congenital heart disease will have an increased
risk of social cognition deficits, although this had been
assumed (related by the parents) in both study groups at
ages 8 years”" and 10 years.” That the patients themselves,
even if significantly handicapped, can report a positive sub-
jective psychological condition, in contrast to their care-
givers, is well reputed and results from successful coping
styles.**>*? Recently, it has been hypothesized that young
adults with even severe congenital heart disease can
develop a stronger ““sense of coherence’ than do healthy
counterparts, leading them to accept life “as it is.”*> Never-
theless, careful surveillance and ongoing prevention to
minimize the risk of psychological distress are indicated
for young patients after neonatal ASO.

Structural Brain MRI

Since the 1990s, neurodevelopmental impairment after
neonatal and infant cardiac surgery for complex congenital
heart disease has been systematically detected. The factors
of perioperative management, including CPB modality, had
been assumed to be the main potential independent risk fac-
tors. During the past 10 years, cerebral morphologic and
functional abnormalities, assessed using MRI, have come
into interest.

Recent research has focused on defining the effect of
congenital heart disease on fetal and infant brain develop-
ment, postnatal preoperative and postoperative brain injury,
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and possible consecutive neurologic and developmental
dysfunction. Current MRI studies have suggested that
term neonates and even third-trimester fetuses with congen-
ital heart disease will have delayed brain maturation and
increased vulnerability to hypoxic injury in the preoperative
and postoperative course.'**>?323%34 Qur patients,
born in the late 1980s and early 1990s, who had not
undergone systematic brain imaging as neonates,
presented with increased structural MRI abnormalities,
compared with that expected for the normal population.
This was underlined by the recent results for a control
group of 41 healthy age-matched volunteers aged 11 to 17
years.'® Two thirds of our patients had focal white matter
injury, one quarter had a reduced brain volume, and 5%
had marked encephalomalacia. Compared with a group of
premature, very-low-birth-weight infants, who have been
described at the greatest risk of PVL (3%-4% of infants
weighing <1500 g [3.3 1b] and 4%-10% of those born at
<33 weeks of gestation will have PVL),4(’ the rate was
significantly greater in our cohort.

Of our patients, one third was rated as having significant
moderate or severe abnormalities, confirming the recent
rates from the Boston study group at 16 years of age after
ASO." In our study, focal white matter injury found on
structural MRI was even more frequent. One possible expla-
nation might lie in the types of sequences used. We used a
3T magnet with fluid attenuated inversion recovery se-
quences (with the greatest sensitivity for white matter le-
sions). However, in the Boston study, a 1.5T magnet with
dual echo was used. These sequences might not have de-
tected the subtle periventricular white matter injuries. In
the Boston study,' no significant associations between the
structural MRI abnormalities and the patients’ neurodeve-
lopmental disability were detected. In a subsequent report,
however, the Boston investigators47 used diffusion tensor
imaging, which is very well suited to assessing the integrity
of the white matter tracts. In that study, they demonstrated a
very high incidence of white matter microstructural abnor-
malities, mainly multifocal punctate hypodensities sugges-
tive of mineralization.”” They speculated that it might have
been related to the reported neurocognitive deficits.”” In our
cohort, we only used T2 gradient echo sequences to specif-
ically search for areas of susceptibility differences that
would be present in the case of hemorrhage or mineraliza-
tion, and we did not find these lesions. Such lesion might
have remained unnoticed on a gradient echo sequence.

In an additional study, predominant white matter abnor-
malities suggestive of a hypoxic—ischemic origin and
increased neurodevelopmental impairment were described
in adolescents with corrected congenital heart disease in in-
fancy, including 10 patients after ASO.'® Recently, in a
study investigating the nature, timing, and consequences
of brain injury on MRIin 153 young infants undergoing car-
diac surgery with and without CPB," white matter injury
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was confirmed as the most prevalent abnormality. Its rate
was associated with the degree of brain immaturity before
surgery and had increased after surgery, independent of
the use of CPB.* Instead, the rate was related to the diag-
nostic group and the use of circulatory arrest.* It is notable
that the neurodevelopmental outcome at 2 years of age was
related to brain immaturity rather than to white matter
injury. In neonates with TGA, brief DHCA was not associ-
ated with an increased risk of white matter injury on MRI 1
week after ASO."® In the intrauterine TGA physiology, rela-
tive cerebral hypoxia will be caused by preferential blood
flow, with a markedly reduced oxygen content from the
right ventricle by way of the ascending aorta into the brain
arteries. This will lead to the so-called brain sparing effect
with cerebral vasodilatation, bearing the risk of delayed
structural and functional brain maturation'™** and its
potential implications, including a predilection for
additional hypoxic or ischemic injury in the pre- and
postnatal periods.

In our study, the grade of white matter injury correlated
with the grade of neurologic dysfunction. In contrast, just
as in the Boston study,' a significant association with any
of the test results of developmental outcome could not be
evaluated. A reduced brain volume and poorer tMRI score,
however, correlated moderately with reduced average 1Q,
analytical thinking, and orthography scores. Summarizing
the associations between the structural brain MRI abnor-
malities and neurodevelopmental outcomes, we found a
high specificity of 92% with respect to the MRI findings
confirming normal neurologic function. However, the sensi-
tivity for MRI to identify neurologic dysfunction was mod-
erate at 68%. A satisfactory rate of predictive power was
only given for severe neurologic impairment.

Risk Factor Analysis

Consistent with the findings from our previous studies,"°
preoperative acidosis and hypoxia was an independent risk
factor for later poor outcomes. Because of the presumed
prenatally acquired disposition for an increased risk of
postnatal hypoxic or ischemic injury to the brain of
cyanotic neonates with TGA, the significant associations
between this parameter and the discussed abnormalities
found by structural brain MRI (eg, reduced brain volume
and focal white matter injury) and neurologic dysfunction
were not unexpected.

However, the parameters of perioperative management
could not be confirmed as independent risk factors,
although the use of low flow CPB includes a risk of cerebral
embolic injury, cerebral hypoperfusion, and an inflamma-
tory response, and hypothermia can cause a loss of cerebral
autoregulation and increase the risk of cerebral hypoxia,
leading to strokes or seizures. Consistent with our previous
studies,”*°® the DHCA duration was not a significant risk
factor. This is in line with the results from the Boston
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TGA study, in which, at age 16 years, no significant
differences were found between patients in the low-flow
CPB group and those in the circulatory arrest group.' Using
the pH-stat management in our patients, perioperative sei-
zures were rare and did not influence any of the outcome pa-
rameters, nor did any postoperative management factors,
such as cardiocirculatory insufficiency or resuscitation
events. Socioeconomic status was confirmed as a well-
known independent risk factor for worsened intelligence
and orthographic performance. Summarizing our multivar-
iate risk factor analysis, the results of the present study have
underlined the increasing published data suggesting that
most risk factors for neurodevelopmental and neuropsycho-
logical outcomes after neonatal and infant heart surgery for
complex congenital heart disease will be patient-related or
socioeconomic, with only a few procedure-related and
potentially modifiable.”'

Study Limitations

The present study was a single-center, long-term follow-
up study with a moderate, but persistent, number of patients,
treated in the 1980s and early 1990s using DHCA and
before the era of prenatal diagnosis of the heart defect.
Our results might not be transferable to neonates born
with TGA today. The outcomes were discussed irrespective
of the metabolic or functional brain MRI data obtained,
which will be reported separately.

CONCLUSIONS

Despite the encouraging clinical neurodevelopmental
outcomes in most adolescents and young adults after
neonatal ASO, a considerable minority will have perfor-
mances less than the expected level and will require
ongoing surveillance, therapeutic intervention, and rehabil-
itation. Considering the high frequency of structural brain
abnormalities on MRI, prospective multicenter studies are
needed to investigate prospectively and periodically, from
fetal to adult life, the relations among the structural, meta-
bolic, and functional brain MRI phenomena, clinical risk
factors, and standardized neurocognitive and psychosocial
outcome parameters. These studies are needed to define
the prognostic patterns for patients at special neurodevelop-
mental risk.
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EDITORIAL COMMENTARY

Leaving the nest: Facing adulthood after the arterial switch operation

Frank A. Pigula, MD

See related article on pages 2190-9.

The report in this issue of the Journal by Heinrichs and
colleagues' from Aachen is an important companion study
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to the Boston Circulatory Arrest Study (BCAS). A deeper
understanding of each is enabled by reviewing the
similarities and differences between them.

Let’s start with the similarities. Both groups studied
neonates undergoing the arterial switch during a similar
era (BCAS, 1988-1992; Aachen, 1986-1992), and both
groups have performed detailed neurodevelopmental
follow-up testing in addition to neuroanatomic imaging
with magnetic resonance imaging (MRI)."” Both groups
have reevaluated these patients periodically (ages 4-5,
8-10, and 16-17 years) and have reported significant
neurologic impairment across similar domains, primarily
in motor skills, language function, and sensory processing
skills.

There are, however, some important methodologic
differences to note. The BCAS examined the effects of
low-flow cardiopulmonary bypass compared to deep
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