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Abstract

Introduction:  At  present,  neurodevelopmental  abnormalities  are the  most  frequent  type  of
complication  in school-aged  children  with  congenital  heart  disease  (CHD).  We  analysed  the
incidence  of  acute  neurologic  events  (ANEs)  in patients  with  operated  CHD  and  the usefulness
of neuromarkers  for  the  prediction  of  neurodevelopment  outcomes.
Methods:  Prospective  observational  study  in  infants  with  a  prenatal  diagnosis  of  CHD  who  under-
went cardiac  surgery  in  the  first  year  of  life.  We  assessed  the  following  variables:  (1) serum
biomarkers of  brain  injury  (S100B,  neuron-specific  enolase)  in cord  blood  and preoperative
blood samples;  (2)  clinical  and  laboratory  data  from  the immediate  postnatal  and  periopera-
tive periods;  (3) treatments  and  complications;  (4) neurodevelopment  (Bayley-III  scale)  at age
2 years.
Results:  the  study  included  84  infants  with  a prenatal  diagnosis  of  CHD  who  underwent  cardiac
surgery in  the  first  year  of  life.  Seventeen  had  univentricular  heart,  20  left  ventricular  outflow
obstruction  and 10  genetic  syndromes.  The  postoperative  mortality  was  5.9%  (5/84)  and  10.7%
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2341-2879/© 2023 Asociación Española de Pediatŕıa. Published by  Elsevier España, S.L.U. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.anpede.2023.12.007
http://www.analesdepediatria.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.anpede.2023.12.007&domain=pdf
https://doi.org/10.1016/j.anpedi.2023.10.007
mailto:laia.vega@quironsalud.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


L.  Vega  Puyal,  E.  Llurba,  Q. Ferrer  et  al.

(9/84)  patients  experienced  ANEs.  The  mean  overall  Bayley-III  scores  were  within  the  normal
range,  but  31%  of  patients  had  abnormal  scores  in the  cognitive,  motor  or  language  domains.
Patients with  genetic  syndromes,  ANEs  and  univentricular  heart  had  poorer  neurodevelopmental
outcomes.  Elevation  of  S100B  in the  immediate  postoperative  period  was  associated  with  poorer
scores.
Conclusions:  children  with  a  history  of  cardiac  surgery  for  CHD  in the  first  year  of  life  are at risk
of adverse  neurodevelopmental  outcomes.  Patients  with  genetic  syndromes,  ANEs  or  univen-
tricular  heart  had  poorer  outcomes.  Postoperative  ANEs  may  contribute  to  poorer  outcomes.
Elevation of  S100B  levels  in the postoperative  period  was  associated  with  poorer  neurodevel-
opmental  outcomes  at  2 years.  Studies  with  larger  samples  and  longer  follow-ups  are  needed
to define  the  role  of  these  biomarkers  of  brain  injury  in the  prediction  of neurodevelopmental
outcomes in  patients  who  undergo  surgery  for  management  of  CHD.
© 2023  Asociación  Española  de Pediatŕıa.  Published  by  Elsevier  España,  S.L.U.  This  is an  open
access article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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Neurodesarrollo  a los  dos años  en  cardiopatía  congénita:  utilidad  pronóstica  de los

marcadores  de  daño  cerebral

Resumen

Introducción:  En  la  actualidad,  las  alteraciones  del  neurodesarrollo  son  la  complicación  más
frecuente en  pacientes  con  cardiopatía  congénita  (CC)  en  edad  escolar.  Analizamos  la  incidencia
de eventos  neurológicos  agudos  (ENA)  en  pacientes  con  CC sometidos  a  cirugía  cardiaca  y  la
utilidad de  los  neuromarcadores  para  predecir  el  neurodesarrollo.
Métodos:  Estudio  prospectivo  observacional  en  recién  nacidos  (RN)  con  CC  diagnosticada  prena-
talmente sometidos  a  cirugía  el primer  año  de vida.  Se  evaluaron:  1) biomarcadores  sanguíneos
de lesión  cerebral  (S100B,  enolasa  neuronal  específica)  en  sangre  de cordón  y  periquirúrgicos;
2) datos  clínicos  y  analíticos  perinatales  y  periquirúrgicos;  3)  tratamientos  y  complicaciones;
4) neurodesarrollo  (Escala  Bayley  III)  a  los dos  años.
Resultados:  Se  incluyeron  84  RN con  CC de diagnóstico  fetal,  confirmada  postnatalmente,
sometidos a  cirugía  cardiaca  en  el  primer  año de vida.  17  pacientes  tenían  corazón  univen-
tricular, 20  pacientes  obstrucción  izquierda  y  10  síndromes  genéticos.  Fallecieron  en  el periodo
postquirúrgico  5 pacientes  (5,9%)  y  9 pacientes  presentaron  ENA  (10,7%).  Las  puntuaciones
medias en  el  test  de Bayley  III  fueron  normales  pero  el 31%  tuvieron  alteración  cognitiva,  motora
o en  el  lenguaje.  Los pacientes  con  síndromes  genéticos,  ENA  y  CC univentriculares  tuvieron
peor neurodesarrollo.  La  elevación  de  S100B  en  el  postoperatorio  inmediato  se  correlacionó
con peores  puntuaciones.
Conclusiones:  Los  pacientes  con  CC sometidos  a  cirugía  tienen  mayor  riesgo  de  sufrir
alteraciones  del neurodesarrollo.  Los pacientes  con  síndromes  genéticos  o  corazones  univen-
triculares  presentan  peores  resultados.  Presentar  ENA  postquirúrgico  puede  contribuir  a  peores
resultados.  Niveles  de  s100B  elevados  en  el  postoperatorio  se  correlacionan  con  peores  resulta-
dos en  los tests  de neurodesarrollo  a  los  dos  años.  Series  con  más pacientes  y  con  seguimiento
a largo  plazo  nos  ayudarán  a  definir  el  papel  de estos  biomarcadores  de  lesión  cerebral  en  la
predicción del  neurodesarrollo  en  pacientes  sometidos  a  cirugía  de CC.
© 2023  Asociación Española de  Pediatŕıa.  Publicado  por  Elsevier  España,  S.L.U.  Este  es  un
art́ıculo Open  Access  bajo  la  licencia  CC BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

The  mortality  associated  with  congenital  heart  disease
(CHD)  has decreased  in  the past  few decades.  More  than  85%
of affected  patients  survive  to  adulthood.  This  increase  in
survival  has evinced  the associated  comorbidities  that  have
a  negative  impact  on  quality  of  life.1 Neurodevelopmental
abnormalities  are  currently  the  most  frequent  comorbidity
found  in  school-aged  children  with  CHD.2 Acute  neurologic

events  (ANEs)  or  neurologic  complications  are  among  the
most  feared  comorbidities  in patients  with  CHD,  but  their
role  as  predictors  of  long-term  neurodevelopmental  out-
comes  has  not  been  clearly  established.3

Neurodevelopmental  disorders  have a  multifactorial  aeti-
ology,  with  prenatal,  neonatal  and  perioperative  factors
contributing  to  long-term  neurologic  outcomes.4---6 In  recent
decades,  the usefulness  of  various  instruments  and measures
for  the  early  prediction  of  poor  neurologic  outcomes  has
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been  investigated,  including  the association  of  biomarkers
of  brain  injury  with  the development  of  neurologic  events
and  abnormalities  in the long  term.7,8

We present  the  results  of  a  study  designed  to  identify
risk  factors  for  neurodevelopmental  disorders  in  newborns
with  CHD  treated  with  cardiac  surgery.  The  objectives  of
the  study  were:  (a)  to  determine  the  incidence  of  ANEs  in
patients  with  complex  CHD  treated  with  cardiac  surgery,  (b)
to  assess  neurodevelopmental  outcomes  at age 2  years  in a
cohort  of  children  with  complex  CHD  treated  with  cardiac
surgery  and  (c)  to  assess  the  usefulness  of biomarkers  of
brain  injury  measured  in the  cardiac  surgery  perioperative
period  to  predict  the occurrence  of  ANEs  in  the  postopera-
tive  period  and  poor neurodevelopmental  outcomes.

Patients and  methods

We  conducted  a prospective  observational  study  of  new-
borns  who  received  a prenatal  diagnosis  of  CHD  and treated
with  cardiac  surgery  within  1  year  post  birth  at the  Hospi-
tal  Universitari  Vall  d’Hebrón.  The  enrolment  period  lasted
4  years  (2012---2016  for  pregnant  women  and  2013---2017
for  infants).  We  excluded  cases  of  foetal  death,  antenatal
detection  of  genetic  disorders  and  of  CHD  associated  with
other  major  congenital  anomalies.

The  studied  cohort  is part  of  a  multicentre  study  that
recruited  and  assessed  pregnant  women  with  healthy  foe-
tuses  and  foetuses  with  CHD, the methodology  of which
has  been  described  in a  previous  publication.9 We  analysed
demographic,  clinical,  laboratory  and  treatment-related
variables,  documented  postoperative  complications  and
measured  serum  markers  of  brain  injury.  The  neurodevelop-
mental  assessment  was  conducted  at  age  2 years  by  means  of
the  Bayley  Scales  of  Infant  and Toddler  Development,  Third
Edition  (Bayley-III).

Clinical  and  demographic  variables

We  collected  data  on  clinical  and  laboratory  variables  in
the  postnatal  and  perioperative  period:  sex,  gestational
age,  preterm  birth,  anthropometric  measurements,  weight
and  height  circumference  percentiles  and  z scores,  type  of
surgical  repair,  age at time  of  surgery,  scores  in  surgical
mortality  risk  scales,  duration  of  extracorporeal  circulation
(ECC)  and  genetic  disorders  diagnosed  after  birth.  Every
newborn  underwent  a postnatal  ultrasound  examination  to
confirm  the  prenatal  diagnosis.  Infants were  classified  into
4  groups  based  on  the cardiac  anatomy  and  physiology  (uni-
ventricular  [UV]  or  biventricular  [BV])  and  whether  there
were  lesions  obstructing  systemic  blood  (systemic  obstruc-
tion:  SO vs  no  SO).  They  were also  classified  in 3  groups  based
on  the  degree  of  cyanosis:  (1)  no cyanosis,  (2)  moderate
neonatal  cyanosis  (cyanotic  defect  other  than  transposition
of  the  great  arteries  [TGA])  and (3)  cyanosis  associated  with
TGA,  as  previously  done  by  other  authors.5,8,10

Treatments,  complications  and acute  neurologic

events

We collected  variables  pertaining  to  postoperative  care,
received  treatment  and  postoperative  complications  includ-
ing  ANEs.  We  documented  the mortality  risk  score  at
admission  to  the  intensive  care unit  (ICU),  the  duration  of
mechanical  ventilation,  the  use  of vasoactive  drugs,  the
length  of  stay  in the  ICU,  the length  of  stay  in hospital,
the  need  for extracorporeal  membrane  oxygenation  (ECMO)
after  surgery,  complications  in the  postoperative  period  and
postoperative  mortality.

We defined  ANE  as  intracranial  bleeding,  stroke,  venous
sinus  thrombosis,  seizures  (clinical,  electrographic  or both)
or  brain  death.  The  diagnosis  of  ANE  was  based  on  the
findings  of imaging  tests  ordered  as  the care  team  consid-
ered  necessary.  We  did not include  temporal  changes  in
the  definition  of  ANE.  When  available,  diagnostic  images
were  compared  with  previous  imaging  to  verify  the timing
of  development  of  the radiological  features.

We  documented  suspected  or  confirmed  postnatal  diag-
noses  of  genetic  disorders  and  their  association  with
neurodevelopmental  outcomes,  whether  or  not the associa-
tion  had been  described  in  the  previous  literature.

Biomarkers  of brain  injury

We analysed  the levels  of  2 biomarkers  of  brain  injury:  S100
calcium-binding  protein  B (S100B)  and  neuron-specific  eno-
lase  (NSE).  Blood  samples  were  collected  at 4 time  points:
(1)  immediately  after birth  (cord  blood),  (2)  immediately
before  surgery,  (3)  at admission  to  the ICU  after  surgery  and
(5)  at  24  h  from  admission  to  the ICU  after surgery.  The  sam-
ples  were  collected  from  central  venous  or  arterial  catheters
already  in place,  extracting  the  minimum  necessary  volume
(EDTA collection  tube,  0.5  mL).  Samples  were  processed  by
separating  the plasma  through  centrifugation  at  1400  g for
10  min  at 4 ◦C,  and  frozen  immediately  after  for  storage  at
−80 ◦C until  testing.  Enzyme-linked  immunosorbent  assays
(ELISAs)  were  performed  in duplicate  with  commercial  kits
(BlueGene  Biotech  CO.  Ltd,  Shanghai,  China).  The  minimum
detection  limits  in  the assays  were  50  pg/mL  for S100B  and
0.5  ng/mL  for NSE.

Follow-up  neurodevelopmental  assessment

We  analysed  the scores  in the neurodevelopmental  assess-
ment  conducted  at  age  2  years  (Bayley-III).  The  Bayley-III
scales  assess  5  developmental  domains:  cognition,  language,
social-emotional,  motor  and  adaptive  behaviour.  It yields
scores  based  on  the answers  or  behaviour  of  the child  that
are  transformed  into  scaled and  composite  scores  for  age.
The  results  are  scaled  to  a  metric a mean  of  100  points, and
a  standard  deviation  (SD)  of  15  points  and  a range  of  40---160
points.  For each  domain,  values  of  less than  85  points  are
indicative  of developmental  delay  and  are classified  as  mild
(1---2  SDs  below  mean),  moderate  (2---3 SDs  below  mean)  and
severe  (<3  SDs  below  mean).
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Figure  1 Flow  diagram  of  sample  recruitment.

Data handling and  analysis

The  data  were  entered  in  an  ad  hoc database.  The  results
were  analysed  and  interpreted  jointly  by  the research  team
and  the  research  support  unit  of  the hospital.

We  described  the characteristics  of  the sample  using
absolute  frequencies  and  percentages  for  qualitative  varia-
bles  and  the mean  and  SD  or  median  and interquartile  range
(IQR)  for  quantitative  variables.

Qualitative  data  were compared  with  the  �
2 test or  Fisher

exact  test,  and  quantitative  data  with  the Kruskal-Wallis
test.  We  assessed  the association  of variables  with  the  Spear-
man  correlation  coefficient  (r). We  considered  results  with  P

values  of  less  than  0.05  statistically  significant.  The  statisti-
cal  analysis  was  conducted  with  the  software  package  Stata,
version  15.1  (StataCorp.  2017.  Stata  Statistical  Software:
Release  15.  College  Station,  TX:  StataCorp  LLC)

Ethical approval and  consent to  participation

The  study  was  approved  by  the ethics  committee  of  the  hos-
pital  on  February  13, 2014  (PR  (AMI) 317/2012).  All pregnant
women  included  in the study  signed  the  informed  consent
form  for  participation  in  the study.

Results

The initial  sample  included  96  pregnant  women  carrying  foe-
tuses  with  a  diagnosis  of  CHD.  Four  were excluded  during
pregnancy:  2 due  to  prenatal  diagnosis of  a genetic  disorder,
1  due  to  foetal  death  and 1  due  to  transfer  to a  different  hos-
pital.  In  the  92  offspring  of the remaining  pregnant  women,
the  diagnosis  of  CHD was  confirmed  after  birth,  and  86  were
eligible  for  surgical  management.  Of  these  86,  2 died  before
the  surgery,  and  the 84  remaining  infants  who  underwent
surgery  within  1 year  of  birth  were  included  in the  analysis
(Fig.  1).

Table  1 presents  the CHD  diagnoses  confirmed  after  birth.
The  most  frequent  form  of  CHD was  transposition  of the

Table  1 Types  of  congenital  heart  disease.

Disease  n  %

TGA  29  34.5%
HLH-CoA  17  20%
ToF/PA 16  19%
AVSD 8  9.5%
Other  14  17%

AVSD, atrioventricular septal defect; CoA, coarctation of aorta;
HLH, hypoplastic left heart; PA, pulmonary atresia; TGA, trans-
position of the great arteries; ToF, tetralogy of Fallot.

Table  2A  Classification  of patients  based  on the  anatomi-
cal and physiological  characteristics  of  their  congenital  heart
disease. Classification  A: anatomy  and  physiology  of  CHD  and
presence of  left  ventricular  outflow  tract  obstruction.

Anatomy/physiology  of  heart  defect

Univentricular  (UV)  Biventricular  (BV)
17  (20%)  67  (80%)

Left  ventricular  outflow  tract  obstruction

Yes  No Yes  No
6 (35%)  11  (65%)  14  (20.9%)  53  (79.1%)

Table  2B  2  Classification  of  patients  based  on the  anatomi-
cal and physiological  characteristics  of  their  congenital  heart
disease. Classification  B:  physiological  classification  based  on
the degree  of  cyanosis.

Degree  of  cyanosis  of  the  heart  defect

None  Moderate  Severe  (TGA)
32 (38.1%)  23  (27.4%)  29  (34.5%)

TGA, transposition of  the great arteries.

great  arteries  (TGA,  29  patients),  followed  by coarctation
of  the aorta  with  or  without  hypoplastic  left  heart  (17
patients),  tetralogy  of  Fallot  with  pulmonary  atresia  (16
patients)  and atrioventricular  septal  defect  (8 patients).
Tables  2A  and  2B  present  distribution  of  CHD  cases  into
4  groups  based on  anatomy  and  in 3 groups  based on  the
degree  of  cyanosis.

Postnatal  and  perioperative  clinical variables

Table  3  presents  the  results  for  the  overall  sample  and  by
CHD  anatomy  group.

Six  patients  (7.1%  of  the total)  were born  preterm,  and
all  had  a  biventricular  anatomy.  There  were  no  differences
in the  sex  distribution,  mean  gestational  age,  weight  or
head  circumference  between  the  groups  of patients  classi-
fied  according  to  heart  anatomy.  Most patients  (69.1%)  were
operated  within  28  days  post  birth.

In  the group  with  univentricular  anatomy,  a higher
proportions  of patients  required  vasoactive  drugs or  post-
operative  ECMO  (11.8%  vs  0%)  and  the mortality  was  higher
(29%  vs  0%),  and  the subset  with  SO  had significantly  longer
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Table  3  Characteristics  of  the patients  by  anatomical  group.

Variable  Heart  disease  group  Total  P

Univentricular  Biventricular

Without  SO  With  SO  Without  SO  With  SO

Total  11  6 53  14  84
Sex: male  54.5%  66.7%  54.7%  28.6%  51.2%  .2995*
Gestational  age (weeks)  38  (37−39) 38.5  (37−40)  39  (38−40)  39.5  (38−40) 39  (38−40)  .0880**
Preterm  birth  0 0 9.4%  7.1%  7.1%  .8891*
Weight  (g)  3250  (2900−3380)  3095  (2780−3650)  2920  (2700−3400)  3130  (2920−3520)  2997.50  (2760−3480)  .5808**
Head  circumference  (cm)  34  (33−34.5)  33.5  (33−34)  33.5  (33−34.5) 34.25  (33−36)  34  (33−34.5)  .3448**
Neonatal  surgery  54.55%  100%  62.26%  92.3%  69.1%  .0502*
Age  at  time  of  surgery  (days)  31  (18−182)  9 (8−15)  14  (7−158)  12  (7−24)  14  (8−130)  .0116**
Length  of  ICU  stay  (days)  25  (8−35)  38.5  (23−60)  16  (9−24)  25  (11−38)  19  (9−29.5)  .040**
Length  of  hospital  stay  (days)  27  (23−50) 56.5  (23−64)  26  (17−36)  41.5  (26−48) 27.5  (18.5−46)  .2029**
Aristotle  score  7 (6−9)  10.75  (6−14.5)  10  (8−10)  8  (8−10)  9  (7−10)  .0970**
High  STAT  score  (≥4)  63.6%  83.3%  22.6%  28.6%  33.3%  .0025*
Minutes  of ECC  46  (0−96)  69.5  (0−137)  141  (108−165)  92.5  (0−143)  129.5  (67.5−159.5)  .0025**
Prolonged  ECC  (>150  min)  9.1%  16.7%  39.6%  21.4%  30.1%  .1624*
Maximal  VIS  at 24  h  15  (8−19)  61.5  (20−66)  20  (11−32.5)  17  (5−27)  19  (10−32)  .0102**
High  maximal  VIS at 24  h  (>20)  18.2%  66.67%  49.1%  28.6%  42.9%  .1086*
PRISM  III  at  24  h  9.5  (5−11)  12  (3−22)  10  (7−14)  7  (4−16)  10  (7−14)  .4169**
High  PRISM  III at  24  h  (>20)  0% 33.3%  1.9%  0%  3.6%  .0338*
Mechanical  ventilation  (days)  2 (1−4)  6 (2−12)  3  (2−4)  3  (2−5)  3  (2−5)  .3893**
Confirmed/suspected  genetic  diagnosis  36.4%  0 7.6%  14.3%  12%  .0640*

Qualitative variables expressed as relative frequencies (%), quantitative variables as median (IQR).
ECC, extracorporeal circulation; ICU, intensive care unit; PRISM, Pediatric Risk Of  Mortality score; SO, systemic obstruction; STAT, Society of Thoracic Surgeons-European Association for
Cardio-Thoracic Surgery; VIS, vasoactive-inotropic score.

* Fisher exact test.
** Kruskal---Wallis test, P  values for the differences between groups.
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stays  in  the  ICU  (38.5  days  [23−60]  vs  19  days  [9−29.5];
P  =  .04),  increased  need  of vasoactive  support  (maximal  VIS,
61.5  [20−66]  vs  19  [10---32];  P  = .01),  with  a higher  propor-
tion  requiring  ECMO  after  surgery  (16.7%  vs  2.4%; P  = .04)
and a  higher  mortality  (66.67%  vs  5.95%;  P < .01) (Table  2).
Ten  patients  (12%  of  the total) received  a genetic  syndrome
diagnosis  after  birth,  either  confirmed  or  highly  suspected
and  awaiting  confirmation.

Complications  and  acute  neurologic  events

The  general  complications  and  the  ANEs  developed  by the
patients  are  presented  in Tables  4  (entire  cohort)  and 5
(by  CHD  anatomy  group).  We  found  no  differences  between
groups  in  the  variables  under  study,  except  for the  use  of
insulin  for  management  of  hyperglycaemia,  which was  more
frequent  in the  group  with  biventricular  anatomy  without
SO.

The  postoperative  mortality  was  5.9%,  corresponding  to
5  patients,  all  of  who  had  univentricular  anatomy,  and  4  of
who  had  SO.

As regards  the  neurologic  complications  detected  in the
cohort,  13  ANEs  were  detected  in the cohort.  Two  of  them
were  diagnosed  in 2 different  patients  before  surgery.

Eleven  ANEs were  diagnosed  after  surgery  in 9  patients:
5  ischaemic  strokes,  3  episodes  of  seizures,  1  venous  sinus
thrombosis,  1episode  of severe  extra-axial  haemorrhage  and
1  case  of  severe  hypoxic-ischaemic  encephalopathy  resul-
ting  in  brain  death).  Of  the 9  patients  that experienced
postoperative  ANEs (10.7%),  6  were operated  in the  neonatal
period  (9.5  days  [7.5---12.5])  and  1 at  36  days  post  birth.

There  were  no  differences  in the incidence  of ANE
between  anatomical  groups; on  the other  hand,  postoper-
ative  ANEs  were  more  frequent  in the  moderate  cyanosis
group  (26.1%  vs  10.7%;  P  =  .04).  Two  patients  who  experi-
enced  ANEs  died.

During  the  follow-up,  5 patients  required  antiepileptic
drugs,  3 experienced  postoperative  ischaemic  strokes  and
1  was  diagnosed  with  a  genetic  syndrome  characterised  by
heart  disease,  epilepsy  and  neurodevelopmental  delay.  All
5  had  a  biventricular  anatomy.

The incidence  of  ANEs  was  higher  patients  who  required
ECMO  after  surgery  compared  to all  other  patients  (100%  vs
9.76%;  P  =  .01),  and  both  of these  patients  died.

Of the  patients  that experienced  and  survived  cardiac
arrest  in  the  postoperative  period  (n =  6),  3 had ANEs and 1
died  from  the  neurologic  complication.

The  incidence  of  ANE  was  greater  in patients  with  mod-
erate  cyanosis  (no  TGA),  patients  who  required  ECMO  after
surgery  and  patients  who  had  cardiac arrest  in the  imme-
diate  postoperative  period.  We  did not find  significant
differences  in incidence  based  on  gestational  age,  birth
weight  or  head  circumference,  a high  STAT  score, the min-
utes  of  ECC,  the  maximal  VIS  at  24  h,  the Pediatric  Risk  of
Mortality  score  (PRISM  III)  or  other  variables.

Biomarkers  of brain  injury

In  the  analysis  of  the levels  of  the two  biomarkers,
we  found  detectable  levels  in cord  blood  (S100B,  48.27
[16.89---171.12];  NSE,  0.46  [0.42−0.53]).  The  levels  of  S100B

increased  after  surgery  compared  to  the preoperative
period,  with  greater  values  in  the  immediate  postoperative
period  and a decreasing  trend  observed  by  24  h  after  surgery
(136.19  [72.68−211.14]  vs  169.90  [67.5---284.07]  vs  162.75
[62.12−278.10];  P  ≤  .01).  The  levels  of NSE did not  increase
after  surgery  compared  to before (0.88  [0.73−1.06]  vs 0.86
[0.70−0.98]  vs  0.62  [0.54−0.86];  P  =  .241).

The  levels  of  the  biomarkers  at the  different  time
points  by  CHD group  can  be  found  in Table  6.  Levels  of
S100B  increased  significantly  in the immediate  postoper-
ative  period  in patients  with  SO  (in  both  the BV  and  UV
groups).  We  did not find  significant  differences  at the other
perioperative  time  points or  between  the  other  CHD  cate-
gories.

The  levels  of S100B  were higher  in the immediate  postop-
erative  period  in patients  that  experience  ANEs after  surgery
compared  to  patients  who  did  not  (284.07  [167.74---483.50]
vs  164.54  [67.50---273.01];  P  =  .20),  but  the  difference  was
not  statistically  significant;  the levels  of  NSE  were  similar
in  patients  who  had ANEs and  the  rest  of the patients  (0.75
[0.75−0.76])  vs  0.87  [0.70−0.98];  P = .578).

Long-term  follow-up

Five of the 84  patients  died  during  the  follow-up,  and
another  5 were  lost to  follow-up.  Of  the 74  remaining
patients,  55  (74%)  were  evaluated  at 2  years  with  the  Bayley-
III.  The  median  scores  in each  of  the 5 domains  of  the test
were  all  within  the  normal  range  (85−115)  (Fig.  2).

Thirty-eight  patients  had  normal scores  (≥  85)  in  the  cog-
nition,  motor  and language  domains;  30  had  normal  scores  in
every  domain  in the  test. Of  the patients  who  had  an  abnor-
mal  score  in at least  one  domain,  16  had  a low  score  in
only  one domain.  There  were 9 patients  with  scores  below
the  normal  range  in 2  or  more  domains.  Of  the 6 patients
with  abnormal  scores  in 3 or  more  domains,  4 had  neonatal
cyanosis  of  moderate  or  high  degree,  2  had UV  anatomy,  and
1  who  had abnormal  scores  in all  5  domains  had been  diag-
nosed  with  a  genetic  syndrome  associated  with  abnormal
neurodevelopment.

We  obtained  a  total  of  260 scores  for the  assessed
domains  in the  55  patients  (all  patients  underwent  assess-
ment  of  at least 3 domains  and  up to  a total  possible
maximum  of  5);  43  of the  260 scores  were  below the  normal
range,  of  which  27  indicated  mild  delay,  13  moderate  delay
and  3  severe  delay.

Patients  with  UV  anatomy  scored  lower  in  the cognition,
motor,  language  and  adaptive  behaviour  domains,  and  the
difference  was  statistically  significant  in  the  motor  assess-
ment  (89.5  [85---97] vs  103  [94---121];  P  =  .02).

We  did not find  significant  differences  when  we  com-
pared  the scores  of  patients  based on  the  degree  of cyanosis
(Fig.  2).

Patients  who  experienced  an ANE  had scores  lower  than
normal  in  at least  1  domain  of  the Bayley-III  (2  of  these
patients  had  low  scores  in 3 or  more  domains),  although  the
differences  compared  to  patients  without  ANEs  were not sta-
tistically  significant:  cognition  (95  [81---105]  vs  110 [95---130];
P  =  .5;  language  (79  [78---94] vs  91  [86---115]; P  = .5);  motor
(91  [85---91]  vs  100 [91---118]; P  =  .13);  socioemotional  (100
[90---110]  vs  100  [90---115];  P = .8)  and  adaptive  behaviour  (82
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Table  4  General  (non-neurologic)  complications  after  surgery.

General  complications Heart  disease  group  Total  P

UV  without  SO  UV with  SO  BV  without  SO  BV  with  SO

Total  included  11  6 53  14  84
Arrhythmia  36.4%  50%  54.7%  42.9%  50%  .6710*
Permanent  pacemaker 9.1%  0 1.9%  7.1%  3.6%  .3987*
Withdrawal  symptoms  45.4%  50%  45.3%  50%  46.4%  .9815*
Paralysed  diaphragm  0 0 11.3%  0  7.2%  .5577*
Hyperglycaemia  requiring  insulin  18.2%  33.3%  79.3%  35.7%  60.7%  <.0001*
Survivor  of  cardiac  arrest  0 33.3%  7.6%  0  7.1%  .0950*
VAD/ECMO  9.1%  16.7%  0% 0%  2.4%  .0390*
Postoperative  death  9.09%  66.67%  0% 0%  5.95%  .0001*

Qualitative variables expressed as  frequencies.
BV, biventricular; ECMO, extracorporeal membrane oxygenation; SO, systemic obstruction; UV, univentricular; VAD, ventricular assist
device.

* Fisher exact test; P  values for the differences between groups.

Table  5  Acute  neurologic  events  and  epilepsy:  outcomes  in  overall  sample  and  by  heart  anatomy  group.

Complication  Heart  disease  group  Total  P

UV without  SO  UV  with  SO  BV  without  SO  BV  with  SO

ANE  9.1%  16.7%  13.2%  14.3%  15.4%  .8231*
Type  of  ANE

Arterial  stroke 0  0 3.8%  (2)  14.3%  (2) 4.8%  .6368*
Isolated  GS  central  stroke  0 0 3.8%  (2)  0  2.4%
Venous thrombosis 0  0 1.9%  (1)  0  1.2%
Haemorrhage 9.1%  (1) 0  0  0  1.2%
Brain death 0  16.7%  (1) 0  0  1.2%
Epileptic seizures 9.1%  (1) 0  3.8%  (2)  7.1%  (1)  4.8%

ANE (excluding  seizures) 9.1%  16.7%  9.3%  14.3%  12%  .6368*
Time  to  event  in  presence  of  lesiona

Before  surgery  0 0  7.1%  (1)  1.2%  <.001*
After  surgery  100%  (1)  100%  (1) 100%  (5) 92.3%  (1) 98.8%

Epilepsy/need of AED  post  surgery  (5) 0 0 5.7%  (4)  7.1%  (1)  6% .8672*

Qualitative variables expressed as  relative frequencies (absolute frequency in parentheses).
AED, antiepileptic drug; ANE, acute neurologic event; BV, biventricular; SO, systemic obstruction; UV, univentricular.

a Over the total of patients with structural lesions (excluding seizures).
* Fisher exact test; P  values for the differences between groups.

[75−25;  89.25]  vs  98  [85---106];  P  =  .07),  as  can  be  seen  in
Fig.  2.

Patients  with  epilepsy  had  significantly  lower  scores
in  the  motor  assessment  (100  [91---118]  vs  53.5  [46---61];
P  =  .02).

Patients  who  survived  an episode  of  cardiac  arrest after
surgery  had  lower  scores  compared  to  patients  who  did not
experience  cardiac  arrest in  4  of the 5  domains:  cognition
(82.5  [67.5---101.25]  vs  110 [97.5---1032.25];  P  ≤  .01),  lan-
guage  (82.5  [77.75---88]  vs  95.5  [86---115];  P  ≤  .01);  motor
(89.5  [81.25---100]  vs  100  [92.5−118];  P  ≤  .01) and  adaptive
behaviour  (76.5  [71.75---81.25]  vs  98  [85---106]; P  ≤  .01).

Patients  with  a suspected  or  confirmed  genetic  disorder
scored  lower  in  all  domains,  with  significantly  lower  scores
in  the  language,  motor  and  adaptive  behaviour  domains.
The  scores  in this  group  were  the  following,  compared  to
those  of  patients  without  a genetic  diagnosis:  language,  74

[57.5---83]  vs  92.5  [83---115]  (P  = .006);  motor,  76  [52---98.6]
vs  100 [91---118] (P  = .0057);  adaptive  behaviour,  59  [47---77]
vs  98  [84---106]  (P = .007);  cognition,  77.5  [55---105]  vs  110
[95---130]  (P  =  .051);  socioemotional,  85  [55---100]  vs  100
[90---110]  (P  = .069).

Excluding  the patients  with  genetic  syndromes  from  the
analysis,  21  patients  had  scores  below  85  in at least one
domain,  with  15  scoring  low in one  domain,  2  in  two
domains  and  4  in three  domains.  Nine patients  had  language
delay  (mild  in 7, moderate  in  2),  9  had  delays  in adaptive
behaviour  (mild  in 5,  moderate  in 4),  5  cognitive  delay  (mild
in  all),  4  delay  in socioemotional  development  (mild  in all)
and  3 in motor  development  (mild  in 2,  moderate  in 1).

We  analysed  the  correlation  between  the measured  lev-
els  of  the markers  of  brain  injury  at each time  point  and
the  scores  of  the patients  in  the different  domains  of the
Bayley-III.  There  was  a  correlation  between  higher  levels
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Table  6  Biomarker  levels  at  different  time  points  in  relation  to  the  type  of  heart  disease.

Markers  Heart  disease  group  (anatomy)  Total  P

Univentricular  Biventricular

S100B  PRE  175.11  (45.05−211.14)  128.60  (76.81−224.67)  136.19  (72.68−211.14)  .8692**
S100B  POST1  217.05  (37.81−284.07)  164.54  (67.50−298.36)  169.90  (67.50−284.07)  .9193**
S100B  POST2  172.78  (7.17;248.70)  162.01  (62.12−350.13)  162.75  (62.12−278.10)  .5995**
NSE  PRE  0.93  (0.83−0.97)  0.86  (0.73−1.06)  0.88  (0.73−1.06)  .5854**
NSE  POST1  0.83  (0.70−0.95)  0.88  (0.69−0.99)  0.86  (0.70−0.98)  .6384**
NSE  POST2  0.68  (0.56−0.91)  0.62  (0.50−0.83)  0.62  (0.54−0.86)  .3246**

Markers  UV  without  SO  UV  with  SO  BV  without  SO  BV  with  SO  Total  P

S100B  PRE  128.76  (9.57−211.14)  196.80  (118.92−247.53)  130.19  (85.38−210.97)  127.02  (63.81−257.87)  136.19  (72.68−211.14)  .8311*
S100B  POST1  73.55  (6.71−217.05)  284.07  (258.11−341.29)  131.06  (54.77−245.17)  207.08  (138.29−406.03)  169.9  (67.50−284.07)  .0537**
S100B  POST2  68.54  (4.53−154.53)  248.7  (196.0−296.72)  161.34  (62.12−275.54)  214.55  (113.06−395.99)  162.75  (62.12−278.10)  .0996*
NSE  PRE  0.88  (0.72−0.95)  0.95  (0.89−1.06)  0.84  (0.73−1.08)  0.90  (0.77−1.02)  0.88  (0.73−1.06)  .8231*
NSE  POST1  0.81  (0.70−0.95)  0.84  (0.76−0.86)  0.88  (0.69−1.06)  0.87  (0.66−0.95)  0.86  (0.70−0.98)  .7784**
NSE  POST2  0.71  (0.54−0.90)  0.68  (0.59−0.91)  0.61  (0.51−0.82)  0.62  (0.42−0.87)  0.62  (0.54−0.86)  .7915**

Markers  Heart  disease  group  (degree  of  cyanosis)  Total  P

No cyanosis  Moderate  cyanosis  TGA  cyanosis

S100B  PRE  151.12  (80.95−248.08)  130.19  (45.05−238.36)  104.03  (72.45−189.77)  136.19  (72.68−211.14)  .6783*
S100B  POST1  87.60  (40.49−217.05)  231.64  (37.81−353.51)  164.54  (105.64−298.36)  169.90  (67.50−284.07)  .4274*
S100B  POST2  154.53  (22.32−266.06)  184.39  (6.04−320.92)  162.01  (107.05−264.04)  162.75  (62.12−278.10)  .8446*
NSE  PRE  0.86  (0.64−1.02)  0.93  (0.83−1.09)  0.84  (0.73−1.06)  0.88  (0.73−1.06)  .4432*
NSE  POST1  0.74  (0.61−0.94)  0.84  (0.75−0.99)  0.90  (0.78−1.06)  0.86  (0.70−0.98)  .0729*
NSE  POST2  0.56  (0.40−0.71)  0.65  (0.55−0.92)  0.65  (0.58−0.84)  0.62  (0.54−0.86)  .0772*

Median (IQR).
BV, biventricular; NSE, neuron-specific enolase; PRE, immediately before surgery; POST1, immediately after surgery; POST2, 24 h after admission to ICU  following surgery; SO, systemic
obstruction; S100B, S100 calcium-binding protein B; TGA, transposition of the great arteries; UV, univentricular.

** Mann---Whitney U  test.
* Kruskal---Wallis test, P  values for the differences between groups.
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Figure  2  Graphic  representation  of  the  scores  in  the Bayley-III  scales  in  the  overall  sample,  by  heart  anatomy  group,  by  genetic
diagnosis and  based  on the  occurrence  of  acute  neurologic  events.  Dx,  diagnosis;  TGA,  transposition  of  the great  arteries.

of  S100B  in the immediate  postoperative  period  and lower
scores  in  the  domains  of  cognition  (r = 0.336  [0.023−0.589];
P  =  .036),  language  (r =  0.337  [0.020−0.593];  P  = .038)  and
motor  development  (r = 0.424  [0.125−0.652];  P ≤  .01).  We
did  not  find  a correlation  between  the level  of NSE  at the
different  perioperative  time  points  and the  scores  in  the
Bayley-III  domains.

Thus,  we found  less  favourable  scores  in  the  Bayley-III  in
patients  who  experienced  ANEs in  the postoperative  period,
although  the  difference  with  the scores  of  patients  without
ANEs  was  not  statistically  significant.  In  our  cohort,  patients
with  CHD  operated  in  the first  year  of  life  had lower  scores
in  the  Bayley-III  scales  if they  had a  univentricular  cardiac
anatomy,  received  a  diagnosis  of  genetic  disorder,  suffered
and  survived  cardiac  arrest  in the postoperative  period  and
had  elevated  levels  of  S100B in the  immediate  postoperative
period.

Discussion

In  the  studied  cohort  of  newborns  with  CHD  managed  with
cardiac  surgery  and  followed  up  from  the foetal  period,
we  found  that  at age 2 years,  more  than  half  of  assessed
patients  had  normal  overall  neurodevelopmental  outcomes,

which  was  consistet  with  the  recent  literature.11---14 How-
ever,  45.4%  of  the  patients  had  scores  of  less  than  85  in at
least  one of  the  five  domains  of  the  Bayley-III  scales  and
31%  have  low scores  in the  cognition,  language  or  motor
domains.  In addition,  34.5%  of the  total  had  abnormal  scores
in  1  or  2  neurodevelopmental  domains  and 10.9%  in 3 or  more
domains.

It is  estimated  that  30%---50%  of  patients  with  com-
plex  CHD  exhibit  neurodevelopmental  abnormalities  rang-
ing  from  mild  cognitive  delay  to  severe  executive
dysfunction.2,8,15 At  present,  learning  difficulties  are the
most  prevalent  heath  problem  in school-aged  patients  with
CHD.2,11,16---19

In  our  study,  all  patients  who  died  after  surgery  had  UV
anatomy  and 80%  had  LFOT.  Consistent  with  the  previous  lit-
erature,  postoperative  severity  (measured  with  the  PRISM-III
risk  of  mortality  score)  was  greater  in patients  with  UV
anatomy,  who  had  longer  lengths  of  stay  and  had  a  greater
need  for  vasoactive  support  and  ECMO  compared  to  the rest
of  the sample.16,20,21

Patients  with  UV  anatomy  had  lower  scores  in  the Bayley-
III  scales;  specifically,  they  had  poorer  scores  compared  to
the  rest  of the patients  in the  cognitive,  language,  motor
and  adaptive  behaviour  assessments.  On the other  hand,  we
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did  not  find  statistically  significant  differences  based  on  the
degree  of  cyanosis.

In  our  cohort,  newborns  with  a  genetic  syndrome  diag-
nosis  had  lower  scores  in  the  Bayley-III  scales,  as  previously
reported.6,22,23 Although there  is solid evidence  supporting
the  inclusion  of genetic  testing  in  routine management  pro-
tocols,  it  is  not routinely  performed  in  our  region.15

Patients  with  postoperative  ANEs had lower  scores  in
the  cognition,  motor  and  adaptive  behaviour  domains,  as
previously  described,24---29 although  in our cohort  these  dif-
ferences  were  not  statistically  significant.  Younger  age at
the  time  of surgery  was  associated  with  an  increased  risk  of
ANE,  and  cardiac  arrest after  surgery  was  associated  with
an  increased  mortality  and  poorer  neurodevelopmental  out-
comes.

The  analysis  of  biomarkers  of  brain  injury  revealed  an
increase  in the levels  of  S100B  in the  immediate  postopera-
tive  period,  as  reported  in other  case  series,7,8,30,31 although
in  our  study,  this  increase  was  not  significantly  associated
with  the  probability  of  ANEs  after surgery.

Elevation  of  S100B  levels  in adults  has  been  associated
with  stroke,  an increase  in mortality  and  in  length  of  stay,
delirium,  poorer  neuropsychiatric  outcomes  and  memory
impairment  after cardiac  surgery.32,33 In the paediatric  popu-
lation,  elevation  of  S100B has  been  observed  in  patients  with
neurologic  complications  managed  with  ECMO,34 after extra-
corporeal  surgery31 and  in  the  context  of  perinatal  asphyxia
or  head  trauma  with  intracranial  lesions.32

In  the  correlation  analysis,  higher  levels  of  S100B  in  the
immediate  postoperative  period  appeared  to be  associated
with  poorer  scores  in the cognition,  language  and  motor
domains  of the  Bayley-III  scales  at age  2  years.  The  evidence
on  the  predictive  value  of  S100B  in the  paediatric  popula-
tion  is  scarce  compared  to  the adult  population,  but  we  did
find  studies  that  found  a correlation  between  higher  values
of  S100B  after  head  trauma  and  poor neurologic  outcomes35

and  higher  values  of  S100B  after  cardiac  surgery  in patients
with  CHD  and  poorer  neurodevelopmental  outcomes.8,30

In  our  cohort,  the  levels  of  NSE  did  not  increase  after
surgery,  contrary  to  what  has  been  observed  in other  case
series.7,30,31,33 In adults  who  underwent  coronary  bypass
surgery  and after  cardiac  arrest,  NSE  is  a reliable  pre-
dictor  of adverse  neurologic  outcomes,36 in  the paediatric
age  group,  it has  been  found  useful  as  a marker  of
brain  injury  in samples  of  cerebrospinal  fluid  from  new-
borns  with  hypoxic/ischaemic  encephalopathy  managed
with  hypothermia.37 In our  study,  we  did not  find  an  asso-
ciation  of  NSE  with  postoperative  ANEs or  poorer  early
neurodevelopmental  outcomes.

Limitations

The  small  size of  some  of  the subgroups,  especially
the  UV  group,  and  the  mortality  within  this  subgroup,
have  affected  the overall  neurodevelopmental  assessment
results,  although  this has  also  reflected  the  greater  medical
complexity  of  this type  of defects.

We  conducted  a  descriptive  analysis  due  to  the small
number  of  patients  in some  of  the subgroups,  which  did not
allow  performance  of a  multivariate  analysis  free  of  bias,

and  we  expect  to  be able  to carry out such  an analysis  in
future  studies  conducted  in larger  samples.

Neurodevelopmental  disorders  evolve  through  time,  and
some  develop  at older  ages  and  cannot  be detected  in early
neurodevelopmental  assessments.  Patients  with  operated
CHD  need  to  remain  in  follow-up  and undergo  neurodevel-
opmental  assessments  at older  ages  to ensure  detection  of
potential  abnormalities.

Conclusion

Although  the  average  scores  in the  neurodevelopmental
assessment  at age 2 years  of patients  with  a  prenatal  diag-
nosis  of  CHD who  underwent  surgical  repair  in  the  first  year
of  life  were  within  the  normal  range,  one  in three  patients
had  abnormal  results  in the motor,  language  and  cognition
assessments.

In  our  study, patients  with  genetic  disorders  and patients
with  univentricular  heart  anatomy  had  poorer  neurodevel-
opmental  outcomes  at age  2  years  compared  to  the  rest  of
the  cohort.  Acute  neurologic  events  during  the  postopera-
tive  period  could  contribute  to poorer  neurodevelopmental
outcomes  at age  2 years.

In  this cohort,  the highest  levels  of  S100B  in the  immedi-
ate  postoperative  period  occurred  in  patients  with  poorer
neurodevelopmental  outcomes  at age 2 years.  Further
research  is  needed  to  elucidate  the  value  of  postoperative
S100B  levels  for  prediction  of  unfavourable  neurodevelop-
mental  outcomes  in patients  with  complex  CHD.

The  early  identification  of  genetic  syndromes  and  post-
operative  ANEs and  the delivery  of  standardised  and
personalised  care  for  infants  with  univentricular  CHD  are
important  to  improve  long-term  neurodevelopmental  out-
comes.

The neurobehavioural  follow-up  of  patients  with  CHD
should  be standardised  to progress  toward  an integrative
care  model  aimed  at promoting  healthy  development  and
improve  quality  of  life  in these  patients  and  their  families.
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8. Vázquez DC, Hadley SM, Ordóñez MP, Lopez-abad M, Valls A,
Vinals ML, et al. Oxidative stress and indicators of  brain damage
following pediatric heart surgery. Antioxidants. 2022;11:489,
http://dx.doi.org/10.3390/ANTIOX11030489.

9. Ribera I, Ruiz A, Sánchez O, Eixarch E, Antolín E,
Gómez-Montes E, et  al. Multicenter prospective clinical
study to evaluate children short-term neurodevelop-
mental outcome in congenital heart disease (children
NEURO-HEART): study protocol. BMC Pediatr. 2019;19,
http://dx.doi.org/10.1186/s12887-019-1689-y.

10. Hadley S, Vazquez DC, Abad ML, Congiu S, Lushchen-
cov D, Camprubí MC, et al. Oxidative stress response
in children undergoing cardiac surgery: utility of
the clearance of  isoprostanes. PLoS One. 2021;16,
http://dx.doi.org/10.1371/JOURNAL.PONE.0250124.

11. Latal B.  Neurodevelopmental outcomes of the child with
congenital heart disease. Clin Perinatol. 2016;43:173---85,
http://dx.doi.org/10.1016/j.clp.2015.11.012.

12. Gaynor JW, Stopp C, Wypij D, Andropoulos DB,  Atallah
J, Atz AM, et al. Neuro developmental outcomes after
cardiac surgery in infancy. Pediatrics. 2015;135:816---25,
http://dx.doi.org/10.1542/peds.2014-3825.

13. Goldstone AB, Baiocchi M,  Wypij D, Stopp C, Andropoulos
DB, Atallah J,  et al. The Bayley-III scale may  underesti-
mate neurodevelopmental disability after cardiac surgery
in infants. Eur J  Cardiothoracic Surg. 2020;57:63---71,
http://dx.doi.org/10.1093/ejcts/ezz123.

14. Spector LG, Menk JS, Knight JH, McCracken C, Thomas AS,
Vinocur JM, et  al. Trends in long-term mortality after con-
genital heart surgery. J  Am Coll Cardiol. 2018;71:2434---46,
http://dx.doi.org/10.1016/j.jacc.2018.03.491.

15. Bellinger DC, Wypij D,  DuPlessis AJ, Rappaport LA,
Jonas RA, Wernovsky G, et  al. Neurodevelopmental sta-
tus  at eight years in children with dextro-transposition
of the great arteries: the Boston Circulatory Arrest
Trial. J Thorac Cardiovasc Surg. 2003;126:1385---96,
http://dx.doi.org/10.1016/S0022-5223(03)00711-6.

16. Mahle WT, Wernovsky G.  Long-term developmen-
tal outcome of  children with complex congenital
heart disease. Clin Perinatol. 2001;28:235---47,
http://dx.doi.org/10.1016/s0095-5108(05)70077-4.

17. Marino BS, Bird GL, Wernovsky G. Diagnosis and
management of  the newborn with suspected con-
genital heart disease. Clin Perinatol. 2001;28:91---136,
http://dx.doi.org/10.1016/S0095-5108(05)70071-3.

18. Hallioglu O, Gurer G, Bozlu G, Karpuz D, Makharoblidze K,
Okuyaz C. Evaluation of neurodevelopment using Bayley-III
in children with cyanotic or  hemodynamically impaired con-
genital heart disease. Congenit Heart Dis. 2015;10:537---41,
http://dx.doi.org/10.1111/chd.12269.

19. Jenkins KJ, Botto LD, Correa A, Foster E, Kupiec JK, Marino
BS, et  al. Public health approach to improve outcomes for
congenital heart disease across the life span. J Am Heart
Assoc. 2019;8:1---9, http://dx.doi.org/10.1161/JAHA.118.
009450.

20. Jacobs JP, Mayer JE,  Mavroudis C, O’Brien SM, Austin
EH, Pasquali SK, et  al. The Society of Thoracic Sur-
geons Congenital Heart Surgery Database: 2016 update on
outcomes and quality. Ann Thorac Surg. 2016;101:850---62,
http://dx.doi.org/10.1016/j.athoracsur.2016.01.057.

21. Khalid OM, Harrison TM. Early neurodevelop-
mental outcomes in children with hypoplastic
left heart syndrome and related anomalies after
hybrid procedure. Pediatr Cardiol. 2019;40:1591---8,
http://dx.doi.org/10.1007/s00246-019-02191-3.

22. Barkhuizen M, Abella R, Vles JSH, Zimmermann LJI,
Gazzolo D, Gavilanes AWD. Antenatal and periop-
erative mechanisms of  global neurological injury in
congenital heart disease. Pediatr Cardiol. 2021;42,
http://dx.doi.org/10.1007/s00246-020-02440-w.

23. Pierpont ME, Brueckner M, Chung WK,  Garg V, Lacro RV,
Mcguire AL, et al. On behalf of  the American Heart Associa-
tion Council on  Cardiovascular Disease in the Young; Council on
Cardiovascu-lar and Stroke Nursing; and Council on Genomic and
Precision Medicine Circulation. Circulation. 2018;138:653---711,
http://dx.doi.org/10.1161/CIR.0000000000000606.

24. Dowling MM, Hynan LS, Lo W, Licht DJ, Mcclure C, Yager
JY, et  al. International paediatric stroke study: stroke asso-
ciated with cardiac disorders. Int J Stroke. 2013;8:39---44,
http://dx.doi.org/10.1111/j.1747-4949.2012.00925.x.

25. Rodan L, McCrindle BW, Manlhiot C, MacGregor DL, Askalan
R, Moharir M,  et  al.  Stroke recurrence in children with
congenital heart disease. Ann Neurol. 2012;72:103---11,
http://dx.doi.org/10.1002/ana.23574.

26. Bell JL, Saenz L, Domnina Y, Baust T, Panigrahy A,  Bell MJ,
et al. Acute neurologic injury in children admitted to the car-
diac intensive care unit. Ann Thorac Surg. 2019;107:1831---7,
http://dx.doi.org/10.1016/j.athoracsur.2018.12.027.

23

dx.doi.org/10.1067/mpd.2002.125227
dx.doi.org/10.1017/S1047951105002398
dx.doi.org/10.1016/j.anpedi.2011.07.018
dx.doi.org/10.1007/s00246-020-02440-w
dx.doi.org/10.1155/2010/359390
dx.doi.org/10.1016/j.cjca.2017.09.020
dx.doi.org/10.1007/s12028-013-9934-y
dx.doi.org/10.3390/ANTIOX11030489
dx.doi.org/10.1186/s12887-019-1689-y
dx.doi.org/10.1371/JOURNAL.PONE.0250124
dx.doi.org/10.1016/j.clp.2015.11.012
dx.doi.org/10.1542/peds.2014-3825
dx.doi.org/10.1093/ejcts/ezz123
dx.doi.org/10.1016/j.jacc.2018.03.491
dx.doi.org/10.1016/S0022-5223(03)00711-6
dx.doi.org/10.1016/s0095-5108(05)70077-4
dx.doi.org/10.1016/S0095-5108(05)70071-3
dx.doi.org/10.1111/chd.12269
dx.doi.org/10.1161/JAHA.118.009450
dx.doi.org/10.1161/JAHA.118.009450
dx.doi.org/10.1016/j.athoracsur.2016.01.057
dx.doi.org/10.1007/s00246-019-02191-3
dx.doi.org/10.1007/s00246-020-02440-w
dx.doi.org/10.1161/CIR.0000000000000606
dx.doi.org/10.1111/j.1747-4949.2012.00925.x
dx.doi.org/10.1002/ana.23574
dx.doi.org/10.1016/j.athoracsur.2018.12.027


L.  Vega  Puyal,  E.  Llurba,  Q. Ferrer  et  al.

27. Vázquez-López M,  Castro-de Castro P, Barredo-Valderrama
E, Miranda-Herrero MC, Gil-Villanueva N,  Alcaraz-Romero
AJ, et al. Ischaemic stroke in children with cardiopa-
thy: an epidemiological study. Neurologia. 2017;32:602---9,
http://dx.doi.org/10.1016/j.nrl.2016.03.015.

28. Palencia-Luaces R. Complicaciones neurológicas del
paciente con cardiopatía. Rev Neurol. 2002;35:279---85,
http://dx.doi.org/10.33588/rn.3503.2002128.

29. Sánchez Álvarez MJ. Epidemiología y causas de la
patología vascular cerebral en niños. Rev Esp Pediatr.
2017;73 Supl. 1. Available from: https://www.seinap.
es/wp-content/uploads/Revista-de-Pediatria/2017/REP-73
-Supl-1-SECIP.pdf

30. Trakas E, Domnina Y,  Panigrahy A, Baust T,  Callahan
PM,  Morell VO, et  al. Serum neuronal biomarkers in
neonates with congenital heart disease undergoing car-
diac surgery. Pediatr Neurol. 2017;72:56---61, http://dx.doi.
org/10.1016/j.pediatrneurol.2017.04.011.

31. Liu Y, Xu Y, Li DZ, Shi Y, Ye M.  Comparison of S100B
and NSE between cardiac surgery and interventional
therapy for children. Pediatr Cardiol. 2009;30:893---7,
http://dx.doi.org/10.1007/S00246-009-9454-X.

32. Berger RP, Adelson PD, Pierce MC, Dulani T, Cas-
sidy LD, Kochanek PM. Serum neuron-specific enolase,
S100B, and myelin basic protein concentrations after
inflicted and noninflicted traumatic brain injury

in children. J Neurosurg. 2005;103 1 Suppl:61---8,
http://dx.doi.org/10.3171/ped.2005.103.1.0061.

33. Cata JP,  Abdelmalak B, Farag E. Neurological biomarkers in
the perioperative period. Br J Anaesth. 2011;107:844---58,
http://dx.doi.org/10.1093/bja/aer338.

34. Nguyen DN, Huyghens L, Wellens F, Schiettecatte J, Smitz
J, Vincent JL. Serum S100B protein could help to detect
cerebral complications associated with extracorporeal mem-
brane oxygenation (ECMO). Neurocrit Care. 2014;20:367---74,
http://dx.doi.org/10.1007/s12028-013-9874-6.

35. Townend WJ, Guy MJ, Pani MA, Martin B, Yates DW. Head injury
outcome prediction in the emergency department: a role for
protein S-100B? J  Neurol Neurosurg Psychiatry. 2002;73:542---6,
http://dx.doi.org/10.1136/jnnp.73.5.542.

36.  Müller J,  Bissmann B, Becker C, Beck K, Loretz N,
Gross S, et al. Neuron-specific enolase (NSE) predicts
long-term mortality in adult patients after cardiac arrest:
results from a prospective trial. Medicines. 2021;8:72,
http://dx.doi.org/10.3390/medicines8110072.

37.  León-Lozano MZ, Arnaez J, Valls A, Arca G, Agut T,
Alarcón A, et al. Cerebrospinal fluid levels of neuron-
specific enolase predict the severity of  brain damage in
newborns with neonatal hypoxic-ischemic encephalopa-
thy treated with hypothermia. PLoS One. 2020;15,
http://dx.doi.org/10.1371/journal.pone.0234082.

24

dx.doi.org/10.1016/j.nrl.2016.03.015
dx.doi.org/10.33588/rn.3503.2002128
https://www.seinap.es/wp-content/uploads/Revista-de-Pediatria/2017/REP-73-Supl-1-SECIP.pdf
https://www.seinap.es/wp-content/uploads/Revista-de-Pediatria/2017/REP-73-Supl-1-SECIP.pdf
https://www.seinap.es/wp-content/uploads/Revista-de-Pediatria/2017/REP-73-Supl-1-SECIP.pdf
dx.doi.org/10.1016/j.pediatrneurol.2017.04.011
dx.doi.org/10.1016/j.pediatrneurol.2017.04.011
dx.doi.org/10.1007/S00246-009-9454-X
dx.doi.org/10.3171/ped.2005.103.1.0061
dx.doi.org/10.1093/bja/aer338
dx.doi.org/10.1007/s12028-013-9874-6
dx.doi.org/10.1136/jnnp.73.5.542
dx.doi.org/10.3390/medicines8110072
dx.doi.org/10.1371/journal.pone.0234082

	Neurodevelopmental outcomes in congenital heart disease: Usefulness of biomarkers of brain injury
	Introduction
	Patients and methods
	Clinical and demographic variables
	Treatments, complications and acute neurologic events
	Biomarkers of brain injury
	Follow-up neurodevelopmental assessment

	Data handling and analysis
	Ethical approval and consent to participation
	Results
	Postnatal and perioperative clinical variables
	Complications and acute neurologic events
	Biomarkers of brain injury
	Long-term follow-up

	Discussion
	Limitations
	Conclusion
	Funding
	Conflicts of interest
	Acknowledgments
	References


