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Preterm infants are more likely to be born with congenital anomalies than those who are
born at full-term. Conversely, neonates born with congenital anomalies are also more likely
to be born preterm than those without congenital anomalies. Moreover, the comorbid
impact of prematurity and congenital anomalies is more than cumulative. Multiple common
factors increase the risk of brain injury and neurodevelopmental impairment in both
preterm babies and those born with congenital anomalies. These include prolonged
hospital length of stay, feeding difficulties, nutritional deficits, pain exposure and
administration of medications including sedatives and analgesics. Congenital heart
disease provides a well-studied example of the impact of comorbid disease with
prematurity. Impaired brain growth and maturity is well described in the third trimester
in this population; the immature brain is subsequently more vulnerable to further injury.
There is a colinear relationship between degree of prematurity and outcome both in terms
of mortality and neurological morbidity. Both prematurity and relative brain immaturity
independently increase the risk of subsequent neurodevelopmental impairment in infants
with CHD. Non-cardiac surgery also poses a greater risk to preterm infants despite the
expectation of normal in utero brain growth. Esophageal atresia, diaphragmatic hernia and
abdominal wall defects provide examples of congenital anomalies which have been shown
to have poorer neurodevelopmental outcomes in the face of prematurity, with associated
increased surgical complexity, higher relative cumulative doses of medications, longer
hospital and intensive care stay and increased rates of feeding difficulties, compared with
infants who experience either prematurity or congenital anomalies alone.

Keywords: prematurity, congenital anomaly, neonate, brain injury, neurodevelopment

INTRODUCTION

Congenital anomalies which require surgery during the neonatal period predispose infants to brain
injury and subsequent neurodevelopmental impairment, including both cardiac and non-cardiac
lesions (Snookes et al., 2010; Walker et al., 2012; Gaynor et al., 2015; Gunn et al., 2016a; Stolwijk et al.,
2016; Moran et al., 2019). Contributing factors include the underlying anomaly and associated
genetic contributors, the fetal environment before birth, intensive care exposure and the
perioperative period including medications and the environment, surgery and anesthesia,
prolonged hospitalization and the impact on the family and caregivers. Neonates born preterm
are also prone to increased rates of brain injury and impaired neurodevelopment (van Bel et al., 2019;
Cheong et al., 2021); this risk is markedly amplified with the frequent co-existence of prematurity and
congenital anomalies, which is the focus of this review (Figure 1).
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BRAIN INJURY IN PRETERM INFANTS

The fetal and preterm brain is vulnerable to injury throughout the
third trimester, regardless of in utero or ex utero status. The
impaired in utero environment may compromise brain growth
and development due to placental dysfunction, uterine
dysfunction, maternal ill health, infection, or injury (Ophelders
et al., 2020). The preterm delivery of a fetus is usually due to one
or more of these reasons. Conversely, an abnormality in the fetus
can also lead to both preterm delivery and/or impaired brain
growth and development. As such, preterm infants are vulnerable
to brain injury and impaired development both due to the reasons
for their prematurity, but also as a consequence of preterm
delivery itself. Brain development is programmed throughout
the third trimester, regardless of whether the fetus or neonate is in
utero or ex utero (Buss et al., 2012). As such, the vulnerability of
the brain to insult is likely to lead to a similar pattern of injury
regardless of whether the baby is yet born. It is thus helpful to
consider the fetal and neonatal brain on a continuum of growth
and development with the same vulnerabilities and protective
strategies in the face of hypoxia, ischemia, infection, toxins and
over- or under-stimulation.

The more preterm an infant is at birth, the higher the risk of
brain injury, such that every extra day in utero is of benefit in
minimizing events leading to injury, as long as both the in utero
environment and the fetus themself is healthy (Ophelders et al.,
2020; Cheong et al,, 2021). The typical pattern of brain injury
experienced by preterm neonates is well described and includes
intraventricular hemorrhage, venous infarction, periventricular
echogenicity and leukomalacia, post-hemorrhagic ventricular

dilatation, and hypoxic ischemic injury (Inder et al, 2021;
Ortinau and Neil, 2015). However, only the more severe
lesions evident on neuroimaging translate into longer term
outcomes, with environmental factors exerting a greater
influence on outcomes over time, especially in those with
milder brain injury on imaging (Jansen et al, 2021).
Furthermore, developmental delay in the preschool years does
not necessarily portend later neurodevelopmental impairment in
later years, particularly in the absence of neurosensory
impairment or motor disability such as cerebral palsy (Hack
et al.,, 2005).

PREMATURITY AND CONGENITAL
ANOMALIES

Prematurity and congenital anomalies frequently co-exist. In
New York, congenital malformations were twice as likely in
the preterm population and 3.5 times more likely in very
preterm infants, for all systems other than pulmonary disease
(Kase and Visintainer, 2007). Further, nationwide analysis of
more than one million births confirmed these findings of a strong
association between prematurity and congenital malformations
(Egbe et al,, 2015).

In 2015-2016, in Victoria, Australia, 1 in 22 pregnancies had a
congenital anomaly, most commonly chromosomal anomalies,
followed by urogenital, cardiac, musculoskeletal and nervous
system problems (CCOPPM, 2018). Population level data
confirmed that preterm infants were more likely than full-term
infants to be born with a congenital malformation. Moreover,
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infants with congenital anomalies were 3 times more likely to be
born preterm than those without. Furthermore, regardless of
gestation, small for gestational age (SGA) was more common in
infants with congenital anomalies and, regardless of gestation,
congenital anomalies were more common in infants born SGA.

NEURODEVELOPMENTAL DELAY
FOLLOWING NEONATAL SURGERY

Anomalies which require surgical management in the newborn
period inevitably increase the risk of brain injury and subsequent
neurodevelopmental impairment. Stolwijk et al. reported
cognitive and motor developmental delay in 23% of patients
in a systematic review of 1- to 2-year outcomes using the Bayley
Scales of Infant and Toddler Development (Stolwijk et al., 2016).
Delays were most prominent for the children with congenital
diaphragmatic hernia, generally the most unwell group of
anomalies requiring non-cardiac surgery, and therefore the
most vulnerable to brain injury. Similarly, the DAISy study
reported reduced Bayley Scales on all domains amongst
infants who had either cardiac or non-cardiac surgery in the
first 90 days of life, at both 1 and 3 years of age (Walker et al,
2015).

Risk of Brain Injury in Neonates Requiring
Surgery

There are multiple potential contributors to brain injury in
infants requiring neonatal surgery, beyond the direct impact of
congenital anomalies, including: hypoxia and ischemia related to
the underlying condition; vulnerability due to comorbid genetic
anomalies; pain, sedation and analgesia; surgery and anesthesia;
prolonged hospitalization; the altered family environment and
impact on parental mental health, as well as parent-infant
attachment (Govindaswamy et al., 2020; Diffin et al., 2016).

The literature regarding the impact of anesthesia on the
neonatal brain is rapidly expanding. Whilst retrospective
studies of infants have raised some concerns about anesthetic
toxicity in the developing brain, prospective research has been
somewhat reassuring. The GAS trial taught us that 40 min of
general anesthesia for the repair of inguinal hernias in boys did
not impact on measured 2- or 5-year neurodevelopmental
outcomes, compared to those who received a spinal anesthetic
(Davidson et al., 2016; McCann et al., 2019). A Canadian
population-based study also showed no increased risk of
adverse child development on school entry for children who
had undergone surgery compared with sibling-matched pairs
(O’Leary et al, 2019). However, that study intentionally
excluded children with neurodevelopmental impairment. Of
course, anesthesia and surgery occur for a few hours amongst
what is often many weeks spent in the neonatal intensive care unit
(NICU) for babies with congenital anomalies.

While clinical studies to date have largely focused on the
impact of anesthesia on healthy infants, much pre-clinical
research should lead us to interpret these findings with
caution (Ben-Ari, 2002). Many anesthetic and sedative agents
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are GABA antagonists and have been shown to be neurotoxic in
neonates (Andropoulos, 2018; Gascoigne et al., 2021). It also
follows that the variability of development of GABA synapses
may also further be altered by other neuronal disruptions such as
prematurity. GABA is excitatory in the newborn brain, becoming
inhibitory as chloride co-transporters mature, most importantly
KCC2. Extensive animal research has identified the potentially
toxic effects of a mismatch between GABA- and glutamate-
mediated inhibition and excitation, which may occur with
altered maturation of chloride co-transporters. Ben-Ari
proposed that ‘the shift of GABA actions is a developmentally
regulated function that signals the shift from a genetically
determined programme to one that takes neuronal and
environmental factors into account’.

Minimal human research exits regarding the impact of
anesthesia on neonates who have already experienced some
degree of brain compromise and in those requiring multiple
operations over the first weeks of life. The extended peri-operative
period and intensive care stay clearly exposes infants to ongoing
risks beyond the surgery and anesthesia itself. For example,
exposure to opiates both in utero and during preterm care has
impacts on brain growth and later neurodevelopmental profile
(Ranger et al., 2015; Zwicker et al., 2016; Steinbauer et al., 2021;
Walhovd et al.,, 2007). Moreover, exposure to pain itself during
the preterm course has an impact on thalamic development and
longer-term neurodevelopment (Duerden et al., 2018; Schneider
et al., 2018).

Functional deficits may also emerge through limits to prone
positioning in the NICU following thoracic or abdominal surgery.
The development of feeding disorders is also frequently
experienced by neonates due to the balance of adverse oral
experiences such as regular suctioning or severe gastro-
esophageal reflux disease (Ferguson, 2017). The physical
impact of impairment on normal nutritional intake for infants
who are dependent on parenteral nutrition, or those with
excessive caloric requirements due to underlying disease, also
has the potential to impact both physical and brain development.

The risks to neonates undergoing surgery for congenital
anomalies are demonstrated through imaging studies showing
increased rates of brain injury and deviation from normal growth
and development patterns. Moran et al. reported the post-
operative MRI findings of 39 neonates with congenital
diaphragmatic hernia, esophageal atresia or abdominal wall
defects, who were subsequently assessed at 2years of age
(Moran et al., 2019). Compared with gender and gestational-
age matched controls, infants requiring surgery had smaller
brains on quantitative measures, were 10 times more likely to
have white matter signal abnormalities and 6 times more likely to
have delayed gyral maturation. The group who underwent
surgery for congenital anomalies also had lower mean scores
than controls in all three domains of the Bayley Scales at 2 years.

Stolwijk et al. performed MRI brain scans post-operatively in
101 infants, of whom 32 were born prematurely (Stolwijk et al.,
2017). MRI abnormalities were found in 75% pre-term and 58%
full-term infants. In the pre-term group, most abnormalities were
parenchymal and included white matter lesions, punctate
cerebellar lesions, thalamic infarction and periventricular
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hemorrhagic infarction. Prematurity and the type of congenital
anomaly were most predictive of brain injury.

Surgery and Prematurity

Congenital anomalies have long been known to be an
independent risk factor for neonatal morbidity in infants
born prematurely (Linhart et al., 2000). In an outcome study
of 5- and 8-year-olds with abdominal wall defects, infants
born before 37 weeks gestation performed worse on every test
compared with term-born infants at both 5 and 8 years
(Burnett et al., 2018). In infants with congenital
diaphragmatic hernia, lower gestational age was an
independent risk factor for impaired language and motor
development at 2 years but had an ongoing impact on full-
scale intelligence quotient (FSIQ) and processing speed even
at 8 years (Gunn-Charlton et al., 2019). For infants born with
esophageal atresia, the acute impact of comorbid prematurity
is  substantial, including pre-operative respiratory
compromise, delayed repair and gastrostomy formation,
increased risk of surgical complications, oral aversion and
feeding difficulties, length of stay as well as potential
comorbid lesions including cardiac anomalies (Hunt et al,,
2016). In 32.2-year-olds with esophageal atresia, infants with
a Bayley score more than 1 standard deviation below the test
normative mean at 2 years were, on average, 3 weeks more
premature, 1 kg lighter at birth and had more than twice the
hospital length of stay, compared with infants with a 2-year
Bayley score in the normal range (Gunn et al, 2016b).
However, by school-age the impact of prematurity was
overcome by other contributing illness-related and
environmental factors (Burnett et al., 2021).

If surgery itself (as well as the condition leading to surgery) is a
risk to term-born neonates, then the additive impact of
prematurity is potentially cumulative. Hunt et al. reported the
8-year-old outcomes of three cohorts of extremely preterm
infants who underwent a surgical procedure during their
NICU admission (Hunt et al.,, 2018). They found that rates of
neurosensory disability were more than 4-fold higher in children
who had undergone surgery (33%) compared with those who
didn’t (10%). Surgery in those infants would most likely have
been for conditions such as necrotizing enterocolitis or a patent
ductus arteriosus ligation rather than for management of a
congenital anomaly per se.

Walsh et al. specifically excluded congenital anomalies from a
group of preterm infants less than 30 weeks gestation included in
a study comparing MRI at term-equivalent age and 2-year
outcome between those who did and did not receive surgery
and anesthesia (Walsh et al., 2021). A relationship was found
between exposure to surgery (with a dose effect of time) and
relative reductions in white matter and deep gray matter volume.
At 2 years, surgical exposure was associated with lower cognitive
and motor scores and there remained a dose effect of surgical
time, even when controlling for the MRI findings, suggesting that
more complex microstructural factors are at play beyond brain
growth. Gano et al. also described adverse neurodevelopmental
outcomes in preterm infants born before 33 weeks who
underwent two or more surgeries during the preterm period,
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with 20-point lower FSIQ at school age compared with children
had not undergone surgery (Gano et al,, 2015).

Most major neonatal surgery is time-critical such that pre-
operative MRI is very challenging to obtain. Those researchers
who have managed to obtain such images are subject to extreme
bias as the more complex or unwell infants are least likely to have
been able to access the MRI scanner prior to surgery. Fetal
imaging would be the obvious solution to exploring brain
growth prior to non-cardiac surgery but has not yet been
widely explored to date.

BRAIN INJURY IN CONGENITAL HEART
DISEASE

Congenital heart disease (CHD) makes up the largest cohort of
infants with congenital anomalies requiring neonatal surgery and
has provided a helpful model to understand the impact of
impaired fetal development on the growing brain. Fortunately,
cardiac anomalies often have a slightly longer window of
opportunity to allow pre-operative imaging than non-cardiac
surgical anomalies. Furthermore, there is an extensive literature
exploring fetal MRI in this population.

Fetal and Neonatal Brain Development
With CHD

Many studies using both ultrasound and MRI have now shown
reductions in brain growth during the second and third trimester
in fetuses with CHD, the variance from normal fetal brains of
which becomes more pronounced through pregnancy
(Limperopoulos et al, 2010; Ortinau et al, 2019). Early
neonatal MRI confirms that brain abnormalities include
delayed myelination patterns, impaired white matter
microstructural development, abnormal brain metabolism,
abnormal cortical folding and reductions in brain volumes
(Beca et al., 2013; Ortinau et al.,, 2013; Ortinau et al., 2012;
Miller et al., 2007; Licht et al.,, 2009). These findings are not
specific to the cardiac diagnosis but are seen in infants with right
and left heart obstruction, suggesting the impact is related more
closely to chronic cerebral hypoxia rather than altered cerebral
blood flow per se. This potential link has been confirmed by MRI
studies linking cerebral oxygenation with impaired growth in
fetuses with CHD (Sun et al., 2015). Gestational age and
chronicity of hypoxia affect the fetal response, which most
commonly includes cerebral vasodilation (Ortinau and
Shimony, 2020).

It is likely that hypoxic injury in the third trimester has a
similar effect on brain development to that seen in preterm infant
brains. It is therefore not surprising that the pattern of injury seen
in term newborns with CHD is remarkably similar that of term-
corrected preterm brains. In particular, MRI studies have shown
that periventricular punctuate white matter injury is very
common in both populations, although the more extensive
patterns of periventricular leukomalacia seen historically, and
still occasionally contemporaneously, in preterm infants, are seen
less commonly in CHD (Beca et al., 2013; Ortinau and Neil, 2015;
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Guo et al,, 2019). Intriguingly, the long-term motor development
trajectory varies somewhat between the two groups, with lower
rates of cerebral palsy in CHD, except where later cerebrovascular
accidents have occurred. However, the pattern of attentional
problems into school age is very similar between the groups
(Claessens et al., 2018; O’Shea et al., 2013). The differences are
most likely impacted by chronicity of illness and subsequent brain
impacts, especially low cardiac output syndrome and stroke.

Given the impaired fetal pattern of brain development in
CHD, it follows that the brains of newborns born with CHD
are more immature than their healthy counterparts (Beca et al.,
2013; Licht et al., 2009). Furthermore, the brains of neonates
showing evidence of immaturity relative to their gestational age
on pre-operative scans, have higher rates of injury detected on
post-operative MRI scans and, perhaps more importantly, are
more likely to exhibit subsequent developmental delay (Beca
et al., 2013; Andropoulos et al., 2014).

Prematurity and Brain Injury in CHD

As with non-cardiac congenital anomalies, neonates with CHD
are more likely than those without CHD to be born preterm and/
or SGA and preterm infants are more likely to be born with CHD
than those who reach full-term. Lower gestational age is a strong
predictor of brain injury (encompassing a range of patterns of
anomalies on neuroimaging) and neurodevelopmental
impairment in CHD, even in early term-born infants. A study
of 971 consecutive neonates with critical CHD was stratified by
gestational age and adjusted for severity of lesion, against a
reference group of neonates born at 39-40 weeks gestation.
The risk of cerebral injury increased 2-fold in the 37-39 week
gestation group; 8-fold in the 34-37 week gestation group and 25-
fold in infants less than 34 weeks gestation at birth (Costello et al.,
2010). In the Hearts and Minds Study of babies over 36 weeks at
birth with critical CHD, on multivariable analysis of 2-year
outcomes, the lowest developmental quotients on the Bayley
Scales related to intrinsic patient factors including reduced
gestational age at birth, single ventricle physiology with
pulmonary obstruction and the need for repeat surgery (Gunn
et al., 2016a). Ortinau et al. demonstrated that CHD does not
increase the risk of intraventricular hemorrhage over that of
gestation-associated risk (Ortinau et al, 2018), but Bell et al.
showed that preterm neonates cared for in a cardiac intensive care
unit are 3.2 times more likely to display acute neurological events
(including cerebral hemorrhage or white matter injury)
compared with older patients (Bell et al., 2019).

There has been much debate regarding optimal timing of
surgery for infants born prematurely with critical CHD (Curzon
et al., 2008; Hickey et al., 2012; Chu et al., 2017). Intentionally
delayed surgery, beyond the best-practice timing for a given
cardiac lesion, allows for organ growth and maturity, potential
nutritional benefits, fall in pulmonary vascular resistance,
improvement in immune competence and safe operative
scheduling. Conversely, the risks of delaying surgery include
the secondary effects of unrepaired CHD including
hypoxemia, increased pulmonary blood flow, systemic
pulmonary artery pressures, ductal steal, intensive care
morbidity and the overall cost of care. Studies have shown
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that elective delayed surgery in preterm infants increases the
risk of mortality, white matter injury on MRI and secondary
morbidities such as infection, apnea, and necrotizing
enterocolitis, whereas intentional delays reduce the risk of
intracerebral hemorrhage, renal dysfunction and coagulopathy.
These difficult decisions regarding competing clinical interests
will continue to be made at an institutional level, weighing up risk
and benefit for individual patients. However, it is clear than in
most centers, a collaborative approach in care between cardiac
intensive care, cardiology and neonatology is likely to lead to the
best outcomes for preterm infants with CHD (Krishnamurthy
et al., 2013).

CONCLUSION

Both critical CHD and non-cardiac congenital anomalies which
require neonatal surgery, increase the risk of brain injury and
subsequent neurodevelopmental impairment compared with
healthy infants. MRI patterns of impairment suggest different
mechanisms are at play between the two surgical groups, with
myelination delay more prominent in the cardiac group and gyral
maturation delays more common in the non-cardiac group.
However, both types of lesions place the neonate at risk of further
brain injury throughout their peri-operative and intensive care
course. The additive burden of prematurity is complex but
combines the vulnerable states of both prematurity and relative
immaturity such that an increased risk of brain injury and
subsequent neurodevelopmental impairment is inevitable.

Many studies (including my own) have attempted to simplify and
homogenize research findings, by excluding preterm infants from
explorations of congenital anomalies on injury and outcome, when in
fact this is exactly the group who needs the most attention. Rather
than excluding infants with anomalies from studies of preterm
neurodevelopment and preterm infants from studies of congenital
anomalies, future studies should focus specifically on minimizing risk
to preterm infants with comorbid congenital anomalies. This could
include health-service research exploring the multidisciplinary team
requirements to merge best practices across clinical craft groups with
a patient-centered focus. Studies of the impact of developmental care
practices in preterm infants could be extended into the surgical and
cardiac environment. Further studies should provide gestation-based
dosing for commonly used anesthetic and analgesic agents. Follow-up
programs should incorporate later preterm infants than historically
included, to allow for the potentially additive impact of surgical
complexity.

A more concerted focus on these high-risk infants should
obviate the increased risk of impairment through improvements
in patient-centered, developmentally appropriate care, which
carefully balances pain management, nutritional support and
brain-protective strategies from fetal or neonatal diagnosis to
childhood and beyond.

AUTHOR CONTRIBUTIONS

JG-C was the sole contributing author of this manuscript.

Frontiers in Physiology | www.frontiersin.org

July 2022 | Volume 13 | Article 880891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Gunn-Charlton

REFERENCES

Andropoulos, D. B., Ahmad, H. B,, Haq, T., Brady, K,, Stayer, S. A., Meador, M. R,,
et al. (2014). The Association between Brain Injury, Perioperative Anesthetic
Exposure, and 12-month Neurodevelopmental Outcomes after Neonatal
Cardiac Surgery: a Retrospective Cohort Study. Paediatr. Anaesth. 24,
266-274. doi:10.1111/pan.12350

Andropoulos, D. B. (2018). Effect of Anesthesia on the Developing Brain: Infant
and Fetus. Fetal Diagn. Ther. 43, 1-11. doi:10.1159/000475928

Beca, J., Gunn, J. K., Coleman, L., Hope, A., Reed, P. W., Hunt, R. W., et al. (2013).
New white Matter Brain Injury after Infant Heart Surgery Is Associated with
Diagnostic Group and the Use of Circulatory Arrest. Circulation 127, 971-979.
doi:10.1161/circulationaha.112.001089

Bell, J. L., Saenz, L., Domnina, Y., Baust, T., Panigrahy, A., Bell, M. ], et al. (2019).
Acute Neurologic Injury in Children Admitted to the Cardiac Intensive Care
Unit. Ann. Thorac. Surg. 107, 1831-1837. doi:10.1016/j.athoracsur.2018.12.027

Ben-Ari, Y. (2002). Excitatory Actions of Gaba during Development: the Nature of
the Nurture. Nat. Rev. Neurosci. 3, 728-739. doi:10.1038/nrn920

Burnett, A. C., Gunn, J. K., Hutchinson, E. A., Moran, M. M., Kelly, L. M., Sevil, U.
C., et al. (2018). Cognition and Behaviour in Children with Congenital
Abdominal wall Defects. Early Hum. Develop. 116, 47-52. doi:10.1016/j.
earlhumdev.2017.11.002

Burnett, A. C., Gunn-Charlton, J. K., Malarbi, S., Hutchinson, E., Tan, T. Y.,
Teague, W. ], etal. (2021). Cognitive, Academic, and Behavioral Functioning in
School-Aged Children Born with Esophageal Atresia. J. Pediatr. Surg. 56,
1737-1744. doi:10.1016/j.jpedsurg.2021.01.014

Buss, C., Entringer, S., and Wadhwa, P. D. (2012). Fetal Programming of Brain
Development: Intrauterine Stress and Susceptibility to Psychopathology. Sci.
Signal. 5, pt7. doi:10.1126/scisignal.2003406

CCOPPM (2018). Victorian Congenital Anomalies Register 2018, Congenital
Anomalies in Victoria 2015-2016. Melbourne: Safer Care Victoria.

Cheong, J. L. Y., Olsen, J. E,, Lee, K. ], Spittle, A. J., Opie, G. F., Clark, M., et al.
(2021). Temporal Trends in Neurodevelopmental Outcomes to 2 Years after
Extremely Preterm Birth. JAMA Pediatr. 175, 1035-1042. doi:10.1001/
jamapediatrics.2021.2052

Chu, P. Y., L, J. S., Kosinski, A. S., Hornik, C. P., and Hill, K. D. (2017). Congenital
Heart Disease in Premature Infants 25-32 Weeks’ Gestational Age. J. Pediatr.
181, 37-41. doi:10.1016/}.jpeds.2016.10.033

Claessens, N. H. P., Algra, S. O., Ouwehand, T. L., Jansen, N. J. G., Schappin, R.,
Haas, F., et al. (2018). Perioperative Neonatal Brain Injury Is Associated with
Worse School-age Neurodevelopment in Children with Critical Congenital
Heart Disease. Dev. Med. Child. Neurol. 60, 1052-1058. doi:10.1111/dmcn.
13747

Costello, J. M., Polito, A., Brown, D. W., Mcelrath, T. F., Graham, D. A.,
Thiagarajan, R. R, et al. (2010). Birth before 39 Weeks’ Gestation Is
Associated with Worse Outcomes in Neonates with Heart Disease.
Pediatrics 126, 277-284. doi:10.1542/peds.2009-3640

Curzon, C. L., Milford-Beland, S., Li, J. S., O’Brien, S. M., Jacobs, J. P., Jacobs, M. L.,
et al. (2008). Cardiac Surgery in Infants with Low Birth Weight Is Associated
with Increased Mortality: Analysis of the Society of Thoracic Surgeons
Congenital Heart Database. J. Thorac. Cardiovasc. Surg. 135, 546-551.
doi:10.1016/}.jtcvs.2007.09.068

Davidson, A. J., Disma, N., De Graaff, J. C., Withington, D. E., Dorris, L., Bell, G.,
et al. (2016). Neurodevelopmental Outcome at 2 Years of Age after General
Anaesthesia and Awake-Regional Anaesthesia in Infancy (GAS): an
International Multicentre, Randomised Controlled Trial. The Lancet 387,
239-250. doi:10.1016/s0140-6736(15)00608-x

Diffin, J., Spence, K., Naranian, T., Badawi, N., and Johnston, L. (2016). Stress and
Distress in Parents of Neonates Admitted to the Neonatal Intensive Care Unit
for Cardiac Surgery. Early Hum. Develop. 103, 101-107. doi:10.1016/j.
earlhumdev.2016.08.002

Duerden, E. G., Grunau, R. E,, Guo, T., Foong, J., Pearson, A., Au-Young, S., et al.
(2018). Early Procedural Pain Is Associated with Regionally-specific Alterations
in Thalamic Development in Preterm Neonates. J. Neurosci. 38, 878-886.
doi:10.1523/jneurosci.0867-17.2017

Egbe, A., Uppu, S., Lee, S., Stroustrup, A., Ho, D., and Srivastava, S. (2015).
Congenital Malformations in the Newborn Population: a Population Study and

Prematurity and Congenital Anomalies: Review

Analysis of the Effect of Sex and Prematurity. Pediatr. Neonatal. 56, 25-30.
doi:10.1016/j.pedneo.2014.03.010

Ferguson, E. A. (2017). The Development of Feeding in Infants with Oesophageal
Atresia between Birth and Nine Months of Age. Melbourne: The University of
Melbourne

Gano, D., Andersen, S. K., Glass, H. C., Rogers, E. E., Glidden, D. V., Barkovich, A.
J., et al. (2015). Impaired Cognitive Performance in Premature Newborns with
Two or More Surgeries Prior to Term-Equivalent Age. Pediatr. Res. 78,
323-329. doi:10.1038/pr.2015.106

Gascoigne, D. A., Serdyukova, N. A, and Aksenov, D. P. (2021). Early
Development of the GABAergic System and the Associated Risks of
Neonatal Anesthesia. Int. J. Mol. Sci. 22. doi:10.3390/ijms222312951

Gaynor, ]. W., Stopp, C., Wypij, D., Andropoulos, D. B., Atallah, J., Atz, A. M., etal.
(2015). Neurodevelopmental Outcomes after Cardiac Surgery in Infancy.
Pediatrics 135, 816-825. doi:10.1542/peds.2014-3825

Govindaswamy, P., Laing, S., Waters, D., Walker, K., Spence, K., and Badawi, N.
(2020). Stressors of Parents of Infants Undergoing Neonatal Surgery for Major
Non-cardiac Congenital Anomalies in a Surgical Neonatal Intensive Care Unit.
J. Paediatr. Child. Health 56, 512-520. doi:10.1111/jpc.14673

Gunn, J. K, Beca, J., Hunt, R. W., Goldsworthy, M., Brizard, C. P., Finucane, K.,
et al. (2016a). Perioperative Risk Factors for Impaired Neurodevelopment after
Cardiac Surgery in Early Infancy. Arch. Dis. Child. 101, 1010-1016. doi:10.
1136/archdischild-2015-309449

Gunn, J. K, Greaves, S.,, Hutchinson, E. A, Kelly, L. M., Moran, M. M,, Chisholm, A. K,
et al. (2016b). P-18: Two Year Neurodevelopmental Outcome Following Neonatal
Repair of Oesophageal Atresia. Dis. Esophagus 29, 293-294. doi:10.1093/dote/29.3.293b

Gunn-Charlton, J. K., Burnett, A. C., Malarbi, S., Moran, M. M., Hutchinson, E. A.,
Greaves, S., et al. (2019). Neonatal Neuroimaging after Repair of Congenital
Diaphragmatic Hernia and Long-Term Neurodevelopmental Outcome. World
Jnl Ped Surg. 2, €000037. doi:10.1136/wjps-2019-000037

Guo, T., Chau, V., Peyvandi, S., Latal, B., Mcquillen, P. S., Knirsch, W., et al. (2019).
White Matter Injury in Term Neonates with Congenital Heart Diseases:
Topology & Comparison with Preterm Newborns. Neuroimage 185,
742-749. doi:10.1016/j.neuroimage.2018.06.004

Hack, M., Taylor, H. G., Drotar, D., Schluchter, M., Cartar, L., Wilson-Costello, D.,
et al. (2005). Poor Predictive Validity of the Bayley Scales of Infant
Development for Cognitive Function of Extremely Low Birth Weight
Children at School Age. Pediatrics 116, 333-341. doi:10.1542/peds.2005-0173

Hickey, E. J., Nosikova, Y., Zhang, H., Caldarone, C. A., Benson, L.,
Redington, A., et al. (2012). Very Low-Birth-Weight Infants with
Congenital Cardiac Lesions: Is There merit in Delaying Intervention to
Permit Growth and Maturation? J. Thorac. Cardiovasc. Surg. 143,
126-136. doi:10.1016/j.jtcvs.2011.09.008

Hunt, R. W, Hickey, L. M., Burnett, A. C., Anderson, P. J., Cheong, J. L. Y., Doyle,
L. W,, et al. (2018). Early Surgery and Neurodevelopmental Outcomes of
Children Born Extremely Preterm. Arch. Dis. Child. Fetal Neonatal. Ed. 103,
F227-F232. doi:10.1136/archdischild-2017-313161

Hunt, R. W, Perkins, E. J., and King, S. (2016). Peri-operative Management of
Neonates with Oesophageal Atresia and Tracheo-Oesophageal Fistula.
Paediatric Respir. Rev. 19, 3-9. doi:10.1016/j.prrv.2016.01.002

Inder, T. E,, De Vries, L. S., Ferriero, D. M., Grant, P. E., Ment, L. R,, Miller, S. P.,
et al. (2021). Neuroimaging of the Preterm Brain: Review and
Recommendations. J. Pediatr. 237, 276-287. doi:10.1016/j.jpeds.2021.06.014

Jansen, L., Van Steenis, A., Van Den Berg-Huysmans, A. A., Wiggers-De Bruine, S.
T., Rijken, M., De Vries, L. S, et al. (2021). Associations between Neonatal
Magnetic Resonance Imaging and Short- and Long-Term Neurodevelopmental
Outcomes in a Longitudinal Cohort of Very Preterm Children. J. Pediatr. 234,
46-53. doi:10.1016/j.jpeds.2021.02.005

Kase, J. S, and Visintainer, P. (2007). The Relationship between Congenital
Malformations and Preterm Birth. J. Perinat Med. 35, 538-542. doi:10.1515/JPM.
2007.132

Krishnamurthy, G., Ratner, V., and Bacha, E. (2013). Neonatal Cardiac Care, a
Perspective. Semin. Thorac. Cardiovasc. Surg. Pediatr. Card. Surg. Annu. 16,
21-31. doi:10.1053/j.pcsu.2013.01.007

Licht, D. J., Shera, D. M., Clancy, R. R., Wernovsky, G., Montenegro, L. M.,
Nicolson, S. C., et al. (2009). Brain Maturation Is Delayed in Infants with
Complex Congenital Heart Defects. J. Thorac. Cardiovasc. Surg. 137, 529-537.
doi:10.1016/j.jtcvs.2008.10.025

Frontiers in Physiology | www.frontiersin.org

July 2022 | Volume 13 | Article 880891


https://doi.org/10.1111/pan.12350
https://doi.org/10.1159/000475928
https://doi.org/10.1161/circulationaha.112.001089
https://doi.org/10.1016/j.athoracsur.2018.12.027
https://doi.org/10.1038/nrn920
https://doi.org/10.1016/j.earlhumdev.2017.11.002
https://doi.org/10.1016/j.earlhumdev.2017.11.002
https://doi.org/10.1016/j.jpedsurg.2021.01.014
https://doi.org/10.1126/scisignal.2003406
https://doi.org/10.1001/jamapediatrics.2021.2052
https://doi.org/10.1001/jamapediatrics.2021.2052
https://doi.org/10.1016/j.jpeds.2016.10.033
https://doi.org/10.1111/dmcn.13747
https://doi.org/10.1111/dmcn.13747
https://doi.org/10.1542/peds.2009-3640
https://doi.org/10.1016/j.jtcvs.2007.09.068
https://doi.org/10.1016/s0140-6736(15)00608-x
https://doi.org/10.1016/j.earlhumdev.2016.08.002
https://doi.org/10.1016/j.earlhumdev.2016.08.002
https://doi.org/10.1523/jneurosci.0867-17.2017
https://doi.org/10.1016/j.pedneo.2014.03.010
https://doi.org/10.1038/pr.2015.106
https://doi.org/10.3390/ijms222312951
https://doi.org/10.1542/peds.2014-3825
https://doi.org/10.1111/jpc.14673
https://doi.org/10.1136/archdischild-2015-309449
https://doi.org/10.1136/archdischild-2015-309449
https://doi.org/10.1093/dote/29.3.293b
https://doi.org/10.1136/wjps-2019-000037
https://doi.org/10.1016/j.neuroimage.2018.06.004
https://doi.org/10.1542/peds.2005-0173
https://doi.org/10.1016/j.jtcvs.2011.09.008
https://doi.org/10.1136/archdischild-2017-313161
https://doi.org/10.1016/j.prrv.2016.01.002
https://doi.org/10.1016/j.jpeds.2021.06.014
https://doi.org/10.1016/j.jpeds.2021.02.005
https://doi.org/10.1515/JPM.2007.132
https://doi.org/10.1515/JPM.2007.132
https://doi.org/10.1053/j.pcsu.2013.01.007
https://doi.org/10.1016/j.jtcvs.2008.10.025
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Gunn-Charlton

Limperopoulos, C., Tworetzky, W., Mcelhinney, D. B., Newburger, J. W., Brown,
D. W, Robertson, R. L., JR., et al. (2010). Brain Volume and Metabolism in
Fetuses with Congenital Heart Disease. Circulation 121, 26-33. doi:10.1161/
circulationaha.109.865568

Linhart, Y., Bashiri, A., Maymon, E., Shoham-Vardi, I, Furman, B., Vardi, H., et al.
(2000). Congenital Anomalies Are an Independent Risk Factor for Neonatal
Morbidity and Perinatal Mortality in Preterm Birth. Eur. J. Obstet. Gynecol.
Reprod. Biol. 90, 43-49. doi:10.1016/s0301-2115(99)00196-7

Mccann, M. E,, De Graaff, J. C., Dorris, L., Disma, N., Withington, D., Bell, G., et al.
(2019). Neurodevelopmental Outcome at 5 Years of Age after General
Anaesthesia or Awake-Regional Anaesthesia in Infancy (GAS): an
International, Multicentre, Randomised, Controlled Equivalence Trial. The
Lancet 393, 664-677. doi:10.1016/s0140-6736(18)32485-1

Miller, S. P, Mcquillen, P. S., Hamrick, S., Xu, D., Glidden, D. V., Charlton, N., et al.
(2007). Abnormal Brain Development in Newborns with Congenital Heart
Disease. N. Engl. J. Med. 357, 1928-1938. doi:10.1056/nejmoa067393

Moran, M. M., Gunn-Charlton, J. K., Walsh, J. M., Cheong, J. L. Y., Anderson, P. J.,
Doyle, L. W, et al. (2019). Associations of Neonatal Noncardiac Surgery with
Brain Structure and Neurodevelopment: A Prospective Case-Control Study.
J. Pediatr. 212, 93-101. doi:10.1016/j.jpeds.2019.05.050

O’Leary, J. D., Janus, M., Duku, E., Wijeysundera, D. N., To, T., Li, P., et al. (2019).
Influence of Surgical Procedures and General Anesthesia on Child
Development before Primary School Entry Among Matched Sibling Pairs.
JAMA Pediatr. 173, 29-36. doi:10.1001/jamapediatrics.2018.3662

O’Shea, T. M., Downey, L. C., and Kuban, K. K. C. (2013). Extreme Prematurity
and Attention Deficit: Epidemiology and Prevention. Front. Hum. Neurosci. 7,
578. doi:10.3389/fnhum.2013.00578

Ophelders, D. R. M. G., Gussenhoven, R., Klein, L., Jellema, R. K., Westerlaken, R.
J.J., Hiitten, M. C,, et al. (2020). Preterm Brain Injury, Antenatal Triggers, and
Therapeutics: Timing Is Key. Cells, 9. doi:10.3390/cells9081871

Ortinau, C., Alexopoulos, D., Dierker, D., Van Essen, D., Beca, J., and Inder, T.
(2013). Cortical Folding Is Altered before Surgery in Infants with Congenital
Heart Disease. J. Pediatr. 163, 1507-1510. doi:10.1016/j.jpeds.2013.06.045

Ortinau, C., Beca, J., Lambeth, J., Ferdman, B., Alexopoulos, D., Shimony, J. S., et al.
(2012). Regional Alterations in Cerebral Growth Exist Preoperatively in Infants
with Congenital Heart Disease. J. Thorac. Cardiovasc. Surg. 143, 1264-1270.
doi:10.1016/j.jtcvs.2011.10.039

Ortinau, C. M., Anadkat, J. S., Smyser, C. D., and Eghtesady, P. (2018).
Intraventricular Hemorrhage in Moderate to Severe Congenital Heart
Disease. Pediatr. Crit. Care Med. 19, 56-63. doi:10.1097/pcc.0000000000001374

Ortinau, C. M, Rollins, C. K., Gholipour, A., Yun, H. J., Marshall, M., Gagoski, B., et al.
(2019). Early-Emerging Sulcal Patterns Are Atypical in Fetuses with Congenital Heart
Disease. Cereb. Cortex 29, 3605-3616. doi:10.1093/cercor/bhy235

Ortinau, C. M., and Shimony, J. S. (2020). The Congenital Heart Disease Brain:
Prenatal Considerations for Perioperative Neurocritical Care. Pediatr. Neurol.
108, 23-30. doi:10.1016/j.pediatrneurol.2020.01.002

Ortinau, C., and Neil, J. (2015). The Neuroanatomy of Prematurity: normal Brain
Development and the Impact of Preterm Birth. Clin. Anat. 28, 168-183. doi:10.
1002/ca.22430

Ranger, M., Zwicker, J. G., Chau, C. M. Y., Park, M. T. M., Chakravarthy, M. M.,
Poskitt, K., et al. (2015). Neonatal Pain and Infection Relate to Smaller
Cerebellum in Very Preterm Children at School Age. J. Pediatr. 167,
292-298. doi:10.1016/j.jpeds.2015.04.055

Schneider, J., Duerden, E. G., Guo, T., Ng, K., Hagmann, P., Bickle Graz, M., et al.
(2018). Procedural Pain and Oral Glucose in Preterm Neonates: Brain
Development and Sex-specific Effects. Pain 159, 515-525. doi:10.1097/j.pain.
0000000000001123

Snookes, S. H., Gunn, J. K,, Eldridge, B. ]., Donath, S. M., Hunt, R. W, Galea, M. P,, et al.
(2010). A Systematic Review of Motor and Cognitive Outcomes after Early Surgery
for Congenital Heart Disease. Pediatrics 125, e818-e827. doi:10.1542/peds.2009-1959

Prematurity and Congenital Anomalies: Review

Steinbauer, P., Deindl, P., Fuiko, R., Unterasinger, L., Cardona, F., Wagner, M.,
et al. (2021). Long-term Impact of Systematic Pain and Sedation Management
on Cognitive, Motor, and Behavioral Outcomes of Extremely Preterm Infants at
Preschool Age. Pediatr. Res. 89, 540-548. d0i:10.1038/541390-020-0979-2

Stolwijk, L. J., Lemmers, P. M., Harmsen, M., Groenendaal, F., De Vries, L. S., Van
Der Zee, D. C, et al. (2016). Neurodevelopmental Outcomes after Neonatal
Surgery for Major Noncardiac Anomalies. Pediatrics 137, €20151728. doi:10.
1542/peds.2015-1728

Stolwijk, L. J., Keunen, K., De Vries, L. S., Groenendaal, F., Van Der Zee, D. C., Van
Herwaarden, M. Y. A, et al. (2017). Neonatal Surgery for Noncardiac
Congenital Anomalies: Neonates at Risk of Brain Injury. J. Pediatr. 182,
335-341. doi:10.1016/j.jpeds.2016.11.080

Sun, L., Macgowan, C. K,, Sled, J. G., Yoo, S.-]., Manlhiot, C., Porayette, P., et al.
(2015). Reduced Fetal Cerebral Oxygen Consumption Is Associated with
Smaller Brain Size in Fetuses with Congenital Heart Disease. Circulation
131, 1313-1323. doi:10.1161/circulationaha.114.013051

Van Bel, F., Vaes, J., and Groenendaal, F. (2019). Prevention, Reduction and Repair
of Brain Injury of the Preterm Infant. Front. Physiol. 10, 181. doi:10.3389/fphys.
2019.00181

Walhovd, K. B., Moe, V., Slinning, K., Due-Tonnessen, P., Bjornerud, A., Dale, A.
M, et al. (2007). Volumetric Cerebral Characteristics of Children Exposed to
Opiates and Other Substances In Utero. Neuroimage 36, 1331-1344. doi:10.
1016/j.neuroimage.2007.03.070

Walker, K., Badawi, N., Halliday, R., Stewart, J., Sholler, G. F., Winlaw, D. S., et al.
(2012). Early Developmental Outcomes Following Major Noncardiac and
Cardiac Surgery in Term Infants: a Population-Based Study. J. Pediatr. 161,
748-752. doi:10.1016/j,jpeds.2012.03.044

Walker, K., Loughran-Fowlds, A., Halliday, R., Holland, A.]., Stewart, ]., Sholler, G.
F., et al. (2015). Developmental Outcomes at 3 Years of Age Following Major
Non-cardiac and Cardiac Surgery in Term Infants: A Population-Based Study.
J. Paediatr. Child. Health 51, 1221-1225. doi:10.1111/jpc.12943

Walsh, B. H., Paul, R. A,, Inder, T. E., Shimony, J. S., Smyser, C. D., and Rogers, C.
E. (2021). Surgery Requiring General Anesthesia in Preterm Infants Is
Associated with Altered Brain Volumes at Term Equivalent Age and
Neurodevelopmental Impairment. Pediatr. Res. 89, 1200-1207. doi:10.1038/
541390-020-1030-3

Zwicker, ]. G., Miller, S. P., Grunau, R. E., Chau, V., Brant, R,, Studholme, C., et al.
(2016). Smaller Cerebellar Growth and Poorer Neurodevelopmental Outcomes
in Very Preterm Infants Exposed to Neonatal Morphine. J. Pediatr. 172, 81-87.
doi:10.1016/j.jpeds.2015.12.024

Conlflict of Interest: The handling editor [RWH] declared a past co-authorship
with the author.

The author declares that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gunn-Charlton. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

July 2022 | Volume 13 | Article 880891


https://doi.org/10.1161/circulationaha.109.865568
https://doi.org/10.1161/circulationaha.109.865568
https://doi.org/10.1016/s0301-2115(99)00196-7
https://doi.org/10.1016/s0140-6736(18)32485-1
https://doi.org/10.1056/nejmoa067393
https://doi.org/10.1016/j.jpeds.2019.05.050
https://doi.org/10.1001/jamapediatrics.2018.3662
https://doi.org/10.3389/fnhum.2013.00578
https://doi.org/10.3390/cells9081871
https://doi.org/10.1016/j.jpeds.2013.06.045
https://doi.org/10.1016/j.jtcvs.2011.10.039
https://doi.org/10.1097/pcc.0000000000001374
https://doi.org/10.1093/cercor/bhy235
https://doi.org/10.1016/j.pediatrneurol.2020.01.002
https://doi.org/10.1002/ca.22430
https://doi.org/10.1002/ca.22430
https://doi.org/10.1016/j.jpeds.2015.04.055
https://doi.org/10.1097/j.pain.0000000000001123
https://doi.org/10.1097/j.pain.0000000000001123
https://doi.org/10.1542/peds.2009-1959
https://doi.org/10.1038/s41390-020-0979-2
https://doi.org/10.1542/peds.2015-1728
https://doi.org/10.1542/peds.2015-1728
https://doi.org/10.1016/j.jpeds.2016.11.080
https://doi.org/10.1161/circulationaha.114.013051
https://doi.org/10.3389/fphys.2019.00181
https://doi.org/10.3389/fphys.2019.00181
https://doi.org/10.1016/j.neuroimage.2007.03.070
https://doi.org/10.1016/j.neuroimage.2007.03.070
https://doi.org/10.1016/j.jpeds.2012.03.044
https://doi.org/10.1111/jpc.12943
https://doi.org/10.1038/s41390-020-1030-3
https://doi.org/10.1038/s41390-020-1030-3
https://doi.org/10.1016/j.jpeds.2015.12.024
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Impact of Comorbid Prematurity and Congenital Anomalies: A Review
	Introduction
	Brain Injury in Preterm Infants
	Prematurity and Congenital Anomalies
	Neurodevelopmental Delay Following Neonatal Surgery
	Risk of Brain Injury in Neonates Requiring Surgery
	Surgery and Prematurity

	Brain Injury in Congenital Heart Disease
	Fetal and Neonatal Brain Development With CHD
	Prematurity and Brain Injury in CHD

	Conclusion
	Author Contributions
	References


