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Abstract
Neonatal surgery and concomitant anesthesia coincide with a timeframe of rapid brain 
development. The speed and complexity of early brain development superimposed on 
immature regulatory mechanisms that include incomplete cerebral autoregulation, in-
sufficient free radical scavenging and an immature immune response puts the brain at 
risk. Brain injury may have long- term consequences for multiple functional domains 
including cognition, learning skills, and behavior. Neurodevelopmental follow- up stud-
ies have noted mild- to- moderate deficits in children who underwent major neonatal 
surgery and related anesthesia. The present review evaluates neonatal surgery against 
the background of neurobiological processes that unfold at a pace unparalleled by any 
other period of human brain development. First, a structured summary of early brain 
development is provided in order to establish theoretical groundwork. Next, literature 
on brain injury and neurodevelopmental outcome after neonatal surgery is discussed. 
Special attention is given to recent findings of structural brain damage reported after 
neonatal surgery. Notably, high- quality imaging data acquired before surgery are cur-
rently lacking. Third, mechanisms of injury are interrogated taking the perspective of 
early brain development into account. We propose a novel disease model that con-
stitutes a triad of inflammation, vascular immaturity, and neurotoxicity of prolonged 
exposure to anesthetic drugs. With each of these components exacerbating the other, 
this amalgam incites the perfect storm, resulting in brain injury. When examining the 
brain, it seems intuitive to distinguish between neonates (i.e., <60 postconceptional 
weeks) and more mature infants, multiple and/or prolonged anesthesia exposure and 
single, short surgery. This review culminates in an outline of anesthetic considerations 
and future directions that we believe will help move the field forward.
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1  |  INTRODUC TION

The human brain is a vastly complex structure, which emerges during 
embryonic development and verges on its adult form by the time of full- 
term birth: a developmental timeframe that typically spans only 260 days. 
Although short, gestation hosts an elaborate sequence of neurodevelop-
mental events that is unparalleled by any other period in life. At birth, 
most structural elements are in place. Postnatally, connectivity between 
these attributes continues to develop and mature, shaping the brain's 
connectivity framework over the entire course of development, which 
extends into adulthood. The speed and complexity of the neurobiological 
processes governing early brain development render them at risk of de-
velopmental adversity. One of such risks is neonatal surgery and related 
factors such as anesthesia, critical illness, and/or congenital anomalies.

The past two decades have witnessed a heated debate on postulated 
neurotoxicity of anesthetic exposure in the neonatal period. Data from 
nonhuman primate studies have revealed widespread apoptosis of neu-
rons and oligodendrocytes as well as cognitive, motor, and behavioral 
problems. To date, clinical evidence has pointed to a bilateral paradigm of 
safety of a single and short surgical procedure and detrimental impact of 
prolonged and/or repeated surgeries on the developing neonatal brain. 
The GAS trial meticulously studied the impact of a single short exposure 
to general anesthesia with sevoflurane vs. regional anesthesia for inguinal 
hernia repair in the first year after birth in 719 children, demonstrating no 
difference in intelligence quotient (IQ) at age five.1 However rigorous its 
methodology, the GAS study focused on cognition and was not powered 
to evaluate behavioral problems, nor did it report follow- up data beyond 
early school- going age. Preterm children have been known to grow into 
their deficits, which may also apply to infants exposed to early- life sur-
gery given that such exposure would likely inflict subtle brain alterations 
that would affect higher cognitive functions and socialization skills.

Studies on neurodevelopmental outcome following major noncar-
diac surgery in the neonatal period have concurrently revealed mild– 
moderate deficits on various domains including cognitive functioning, 
motor performance, and behavioral traits.2 Recent prospective studies 
noted mild- to- moderate neuroimaging abnormalities in up to 75% of 
babies following surgery for noncardiac congenital anomalies.3,4 Such 
structural brain abnormalities have not been described in animal stud-
ies and are therefore unlikely related to primary neuronal and oligoden-
drocyte injury associated with general anesthetics. Alternatively, these 
lesions are more likely related to hemodynamic, respiratory, and met-
abolic changes associated with general anesthesia and could also be 
attributable to surgical stress and the primary disease process. Hence, 
translation of animal data to the clinical setting is difficult to the very 
least. Collectively, origin and timing of neonatal brain injury in the set-
ting of noncardiac surgery remain unknown. Nevertheless, we can learn 
from the lesions uncovered in the neonatal brain after surgery as these 
may provide valuable cues about their potential pathophysiology.

This review aims to describe key principles of early brain devel-
opment and patterns of brain injury that have been associated with 

noncardiac neonatal surgery. We discuss clinical evidence and aim to 
shift attention from neurotoxicity alone to a triad of inflammation, 
immature vascularization, and anesthetic neurotoxicity.

2  |  PRENATAL BR AIN DE VELOPMENT

Early brain development constitutes a remarkable complexity of 
meticulously timed events that are largely orchestrated by genetic 
programming and governed by signaling factors, extracellular ma-
trix proteins, and early environmental influences. The ontogeny of 
the human brain originates in neural tube formation between post-
conceptional days 20– 28. Once neurulation is completed, neuroepi-
thelial cells (neural stem cells) start to proliferate rapidly, deriving 
precursor neurons and supporting glia cells.

In the early fetal period, commencing at 8 postconceptional weeks 
(PCW), postmigratory neurons start sprouting axons and dendrites, 
thereby setting the stage for neural circuitry formation. Synaptogenesis 
emerges in the outer layer of the cerebral wall and presubplate; the lat-
ter will soon transform into the subplate (at 13– 15 weeks of gestation). 
The subplate represents the fetal brain's relay station that is of cardinal 
importance for healthy brain development. The subplate is a transient 
developmental layer positioned under the premature cerebral cortex 
(i.e., cerebral wall) and is responsible for early connectivity between 
brain regions. It is composed of migratory and postmigratory neurons, 
abundant axons and glia cells and is extensively larger in primates than 
in other mammals. Afferent axons from the thalamus and basal fore-
brain have been detected from as early as 8 PCW and form tempo-
rary connections in the presubplate and subsequent subplate before 
targeting their final destinations in the developing cortex. Postmortem 
studies have identified a distinct primary- to- complex sequence of axo-
nal development. Limbic and thalamocortical fibers originate first, fol-
lowed by commissural fibers of the corpus callosum at around 11 PCW. 
Intrahemispheric association fibers derive last by 18 PCW and continue 
to grow well into the early postnatal period (Figure 1).

The mid- fetal period portrays peak neuronal migration. Although 
migration culminates between 3 and 5 months of gestation, this crit-
ical process does not subside until the third trimester of pregnancy. 
Extensive migration of neurons to the frontal lobe has recently even 
been described in the neonatal period.

The early preterm period, that is, 24– 32 weeks postmenstrual age 
(PMA), features a number of events that are vitally important for sub-
sequent neurodevelopment and may be disrupted by exposure to nox-
ious stimuli. First, permanent thalamocortical circuitry is established 
by the arrival of afferent thalamic axons in the cortical plate. By this 
time, sensory input including painful stimuli has been noted to elicit a 
response in the somatosensory cortex. Second, the subplate expands 
and reaches its peak size and developmental significance.5 The sub-
plate operates as a waiting compartment for both axonal afferents 
traveling to the cortical plate and axonal efferents that descend from 
the immature cortex into deeper gray matter structures. Further, sub-
plate neurons provide axonal guidance for bidirectional pathfinding. 
Moreover, the subplate is home to transient thalamocortical- subplate 

 *From here onwards when neonatal surgery is written, we refer to neonatal surgery and 
related anesthesia.
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circuits that govern endogenous spontaneous brain activity crucial 
for brain network formation (i.e., connectivity). As the fetal brain ma-
tures, these spontaneous activity transients are gradually replaced by 
input- dependent ongoing cortical activity originating from the devel-
oping cortex. It is therefore unsurprising that level of brain activity 
as monitored by early- life electroencephalography (EEG) recordings 
has been linked to brain growth in preterm infants.6 In addition, the 
subplate was recently demonstrated to be the first to respond to au-
ditory stimuli, well before thalamocortical circuitry comes online. In 
recent years, the subplate has received increasing attention because 
of its relevance for typical brain development and its postulated role 
in neurodevelopmental disorders, including autism, schizophrenia, and 
hypoxic– ischemic encephalopathy in preterm infants.5

The third process in the early preterm period that is paramount 
for healthy brain development involves the oligodendrocyte lineage. 
Oligodendrocyte precursors (preOLs) are derived from premature glia 
cells. Following a delicate sequence of maturational events, preOLs 
advance to mature oligodendrocytes that will subsequently ensheath 
axons and produce myelin, thereby considerably increasing action 
potential velocity. Myelination burgeons from around 32 weeks PMA 
and continues until early adulthood (Figure 1). While these cellular 
processes derive at a microscopic level, at a macroscopic scale, the 
brain transforms its layout dramatically, remodeling its smooth surface 
to a highly convoluted structure that resembles the adult brain by the 
end of gestation, having all secondary and most tertiary folds in place.

The third trimester of pregnancy is devoted to increasing con-
nectivity in terms of exuberant synaptogenesis, dendritic differenti-
ation, and axonal growth. During this period, long- range association 

fibers thrive, and oligodendrocytes develop rapidly. Postnatal brain 
development is predominantly characterized by ongoing synapto-
genesis and elimination of exuberant connections, myelination, and 
overall brain growth. In the neonatal brain, neuronal architecture 
matures, glia cells including astrocytes and oligodendrocytes prolif-
erate and short- range cortico- cortical association fibers continue to 
grow into their target sites. The subplate diminishes and transposes 
into a thin layer at the white and gray matter interface.

2.1  |  Cerebellar development

Early anatomists described the cerebellum as the arbor vitae, or tree 
of life, because of its refined anatomical appearance. Traditionally, the 
cerebellum is considered responsible for motor function and coordi-
nation. In the past 15 years, researchers have shifted attention to its 
pivotal role in cognition and behavior. The cerebellum serves as a con-
trol center, modulating and fine- tuning input and output to and from 
the cortex. Over the course of development, the cerebellum forms 
elaborate circuits with various cortical regions, including sensorimotor, 
limbic, and association cortices. Disruptions to these distinct connec-
tivity frameworks, for example, from early postnatal cerebellar injury 
have been associated with cognitive impairment, language delay, and 
behavioral problems. These deficits show similarities with those that 
have been linked to early- life surgery and anesthesia.2 The potential 
impact of neonatal surgery and related factors is even more worri-
some in light of the agility of cerebellar development. While the neo-
cortex develops rapidly, the cerebellum expands at an even faster rate, 

F I G U R E  1  Timeline of early brain development. Schematic diagram of cellular processes governing early brain development from 
neural tube formation until 1 year after birth. Processes involving neurogenesis are depicted in green, developmental events that result in 
connection formation are illustrated in blue, and removal of connections is highlighted in red. Intensity of the color bars corresponds with 
the speed and magnitude of each developmental process. The period during which infants may undergo neonatal surgery is indicated in 
orange
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outpacing all other developmental processes in the brain. Between 24 
and 38 weeks PMA, the cerebellum quadruples in volume and multi-
plies its cortical surface an astonishing 30- fold.

Granular precursor cells in the cerebellum predominantly determine 
its expansion rate and harbor its peak growth during the third trimester 
of pregnancy. Both the intricacy and location of granular cell prolifer-
ation jeopardize its developmental trajectory. Being on the outside of 
the cerebellum and therefore in close proximity to the cerebrospinal 
fluid (CSF), vulnerable granular precursor neurons may be exposed to 
potentially toxic CSF compounds including blood (e.g., in case of in-
traventricular hemorrhage [IVH] and possibly subdural hemorrhage), 
free radicals, and inflammatory cells. Granular cell damage may im-
pair their proliferation and dendritic arborization, ultimately affecting 
neural circuit formation and the brain network altogether. Cerebellar 
injury at birth has been associated with a 36- fold increased risk of au-
tism, suggesting a brain- wide imprint of cerebellar damage.7 Further 
supporting this postulate, adolescence- onset schizophrenia has been 
associated with impaired functional connectivity between the cerebel-
lum and widespread cortical regions. Hence, we have only so much as 
begun scrutinizing the intricate link between cerebellar development, 
dysconnectivity and childhood and adolescent disorders of neurode-
velopment. In this context, it seems intuitive for preclinical research 
into anesthetic drug toxicity to attend to the impact on the cerebellum 
as well. The pace and complexity of cerebellar development likely ren-
der it a susceptible target for insult, including (anesthetic) drug toxicity.

3  |  BR AIN INJURY IN REL ATION TO 
NEONATAL SURGERY

The velocity and complexity of the processes burgeoning in the de-
veloping brain around birth render neonatal brain development at 
risk of injurious events, including early postnatal disease, surgery 
and related anesthesia and pain. Here, we will describe patterns of 
brain injury that clinical studies have identified in relation to neo-
natal surgery mainly focusing on noncardiac surgery that does not 
involve extracorporeal membrane oxygenation (ECMO) in an effort 
to avoid indication bias and shed light on the impact of surgery itself. 
Besides, knowledge gaps predominantly remain in the noncardiac 
surgery, non- ECMO population.

In 2014, McCann et al. described a series of six infants who de-
veloped serious postoperative encephalopathy after prolonged sur-
gery (>120 min) in the neonatal period. Encephalopathy manifested 
by seizures within 25 h and a watershed pattern of hypoxic– ischemic 
brain injury on magnetic resonance imaging (MRI).8 Watershed in-
jury is typically observed in states of prolonged cerebral hypoper-
fusion, such as chronic asphyxia, and has also been described in 
neonatal hypoglycemia. The authors concluded that hypotension 
was the precedent in all cases and may have been the key player in 
the pathophysiology of brain injury.

In the following years, the risk of perioperative brain injury 
was stressed further by three prospective studies.3,4,9– 11 The first 
studied 101 newborns who had surgery for noncardiac congenital 

anomalies and reported mild– moderate brain lesions on postopera-
tive MRI in 72% of preterm infants and 42% of full- term newborns. 
Lesions included punctate WMI, stroke, cerebellar hemorrhage, and 
different stages of IVH including periventricular hemorrhagic infarc-
tion (PVHI). WMI was suggested to be ischemic and recent in 69% of 
preterm infants and 55% of full- term newborns that were scanned 
within the time window to detect sub- acute ischemic injury (>80% 
of the cohort). No preoperative MRI was performed, and therefore, 
one cannot rule out that further brain injury was already present 
prior to surgery.

Remarkably, IVH and related PVHI were found in 9% of full- 
term neonates while this pattern of injury is typically observed in 
extremely preterm infants in the first few days after birth. Similarly, 
the incidence of cerebellar hemorrhage compared to the numbers 
reported in the extremely preterm population, suggestive of a mech-
anism involving vascular immaturity. The notion that subdural hem-
orrhage was observed in 30% of infants supports this postulate. The 
authors could not identify risk factors for brain injury other than 
preterm birth and type of surgery; infants with major gastrointesti-
nal surgery (i.e., gastroschisis, esophageal atresia, and intestinal atre-
sia) were significantly more at risk than those with a minor anomaly 
(i.e., anorectal malformation). In a separate report, the authors de-
scribed peri-  and postoperative seizures in 11 cases. Except for one, 
all seizures were subclinical, only apparent on amplitude- integrated 
EEG recordings and no relationship was found between seizures and 
brain injury.12 Infants with genetic diseases and syndromes were in-
cluded in the study. One may hypothesize that the congenital anom-
alies requiring neonatal surgery and concomitant brain injury have 
a common denominator in the child's genetic make- up. As such, the 
underpinning genetic abnormality may both be involved in the birth 
defect and the pathway leading up to postoperatively diagnosed 
brain injury. Furthermore, the genetic anomaly may harbor comor-
bidities that add to the chain of events resulting in brain injury.

The second report is a case– control study investigating brain in-
jury, size, and maturation in 39 newborn infants after major surgery 
that took place within 2 weeks after birth. Cases were matched to 
39 controls by gender, gestational age, and PMA at time of MRI.4 
Additionally, the authors evaluated neurodevelopmental outcome 
at 2 years of age using the Bayley Scales of Infant and Toddler 
Development (BSITD- III). Congenital anomalies included esophageal 
atresia, abdominal wall defects, and congenital diaphragmatic hernia 
(not requiring ECMO). Infants exposed to neonatal surgery displayed 
significantly more white matter and cortical gray matter abnor-
malities assessed using previously reported scoring systems. They 
also showed smaller brain size and larger ventricles as measured 
by two- dimensional brain metrics. Surgical infants were 5.9 times 
more likely to exhibit delayed cortical maturation and demonstrated 
significantly poorer language skills and motor performance at age 
two. The mean difference in language and motor performance was 
nearly 1 SD, which is generally considered the threshold for neu-
rodevelopmental delay. Infants were scanned 4 weeks after birth 
or at discharge, whichever came first, and therefore, any inference 
about timing of brain injury or growth deficits could not be made. 
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The third study described brain volumes in 26 infants with long- gap 
esophageal atresia and compared them to healthy control infants in 
the first year after birth. Overall brain volume and corpus callosum 
volume were significantly smaller in both preterm (n = 13) and full- 
term (n = 13) infants who had undergone esophageal repair using the 
Foker process (i.e., thoracotomy for staged external traction) com-
pared to healthy control subjects.10,11 Cerebrospinal fluid volumes 
were reciprocally larger as a result of smaller brain tissue volumes.9

While studies investigating early brain injury after neonatal sur-
gery are limited to a handful of publications, ample research efforts 
have been undertaken to assess neurodevelopmental outcome in 
late infancy and early childhood. Results of such studies were eval-
uated in a systematic review and meta- analysis published in 2016.2 
Collating findings from 13 papers reporting on 511 children, the au-
thors found 0.5 SD lower cognitive composite scores and 0.6 SD 
lower motor scores on the BSITD at age 1 and 2 years. Rates of 
neurodevelopmental delay defined as BSITD scores <1 SD varied 
widely, from 3 to 56% regarding cognitive impairment and 0%– 77% 
with respect to motor deficit. Notably, a large proportion of included 
studies focused on congenital diaphragmatic hernia children with 
and without ECMO support. The authors identified low birthweight, 
younger gestational age, multiple congenital anomalies, multiple 
surgeries, longer hospital stay, and prolonged respiratory support as 
potential risk factors for neurodevelopmental impairment. Yet, only 
limited studies described risk factors. The systematic review was 
further hindered by considerable heterogeneity of studies.

In recent years, efforts to overcome the issue of heterogeneity 
have surfaced. A number of studies focused on outcomes in cohorts 
of specific birth defects including gastroschisis13 and esophageal 
atresia.14 School- aged children with neonatal gastroschisis repair 
exhibited poorer neurodevelopmental outcome across multiple do-
mains including academic attainment, attention, behavior, and motor 
skills. Similarly, children with corrected esophageal atresia were 
noted to have language delay, attention deficit, and motor impair-
ment in early childhood (i.e., 2 and 5 years). However, results have 
to be interpreted with caution owing to small sample size, loss to 
follow- up, a large battery of neurodevelopmental tests, and a wide 
age range at assessment.

In summary, there is mounting evidence that major surgery for 
noncardiac congenital anomalies in the neonatal period is associated 
with mild– moderate brain injury, impaired brain growth, and myr-
iad mild– moderate neurodevelopmental deficits. These findings are 
offset against results of recent large prospective studies including 
the hallmark GAS trial.1,15,16 Data from these studies provide evi-
dence that a single short exposure to anesthesia before age 3 years 
in otherwise healthy infants does not lead to cognitive impairment 
in childhood. However, neonatal surgery frequently involves major 
surgery of prolonged duration3,4 during a developmental time win-
dow that incorporates significant structural changes including wide-
spread synaptogenesis, cortical pathfinding, and proliferation of 
oligodendrocytes. The neonatal brain is therefore likely to be sub-
stantially more susceptible to protracted effects of insult than the 
more mature brain of older infants whose structural brain network 

has largely been laid out.17– 19 The arbitrary cutoff of age 3– 4 years 
seems counterintuitive from a brain development point of view. 
From this perspective, focusing on the neonatal surgery population 
(i.e., <60 PCW) appears reasonable. We believe that clinical research 
should aim at unraveling timing of neonatal surgery- related brain in-
jury, which is best facilitated by pre-  and postoperative neuroimag-
ing or even prenatal scanning if feasible. The community should be 
spurred into action to identify risk factors, perform rigorous long- 
term follow- up focusing on (subtle) cognitive and behavioral deficits, 
improve perioperative monitoring, and ultimately advance perioper-
ative management for our most vulnerable patients.

4  |  POTENTIAL MECHANISMS OF INJURY 
AND FUTURE DIREC TIONS

Despite important advances in mapping brain injury following neo-
natal surgery and defining neurodevelopmental outcome, important 
questions prevail. As mentioned, origin and potentially preoperative 
timing of injury remain largely unknown. Most attention has been 
directed at potential neurotoxicity of anesthetic drugs. Given the 
observed patterns of WMI, stroke, and IVH/PVHI, inflammation 
and disrupted cerebral perfusion are likely to be of key relevance 
(Figure 2). In this final section, we will interrogate potential mecha-
nisms of surgery- related neonatal brain injury and highlight remain-
ing caveats that we believe are relevant in this context.

Studies in nonhuman primates have repeatedly shown that 
prolonged exposure (≥5 h) to various anesthetic drugs including 
isoflurane, ketamine, and propofol is associated with widespread 
neuronal apoptosis and oligodendrocyte loss. Recently, 3 h of 
isoflurane anesthesia was also related to neuronal and oligoden-
drocyte apoptosis in 6- day- old macaques (6– 8 months human 
equivalence).20 Conjointly, neurotoxicity of anesthesia in the young 
primate brain has been established but has not been indisputably 
translated to the human infant, likely underscoring the complex-
ity of such clinical research and the intricacy of human cognitive 
and behavioral development. Most clinical studies have focused 
on short and single exposure to general anesthesia. Given the in-
extricable link between surgery, the underlying condition and pro-
longed anesthesia exposure, well- designed prospective studies on 
the putative impact of lengthy exposure to anesthetic agents are 
challenging. Despite these challenges, two such efforts are cur-
rently underway. A randomized controlled trial (RCT) aims to com-
pare isoflurane against dexmedetomidine and fentanyl anesthesia 
in neonatal cardiopulmonary bypass surgery (NCT03882788). 
Another RCT comparing sevoflurane- based anesthesia to a com-
bination of dexmedetomidine, remifentanil, and a neuraxial agent 
via caudal block is currently recruiting (NCT03089905), and 
feasibility results have been published.21 Dexmedetomidine has 
been suggested to be less neurotoxic or even neuroprotective 
and may therefore serve as a valuable comparison. Notably, stud-
ies describing brain injury following neonatal surgery reported a 
wide range of anesthetic regimens, but also of hemodynamic and 
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respiratory management.3,4,8 Future research is needed to more 
extensively investigate the role of anesthetic management as well 
as respiratory and hemodynamic targets. The putative impact of 
immature hemodynamic regulation will be discussed in more detail 
in the last paragraph.

Inflammation is another component that has been suggested 
in the pathophysiology of perioperative brain injury (Figure 2). 
Inflammation in addition to hypoxia– ischemia has long been estab-
lished in the disease model of preterm WMI.22 These two pillars in-
voke a cascade of downstream events culminating into an array of 
WMI. Its most severe form comprises focal necrosis, which is readily 
seen on modern neuroimaging techniques. Focal necrosis involves 

destruction of all cellular elements, including glia cells, late migrat-
ing neurons, blood vessels, and developing axons as a result of se-
vere energy failure. Small areas of focal necrosis would appear as 
punctate WMI on MRI. At the other end of the spectrum lies dif-
fuse WMI, which is considered the predominant pattern of WMI in 
preterm infants. Fundamentally, the downstream mechanisms of 
inflammation and hypoxia– ischemia lead to oxidative stress, which 
affects the preOL lineage while leaving axons and other developing 
cell types intact. Loss of preOLs instigates a wave of preOL renewal 
but this secondary pool of oligodendrocyte progenitors fails to ma-
ture to myelin- producing oligodendrocytes. Subsequent myelination 
failure has far- reaching implications. Lacking trophic support, axons 

F I G U R E  2  Proposed disease model of brain injury related to noncardiac neonatal surgery. Outline of the triad of inflammation, immature 
vascularization, and neurotoxicity of prolonged exposure to anesthetic drugs that may ultimately result in brain injury. These attributes 
are interrelated and may exacerbate each other. Systemic inflammation may be prompted by surgical stress and may have already been 
set in motion prenatally (e.g., in case of abdominal wall defects). Inflammation and hypoxia– ischemia (e.g., due to hypotension and/
or pressure passive perfusion, and desaturation) induce microglia activation, which prompts the release of cytokines, free radicals, and 
glutamate. The latter instigates excitotoxicity. This cascade as well as microglia activation itself results in damage to preOLs that are 
abundant in the developing white matter and will ultimately lead to hypomyelination. Microglia orchestrate synaptogenesis, axon formation, 
and neurogenesis. Their exuberant activation may disrupt neural circuit formation altogether. Finally, (volatile) anesthetics may prompt 
mitochondrial injury and hyperoxia may enhance injury. Immature vascularization involves underdeveloped autoregulation, incomplete 
growth of cerebral vessels at the microscopic level and an immature vascular wall. CO2 levels outside their normal range may further 
compromise cerebral blood flow. Prolonged exposure to various anesthetic agents may induce apoptosis of neurons and oligodendrocytes in 
the cerebrum and cerebellum
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degenerate and growth of their associated gray matter structures in 
both the cerebrum and cerebellum become impaired. These patho-
genic processes translate into functional sequelae across various do-
mains, including attention deficits, motor impairment, and learning 
disabilities.22 As a key player in the inflammatory response, microg-
lia dictate preOL demise. Given that microglia have a pivotal role in 
healthy brain development and are geared to modulate neurogene-
sis, synaptogenesis, and axonal tract formation, their aberrant acti-
vation may fuel disruptive neural circuit formation with potentially 
long- term functional consequences. Surgical stress especially in the 
setting of prolonged procedures and the underlying condition (e.g., 
abdominal wall defect) may give rise to an inflammatory response 
that could extend to the brain. Given that the oligodendrocyte lin-
eage is not yet fully mature in the neonatal brain, inflammation may 
permanently disrupt myelination and related brain development.

The third attribute of the proposed amalgam of surgery- related 
neonatal brain injury encompasses cerebral perfusion abnormalities 
(Figure 2). As mentioned, cerebral hypoxia– ischemia is the mainstay 
in the pathogenesis of WMI. Cerebral perfusion is mainly regulated 
by three mechanisms: (i) The arterial baroreflex adjusts heart rate 
and systemic vascular resistance to systolic arterial blood pressure 
(ABP) in order to maintain short- term blood pressure stability; (ii) 
cerebral blood flow (CBF) autoregulation regulates cerebrovascular 
tone to compensate for changes in perfusion pressure and maintain 
CBF more or less constant across a range of perfusion pressures; and 
(iii) regional CBF is tightly coupled to metabolism (flow- metabolism 
coupling) which is mainly reflected in cerebrovascular CO2 reactivity. 
In preterm neonates, baroreflex sensitivity (BRS) appears to double 
between 31– 32 weeks and 37– 39 weeks PMA.23 Lower birthweight 
has been associated with diminished BRS. There are no data on BRS 
during anesthesia in neonatal surgery. However, if analogous to the 
adult population, common anesthetic drugs including propofol and 
sevoflurane would depress sympathetic outflow and nearly obliter-
ate BRS.

Diminished autoregulatory capacity reflected by pressure pas-
sive perfusion and cerebral hyperperfusion have been established in 
the etiology of IVH/PVHI in preterm infants. Both patterns of injury 
have also been linked to neonatal surgery. Indeed, the relative spar-
sity of vascularization in the developing white matter in addition to 
immaturity and delicacy of the cerebral vessel walls may give way 
to both ischemic and hemorrhagic brain injury under fluctuating 
conditions, especially in preterm infants operated on before full- 
term age. CBF autoregulation to systolic and mean ABP develops 
between 23 and 33 weeks of gestation.24 However, CBF during dias-
tole is largely pressure passive until 33 weeks PMA.24 Furthermore, 
diastole is typically low in newborn infants, (yet also difficult to ac-
curately measure and frequently underestimated). At lower ends of 
the autoregulatory curve, where diastolic ABP may fall below intra-
cranial pressure, cerebral perfusion may subside, increasing the risk 
of hypoxic– ischemic brain injury. Such brief episodes of ischemia 
may also induce inflammation and prime the vasculature to rupture 
and subsequent hemorrhagic injury. Little is known about CBF au-
toregulation in neonates during anesthesia. One study measured 

CBF velocity using transcranial Doppler sonography in 113 infants 
<2 years during sevoflurane anesthesia and found a significant 
decrease in CBF velocity when mean NIBP dropped ≥20% from 
baseline in the subgroup of infants under 6 months of age. Infants 
older than 6 months did not show such effect, until mean NIBP fell 
≥40% from baseline. An obvious major limitation to this study is that 
blood pressure was not measured by means of indwelling arterial 
catheters.25 Another report evaluated cerebral autoregulation in 19 
preterm infants undergoing laparotomy for necrotizing enterocolitis 
and spontaneous intestinal perforation by comparing near infrared 
spectroscopy (NIRS) metrics extracted every 30 s to mean ABP val-
ues measured every 5 s to 5 min by means of indwelling catheters 
or NIBP. Data were divided into three epochs: the preoperative 
phase (30 min to 8 h), the surgical timeframe, and the postoperative 
period (max 8 h). CBF autoregulation was considered absent if the 
inverse correlation between the NIRS metric of cerebral fractional 
tissue oxygen extraction and mean ABP was >0.3 across each of 
these epochs. In this way, 12 (63%) preterm infants demonstrated 
impaired autoregulation during surgery. Similar to adults, increas-
ing end- tidal sevoflurane concentration and PCO2 were associated 
with an increased risk of diminished autoregulatory capacity.26 To 
our knowledge, well- designed studies using high- frequency sam-
pling to investigate autoregulatory physiology in newborn infants 
during anesthesia are lacking. Interestingly, lower BRS is associated 
with greater blood pressure variability and larger swings in cerebral 
perfusion pressure that may challenge an underdeveloped neonatal 
CBF autoregulation and put cerebral perfusion at risk of ischemia 
and hemorrhage.

Cerebral vascular resistance and related CBF are not only mod-
ulated by ABP but also under tight control of neurogenic factors, 
metabolic demand, and chemical compounds including pH, PaCO2, 
and PaO2. The latter are particularly relevant in the context of neo-
natal surgery as they may exacerbate injury, both at high and low 
ends. Comparable risk applies to glucose because hypoglycemia 
is intrinsically related to neonatal brain injury and both hypo-  and 
hyperglycemia may enhance emerging hypoxic– ischemic lesions. 
Together, these findings suggest a rationale for rigorously stable 
hemodynamics and respiratory parameters during neonatal surgery. 
Elaborate monitoring using transcutaneous CO2 sensors, NIRS, and 
EEG may be relevant in achieving such stability, as well as frequent 
sampling and administering vasopressors to counteract depressant 
circulatory effects of common anesthetic agents. Such perioperative 
regimen seems utmost relevant in newborn infants with pre- existent 
brain injury, in preterm infants, if the procedure is estimated to last 
>1 h and in settings of repeated surgery given that brain lesions are 
most frequently reported under these conditions.2– 4

5  |  CONCLUSION

Human brain development is incredibly complex and far from being 
fully elucidated. The undisputed roles of the fetal subplate and 
cerebellum in the development of cerebral connectivity have only 
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recently been described. A large body of literature from experi-
mental studies has established the neurotoxic effects of prolonged 
anesthetic exposure on the young primate brain. Clinical counter-
parts of these preclinical findings are not as straightforward, under-
scoring the complexity of such clinical research and the intricacy 
of human cognitive and behavioral development. Large prospec-
tive studies and a landmark RCT revealed the safety of short, sin-
gle anesthesia exposure in otherwise healthy infants for childhood 
neurodevelopment. Nonetheless, high- risk neonatal surgery takes 
place during a critical period of brain development, against a back-
ground of immature regulatory mechanisms including cerebral vas-
culature, the body's immune response, and free radical scavenging. 
The neonatal brain is therefore unmistakably at risk. In concert with 
the abundance of translational evidence for anesthesia- inflicted 
neurotoxicity, a small number of recent research efforts have 
stressed the vulnerability of the neonatal brain and revealed pat-
terns of ischemic and hemorrhagic brain injury in the aftermath of 
neonatal surgery. To what extent brain injury may already be pre-
sent before surgery has remained elusive. Neurodevelopmental fol-
low- up studies in these children have demonstrated mild– moderate 
deficits across multiple domains. Together, divergent literature 
findings underscore that much is yet to be deciphered. First, the 
impact and potential neurotoxicity of prolonged (>1 h) anesthesia 
remains to be determined. Second, etiology and timing of neonatal 
brain injury warrant further study. Preterm birth, multiple surgery, 
congenital anomalies, and low birthweight appear to be associ-
ated with surgery/anesthesia- related brain injury, yet risk factors 
are to be established. Long- term follow- up studies— preferably into 
adolescence— are key to evaluate the full impact of neonatal surgery 
on the early developing brain. Given the processes of neural circuit 
formation and the observed patterns of mild– moderate brain injury 
in infants undergoing major surgery, one would expect functional 
sequelae to comprise deficits in higher cognitive functions. These 
do not manifest until well into childhood and adolescence. We have 
proposed a disease model that integrates vascular immaturity, in-
flammation, and putative neurotoxicity of lengthy exposure to an-
esthetics. Research initiatives are awaited to provide insight into 
the complex interplay of immature regulatory mechanisms, poten-
tially predisposing factors of aberrant development and periopera-
tive brain injury. Such initiatives should be undertaken in preclinical 
models as well as in the clinical setting and warrants collaboration 
within and beyond the pediatric anesthesia community. Until much- 
needed answers are available, reasonable anesthetic management 
seems to encompass maintaining physiologic conditions in terms 
of cardiac output, heart rate, blood pressure, and metabolism (e.g., 
glucose, pH, PaO2, and PaCO2) that can be achieved by close moni-
toring and frequent sampling.

6  |  REFLEC TIVE QUESTIONS

1. What are the roles of the subplate and cerebellum during fetal 
and neonatal brain development?

2. What brain structures are most vulnerable during neonatal sur-
gery and why?

3. What patterns of brain injury have been associated with neonatal 
surgery?

4. What are likely mechanisms of injury and how should we address 
them?
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