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Key points

† Preclinical evidence
indicates anaesthetic
exposure in neonatal
animals leads to
neurotoxicity and
neurobehavioural deficits.

† Available clinical studies
related to anaesthetic
neurotoxicity are
retrospective and
inconclusive.

† Two multicentre clinical
studies are currently
underway to address
anaesthetic neurotoxicity
in children.

Summary. A great deal of concern has recently arisen regarding the safety of
anaesthesia in infants and children. There is mounting and convincing preclinical
evidence in rodents and non-human primates that anaesthetics in common clinical
use are neurotoxic to the developing brain in vitro and cause long-term
neurobehavioural abnormalities in vivo. An estimated 6 million children (including 1.5
million infants) undergo surgery and anaesthesia each year in the USA alone, so the
clinical relevance of anaesthetic neurotoxicity is an urgent matter of public health.
Clinical studies that have been conducted on the long-term neurodevelopmental
effects of anaesthetic agents in infants and children are retrospective analyses of
existing data. Two large-scale clinical studies are currently underway to further
address this issue. The PANDA study is a large-scale, multisite, ambi-directional
sibling-matched cohort study in the USA. The aim of this study is to examine the
neurodevelopmental effects of exposure to general anaesthesia during inguinal hernia
surgery before 36 months of age. Another large-scale study is the GAS study, which
will compare the neurodevelopmental outcome between two anaesthetic techniques,
general sevoflurane anaesthesia and regional anaesthesia, in infants undergoing
inguinal hernia repair. These study results should contribute significant information
related to anaesthetic neurotoxicity in children.
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An estimated 6 million children receive anaesthesia annually
in the USA.1 Among infants, defined as those under 12
months of age, the Nationwide Inpatient Sample data indi-
cate that 1.5 million undergo surgery as inpatients each
year in the USA. Surgical anaesthesia provides amnesia,
analgesia, immobility, and control of autonomic responses
during surgical procedures. In the non-surgical setting, anaes-
thesia in children provides safe and appropriate conditions for
interventional procedures, imaging studies, and diagnostic
procedures. The benefits of anaesthesia in children include
alleviation of pain, anxiety, maintaining stable vital signs,
and providing adequate conditions for surgery or the pro-
cedures in question. These benefits have accounted for the
exponential increase in the number of anaesthetics adminis-
tered to children in many different settings, for many different
procedures, and to children of increasingly younger age.

The widespread and growing use of anaesthesia in infants
and young children thus makes its safety a major public
health issue of interest to the public, government agencies,
and the anaesthesia community. This issue has become a
matter of great concern with the evidence that anaesthetics
are neurotoxic in animal studies.

A conceptual framework for research related to the
adverse health effects of anaesthesia exposure in vivo,
in vitro, and in populo is presented in Figure 1. The goal
of this review is to provide an overview of available clini-
cal studies related to neurocognitive development and
early childhood exposure to anaesthesia, including the
outline of two large-scale ongoing clinical studies. The
review only briefly summarizes the preclinical studies
that have reported functional outcomes, which serve as
important background information to the clinical studies.
For a more comprehensive review of all of the preclinical
studies on anaesthetic neurotoxicity, the reader is referred
to other recent reviews.2 – 6

Preclinical studies of anaesthetic
neurotoxicity in the developing brain
Experimental studies in animals (rats, mice, guinea pigs,
piglets, and non-human primates) have shown that exposure
of the developing mammalian brain to a variety of commonly
used anaesthetic agents during critical developmental
periods can lead to neuronal apoptosis or neurodegeneration
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in vitro and measureable neurobehavioural and functional
deficits in vivo.2 – 4 7 – 53

Ikonomidou and colleagues22 first made the observation
that N-methyl-D-aspartate glutamate receptor (NMDAR) antag-
onists induced extensive neuronal apoptosis in the developing
rat brain. This has potentially important implications for clinical
paediatric and obstetric anaesthesia since certain clinically
used anaesthetic agents have similar mechanisms of action
as NMDAR antagonists.22 The concern was thus raised with
respect to the potential neurotoxic effects of other anaesthetic
agents. Subsequently, studies by Jevtovic-Todorovic and col-
leagues7 and Fredriksson and colleagues20 found the same
pattern of in vitro neuronal apoptosis after exposure of the
developing rat brain to anaesthetic agents that act as NMDAR
antagonists and g-aminobutyric acid type A receptor (GABAR)
agonists. Jevtovic-Todorovic and colleagues7 exposed rats at
postnatal day 7 to a ‘cocktail’ of clinically used anaesthetic
agents (midazolam, isoflurane, and nitrous oxide) and demon-
strated not only neuronal apoptosis in the infant rat brain, but
also persistent functional deficits in memory and learning in
juvenile rats, with impairment of both spatial reference and
working memory in adult rats.

Dose-dependent neuronal apoptosis in response to
anaesthetics has been documented in both rodent and
non-human primate studies. Ketamine induces neuronal
apoptosis and neurodegeneration in both rats and
monkeys with high doses, prolonged exposure, or repeated
doses.2 3 49 50 52 Similar dose-dependent effects have been
documented for propofol and isoflurane.3 20 37 Neurotoxic
effects were more prominent when the exposure was to a
combination of anaesthetic agents with both NMDAR and
GABAR actions than from exposure to an agent with either
NMDAR or GABAR actions alone.

Another important feature of anaesthetic neurotoxicity is
that there is a critical period of vulnerability for exposure.
Studies in rodents found neuronal apoptosis to be the great-
est if exposure occurred at postnatal day 7, the period of
peak synaptogenesis.10 50 In non-human primates, exposure
occurring at postnatal day 5, but not at postnatal day 35, was
found to cause neurotoxicity.

These preclinical studies indicate that neurotoxicity of
anaesthetic agents in the developing brain, as evidenced
by neuronal apoptosis and necrosis, is greatest if the
exposure occurs during periods of peak synaptogenesis,
with high doses or with a combination of anaesthetic
agents. However, anaesthetic-induced neurotoxic effects
involve more than neuronal apoptosis and necrosis during
synaptogenesis. Several recent studies suggest that anaes-
thetics also inhibit neurogenesis and alter the development
of dendritic spine architecture, important developmental
processes in synapse formation 0.17 53 Although much
work remains to be done to elucidate the specific mechan-
isms of anaesthetic neurotoxicity, much progress has been
made. One proposed mechanism is the inhibition of brain-
derived neurotrophic factor (BDNF) signalling pathways by
GABAergic and NMDAR-acting anaesthetic agents.25 53

BDNF has also been shown to be involved in the developmen-
tal neurotoxicity observed with lead exposure.54

Most preclinical studies have examined the effects of
various anaesthetics on histopathological changes in vitro.
The focus of the present review is on those studies that
also examined functional outcomes (Table 1).7 9 – 13 20 24 45

To date, functional outcome studies have only been per-
formed in rats and mice. Preliminary findings in non-human
primates have been reported at meetings, but are not yet
published. Although studies have consistently demonstrated
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Fig 1 A conceptual framework in studying anaesthetic neurotoxicity (originally conceived by Dr Guohua Li, MD, DrPH, Columbia University).
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neuronal apoptosis after anaesthesia, not all studies showing
histopathological neurotoxicity have found evidence of
abnormal neurobehavioural outcome.10 11

Is general anaesthesia neurotoxic to
infants and children?
This alarming preclinical evidence of anaesthetic neurotoxi-
city from in vitro and in vivo animal studies raises serious
concern that the use of anaesthetic agents in children
might lead to long-term adverse neurodevelopmental out-
comes. Findings of abnormal attention, learning, and
memory tasks and social behaviour in adult animals that
had neonatal anaesthesia exposure generated a great deal
of interest from the media, public, and parents. The US
Food and Drug Agency (FDA) responded to these concerns
and convened a scientific advisory committee meeting in
2007 to discuss whether specific recommendations for
changes in the use of anaesthetic agents in infants and chil-
dren are needed.2 The consensus from the advisory

committee was that without data from clinical studies, the
question of whether anaesthetic agents are neurotoxic in
children cannot be answered.

Clinical studies of neurodevelopmental
effects of anaesthesia exposure during
early childhood
Since 2007, a total of five clinical studies have been pub-
lished.55 – 59 All of these studies are retrospective cohort
studies and are summarized in Table 2. Two of these
studies derived their data from the Olmstead County
Birth Cohort.58 59 In both of these studies, the outcome
used was learning disability (in maths, language, and
reading).58 59 Sprung and colleagues58 studied a cohort of
5320 children to specifically determine the neurocognitive
effects of prenatal/fetal exposure during labour and delivery.
There were 4823 children who were born by vaginal delivery,
197 who were born by Caesarean delivery under general
anaesthesia, and 304 who were born by Caesarean delivery

Table 1 Summary of preclinical studies related to anaesthetic neurotoxicity with functional outcomes

Agents Species In vivo effects Tests

Isoflurane7 10 –12 24 Rats Learning Open field maze

Memory Radial arm maze

Spatial memory Fear conditioning

Spontaneous motor activity Object recognition

Attention IntelliCage

Balance beam

Water maze

Sevoflurane32 45 Mice Learning Open field

Social memory Elevated plus maze, Y-maze

Fear conditioning

Social recognition, social interaction

Olfactory and novelty tests

Propofol20 32 Mice Spontaneous activity Spontaneous motor activity

Learning Radial arm maze

Spatial memory Elevated plus maze

Water maze

Hole board

Phenobarbital/thiopental9 11 Rats Reduced hippocampus-dependent behaviour performance Balanced beam

Open field maze

Elevated plus maze

N2O7 24 Rats Learning Radial arm maze

Memory Water maze

Spontaneous motor activity

Attention

Midazolam7 24 Rats Learning Radial arm maze

Memory Water maze

Spontaneous motor activity

Attention

Ketamine7 20 Mice Reduced hippocampus-dependent behaviour performance Spontaneous motor activity

Radial arm maze

Elevated plus maze
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under regional anaesthesia. Fetal exposure to general anaes-
thesia during Caesarean delivery did not increase the risk for
developing a learning disability compared with vaginal deliv-
ery without anaesthesia. Using the same cohort, Wilder and
colleagues59 examined the effects of postnatal anaesthesia
before age 4 and found that learning disability (maths,
language, or reading) was higher in those children with mul-
tiple anaesthesia exposure and surgery before age 4. The
Olmstead County Birth Cohort provides a large sample of
study subjects. In addition, the investigators were able to
obtain medical records to abstract information on anaesthe-
sia exposure.

These are significant strengths in both studies,58 59 but
there are also limitations with respect to the outcomes exam-
ined. The authors were careful to adjust for age, sex, birth
weight, and maternal education, known confounders in eval-
uating neurocognitive function. However, the study cohort
does not reflect the patient characteristic and cultural and
racial/ethnic diversity of the overall US population. In addition,
the retrospective cohort had exposure to anaesthesia from
January 1976 to December 1982, a period during which the
most commonly used anaesthetic agents were halothane
and nitrous oxide. Since the early 1980s, anaesthesia practice
has evolved and halothane is no longer in clinical use in the
USA, and the use of nitrous oxide has also declined. Therefore,
based on the relative lack of population diversity and signifi-
cant changes in anaesthesia practice, the results of these
two well-designed studies are not generalizable to paediatric
anaesthesia practice in the USA today. Another limitation of
these two studies is the use of learning disability as the
outcome measure. Learning disability is a categorical determi-
nation based on a discrepancy between a child’s IQ and his/
her actual achievement; it is not a specific neuropsychological

outcome. In the state of Minnesota where the study was con-
ducted, learning disability can be identified using three differ-
ent approaches, so the endpoints were not standardized.
Furthermore, the authors combined the three different types
of learning disability in language, maths, and reading into a
single outcome measure. Because language, reading, and
maths are subserved by discrete brain regions with distinct
developmental trajectories, a unitary outcome of ‘learning dis-
ability’ would be non-specific.

DiMaggio and colleagues56 used the New York State Med-
icaid data set and constructed a birth cohort of 383 children
who underwent inguinal hernia repair during the first 3 yr of
life as the exposed group. The unexposed cohort for compari-
son was a sample of 5050 children who were frequency-
matched on age with no history of hernia repair before age
3. Using ICD-9 diagnostic codes for developmental delay or
behavioural problems, the authors found the exposed
cohort to have a 2.3-fold (95% CI 1.3–4.1) increased risk
for such diagnosis compared with the unexposed cohort.56

As with the Sprung and Wilder studies,56 58 59 a significant
limitation of this study was the outcome measure used. It
was non-standardized and therefore could easily be subject
to variations due to local practice patterns and misclassifi-
cation from diagnostic coding. In addition, the study did not
have an explicit variable of anaesthesia exposure. Although
hernia surgery is not known to be associated with any specific
conditions that give rise to abnormal neurocognitive function,
it is still possible that there was bias from confounding due to
indications for surgery. Unlike the Olmsted County population
which was too homogeneous, the Medicaid population in the
DiMaggio study was a much higher risk cohort than the
general population due to the criteria for eligibility to enrol
in the Medicaid system (low socioeconomic status).

Table 2 Summary of clinical studies related to anaesthetic neurotoxicity

Neurocognitive outcome Assessment tools Study details

Learning disability (in
language or math or
reading)

Learning Disability criteria (based on IQ and
achievement test results)

Olmstead County Birth Cohort22 29

Findings: multiple exposure increases risk for learning disability

Findings: there is no difference in incidence of learning disability
between children whose mother had Caesarean section under
general anaesthesia and regional anaesthesia

Behaviour Child Behavior Checklist (CBCL) Retrospective ‘pilot’ study in urology patients aged 0–6 yr.21

Underpowered

Findings: trend towards more atypical behaviour with exposure

Developmental delay ICD-9 diagnosis codes NYS Medicaid data set20

Behavioural problems Findings: hernia under 36 months of age increases risks for
developmental disorder

Autism spectrum disorder

Education achievement Dutch CITO-elementary test-cognitive problems/
inattention subscale of Conner’s Teacher Rating
Scale: short form

Young-Netherlands Twin Register19

Teacher rating of behaviour Findings: no differences in twins discordant for anaesthesia
exposure before 36 months
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Kalkman and colleagues57 performed a survey of long-
term behaviour after childhood surgery using Child Behavior
Checklist (CBCL) parental reports. Their study sample con-
sisted of 243 individuals who were currently 12.5–15.8 yr
of age and who had general anaesthesia for urological
surgery from 0 to 6 yr of age. Those who had anaesthesia
and surgery before 24 months of age appeared to be more
likely to have ‘deviant’ behaviour than those who had
surgery and anaesthesia at an older age.57 However, the
study sample size was inadequate to provide sufficient
power to yield statistically significant results, thus making
this more of a pilot study for a larger study in the future.

Although these retrospective cohort studies suggest that
early anaesthesia exposure might be associated with late
adverse neurodevelopmental outcome, a more recent study
from the Netherlands failed to show any effects of anaesthe-
sia exposure on long-term neurocognitive function using the
Young Netherlands Twin Registry.55 In a study of 1143 mono-
zygotic twin pairs, exposure to anaesthesia before age 3 cor-
related with reduced educational achievement. But there
were no differences between twin pairs when they were dis-
cordant for anaesthesia exposure. They therefore concluded
that there was no causal relationship between exposure to
anaesthesia and cognitive performance later in life. Limit-
ations in this study include the lack of comparative exposure
data for the twins and data on indications for surgery. The
outcome measures used were education achievement
scores at age 12 and reports of behaviour problems by tea-
chers. Although the authors presented data that there was
a demonstrable correlation between IQ and educational
achievement scores (CITO scores), academic achievement
scores cannot be considered as an objective neuropsycholo-
gical outcome measure as they can be influenced by many
factors.60

Important issues and consideration in
clinical studies of anaesthetic
neurotoxicity
Key issues that need to be addressed by clinical studies
include what should be considered as adverse neurodevelop-
mental outcome and the age at risk. Neurodevelopmental
outcome could be assessed as the presence of neurodeve-
lopmental disorders, such as autism, mental retardation,
language delay, learning disability, or attention deficit
hyperactivity disorder.61 – 63 To date, studies examining the
association of anaesthesia exposure with neurodevelopmen-
tal outcome have adopted this approach.55 – 59 However,
objective evaluation of neurodevelopmental abnormality
requires direct assessment of neurocognitive functions
using standardized neuropsychological instruments. Neuro-
psychological assessment in a developing child is very differ-
ent than in adults. First, neuropsychological assessment
instruments in children are age-specific and those available
for the very young do not always predict later functions.64

Secondly, many of the neurocognitive functions are not yet
fully developed at the time of exposure.65 66 Therefore, pre-

exposure ‘baseline’ neuropsychological assessment of
young children would not even be possible as in adults.

The age of vulnerability in children cannot be extrapolated
easily from the clinical studies because cross-species trans-
lation of brain development is still an area of ongoing
study. The vulnerable period of injury has been consistently
demonstrated to be during peak synaptogenesis.7 10 30 50

Therefore, our current understanding of human brain devel-
opment may be informative in choosing the age most likely
to be at risk for anaesthetic neurotoxicity. In the human
brain, there are significant regional differences in the
timing for peak synaptogenesis. The earliest is in the
primary sensorimotor cortex, occurring around birth. This is
followed by the parietal and temporal association cortex,
important in language and spatial attention, where peak
synaptogenesis occurs at around 9 months. The last region
to peak in synaptogenesis is in the prefrontal cortex, which
occurs at age 2–3 yr. The prefrontal cortex is key in executive
function and integrative and modulatory brain function.
Since peak synaptogenesis occurs between birth and 2–3
yr of age,65 67 68 the vulnerability period for anaesthetic-
induced neurotoxicity might be up to 36 months of age in
the developing human brain.

Currently, there are two large-scale studies underway that
attempt to address the issue of anaesthetic neurotoxicity in
children. The GAS study is an international randomized trial
comparing general sevoflurane anaesthesia with regional
anaesthesia in 600 infants undergoing inguinal hernia repair.
The follow-up period will be 5 yr, with evaluation performed
at ages 2 and 5 yr. The evaluation at age 2 will be performed
using the Bayley Scales for Infant Development-III, and the
evaluation at age 5 will include the Wechsler Preschool and
Primary Scale of Intelligence-III and additional neuropsycho-
logical tests within NEPSY II (second edition of the neuropsy-
chological test battery for children and adolescents).

The PANDA (Pediatric Anesthesia and NeuroDevelopment
Assessment) study is a multisite study that will involve
eight US study sites. It is an ambi-directional, sibling-
matched cohort study that will enrol a total of 1000 children
or 500 sibling pairs. The anaesthesia exposure will be limited
to a single episode of general anaesthesia for inguinal hernia
repair in ASA I and II patients before 36 months of age. The
study will perform an extensive neuropsychological battery in
children between age 8 and 15 yr (Table 3).

Results from the PANDA study will be applicable to chil-
dren undergoing elective procedures who are otherwise
healthy, which constitute the great majority of patients in
the USA. If anaesthetic exposure is found to be without
effects in the study patients, reassurance could be offered
to millions of parents. However, other patients who have sig-
nificant co-morbidities or with more prolonged or frequent
exposure to anaesthesia would still need to be examined.
Should the study find anaesthesia exposure to have deleter-
ious neurocognitive effects, we must urgently consider
alternative strategies in the timing and delivery of anaesthe-
sia care to young children and the development of novel
anaesthetic agents with different mechanisms of action
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with minimal neurotoxic effects. Additional studies would be
needed to more specifically determine the age of vulner-
ability and examine the specific exposure variables related
to types of anaesthetic agents, drug doses, and exposure
duration. Although additional studies would still be needed
depending on the findings from these studies, these
large-scale studies should produce data that will contribute
significantly in addressing whether the preclinical studies
on anaesthetic neurotoxicity are clinically relevant and thus
inform clinical decision-making.

Conclusions
The difficulty in the interpretation of the clinical studies that
have been completed to date is related to the retrospective
nature of the studies, the lack of precise information in
terms of age, agent, duration, and dose of anaesthetics,
specific agents used, the variable outcome endpoints used,
and the way these outcomes were assessed. These studies
used variable neurocognitive outcomes including learning
disability, diagnosis of developmental delay, and parental
reports of behaviour. These outcome measures lack speci-
ficity and standardization in most cases. These study popu-
lations do not reflect a sampling of the population at large
and therefore the findings might not be generalizable. At
present, results from in populo studies remain too sparse
and too inconsistent to allow any recommendations for
specific practice guidelines or changes in paediatric anaes-
thesia practice. However, these studies do underscore the
need for definitive studies in which outcome endpoints are
specific and comprehensive, assessments are prospective
and direct, and neuropsychological instruments used for
assessment are validated and standardized.
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