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Intensifs, Hopitaux Universitaires de Geneve, Rue Willy-Donzé 6, CH-1205 Genève, Switzerland, 3Department of
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In his best-selling 2011 book entitled “Thinking Fast and Slow”,
Nobel laureate Daniel Kahneman elucidates the contrast be-
tween two modes of human thought-processing: fast and slow
thinking.1 Fast thinking is characterized by rapid and automatic
reaction to a simulation or problem, while slow thinking in-
volves a measured and analytical response. This dichotomy epit-
omises the clash between clinicians and basic scientists on the
enigma of anaesthetic neurotoxicity.2 Based on their clinical
practise that anaesthetics do not overtly produce neurocognitive
deficits, the clinician’s viewpoint relies on instinct and experi-
ence, while the scientist’s viewpoint is based on a deliberate ana-
lysis of experimental data and its logical extrapolation to the
clinical setting.

Since the initial British Journal of Anaesthesia sponsored 2012
Seminar on Anaesthetic Neurotoxicity and Neuroplasticity,3 the

impact of anaesthetics on the central nervous system (CNS) con-
tinues to be the focus of ardent investigation throughout the life-
span in both the laboratory and bedside. These preclinical
reports have even fuelled a cautionary statement by the
SmartTots collaborative and a recent United States Food and
Drug Administration Drug Safety Communication on the use of
anaesthetic and sedative drugs in patients aged three yr and
under.4 5 This Drug Safety Communication has disrupted the
routine management of elective surgery in this age group and
prompted some groups to change their preoperative discussions
regarding the risks of anaesthetic and sedative drugs.6

A working group of laboratory and clinical investigators with
expertise in neuroscience, epidemiology and clinical anaesthesia
reconvened in June 2016 in London to review the current evidence
on the impact of anaesthetics on the developing CNS, from the
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foetus to the elderly, and discuss ongoing investigations in both
the preclinical and clinical arena. A recent review by two partici-
pants of the seminar (LV and ZX) provides a comprehensive state
of the art overview of this subject.7 The following is a synopsis of
the novel presentations and ensuing discussions of this two day
seminar and how these ongoing investigations relate to the recent
FDA drug safety communication. Nine relevant articles are
included in this special issue of the British Journal of Anaesthesia on
Anaesthetic Neurotoxicity and Neuroplasticity published this
month and freely available on the web (https://academic.oup.
com/bja (accessed 18 July 2017)).8–16

Preclinical investigations
Investigations in vitro

The mechanisms underlying anaesthetic neurotoxicity have not
been fully elucidated, but recent evidence suggests that anaes-
thetic exposure during critical periods of brain development not
only leads to cell death and impaired neurogenesis, but also to
aberrant formation of neural circuitry. Dendrites, which receive
synaptic contacts from axons and integrate signals for computa-
tional purposes, are a key component of all neural circuits which
continue to develop postnatally in many brain regions. The ef-
fects of anaesthetics on epigenetic modulation of transcription
clearly demonstrate a global effect on neurodevelopment and
synaptogenesis.17 This novel observation could account for the
derangements caused by anaesthetic drugs on parallel signalling
pathways.7

A key concept reiterated by several preclinical investigators is
modulation of neuronal plasticity by anaesthetic drugs.18

Evolving observations from several laboratories demonstrate ab-
errant growth of dendrites and axons at different developmental
periods.19–25 These morphological changes have also been
observed in laboratory models of neuropsychiatric disorders
such as autism, schizophrenia and Alzheimer Disease.26

Both sevoflurane and ketamine have been shown to activate
glycogen synthase kinase-3b (GSK-3b), increasing phosphoryl-
ation of its substrates.27 28 GSK-3b has been identified as a ubiqui-
tous modulator of neurodevelopment, and is linked to mood
disorders and Alzheimer Disease.29 Exposure to anaesthesia and
surgery worsens cognitive impairment in transgenic Alzheimer
mice.10 Ongoing work suggests that anaesthetics impair dendrite
development, which has been implicated in neurodevelopmental
disorders. However, the impact of these structural changes on
subsequent neurocognitive deficits has been questioned and
needs to be examined in other laboratory models.9 Taken to-
gether, studies in the laboratory are identifying analogous patho-
logical morphologies and pathways previously observed in
preclinical models of various neuropsychiatric and behavioural
disorders.

Investigations in vivo

Histopathological, anatomical and behavioural endpoints have
all demonstrated utility in describing the extent of developmen-
tal anaesthetic neurotoxicity; the behavioural/cognitive effects
are long-lasting if not permanent. In animal models a variety of
drugs have shown promise in ameliorating the adverse effects
that can accompany general anaesthesia during development.8

Landmark investigations from the Fitzgerald laboratory have
clearly demonstrated an adverse impact of unmitigated noxious
stimulation on the development of nociception.30–32 These find-
ings clearly show that pain in early life has long-term structural

and functional effects on nociceptive pathways.33 As anaesthetic
agents vary in their degree of analgesic efficacy, effects of both
anaesthesia and analgesia need to be considered. These reports
validate the need to provide some degree of both anaesthesia
and analgesia during painful procedures. However, the impact of
anaesthetic drugs on all phases of neurodevelopment and their
functional consequences on cognition and behaviour need to be
further interrogated in the laboratory.

Neuroglial interactions and mechanisms also play important
age- and brain region-specific roles in the developing nervous
system. Neuroinflammation has been identified in laboratory
models of both anaesthetic and injury-induced plasticity.34–36

Recent observations on the association of neuroinflammation
induced by surgical stimuli and neurocognitive changes, clearly
identify a novel therapeutic target to mitigate postoperative de-
lirium and cognitive dysfunction in the elderly.37 38 Importantly,
changes in microglial phenotype can produce long-term alter-
ations in response to subsequent stimuli.

Nonhuman primates provide a recognised surrogate for
investigating drug effects on humans.39 40 A striking aspect of re-
cently published reports on the impact of volatile anaesthetics
on non-human primates is that clinically relevant concentra-
tions and exposure schedules were utilised in these studies.
A single three h exposure to isoflurane significantly increases
apoptosis of both neurons and oligodendrocytes in infant rhesus
monkeys.11 Repeated exposures of infant rhesus monkeys to
sevoflurane resulted in increased anxiety-related behaviours
after an acute stressor.41 Furthermore, multiple exposures to iso-
flurane anaesthesia for five h caused motor reflex deficits and
anxiety behaviours compared with naı̈ve and single isoflurane
exposure groups.42 Repeated exposures to sevoflurane also re-
sults in visual recognition memory impairment that emerges
after the first yr of life.13

Laboratory studies in rodents and nonhuman primates have
clearly demonstrated that every anaesthetic agent rigorously
tested can produce developmental neurotoxicity depending on
the duration of anaesthesia and developmental stage at expos-
ure. These effects are agent-dependent however, with some hav-
ing greater effect than others. Understanding the mechanisms
involved is essential for identifying: i) preventive strategies that
can be administered during general anaesthesia; ii) targeting
interventions to high-risk groups; and iii) modulating ‘unavoid-
able’ adverse effects (such as focused educational or behavioural
interventions for children who have required anaesthesia). At
this stage, multiple mechanisms have been identified with ef-
fects on neurogenesis, cell viability, synaptic function and stabil-
ity, network formation and neuroglial interactions. It is not yet
clear if these represent a dose-dependent continuum from plasti-
city to toxicity or independent mechanisms.

Clinical investigations

As most general anaesthetics are neurotoxic in young animals,
there is concern that the same holds true in infant humans.43–45

However, the clinical phenotype of anaesthesia exposure in early
life has not been clearly and uniformly defined at a later age.
While a wide range of outcome measures have been analysed,
they vary widely across studies, and have differences in sensitiv-
ity, specificity, potential confounding by other factors at the time
of anaesthesia (e.g. hypotension, concurrent illness and surgical
injury), and by the extent to which persistent biological effects of
anaesthetic exposure are modified by subsequent environmen-
tal, social and family factors. Age at the time of evaluation has a
significant impact on the sensitivity of the outcome, with the
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majority of cohort studies showing effects emerging at older
ages.

Surgery in infancy is associated with increased risk of poor
neuro-behavioural outcome, although the reasons for this asso-
ciation are unclear.46 47 Early retrospective studies have impli-
cated exposure to anaesthesia and surgery before two yr of age
leads to measurable cognitive deficits.46 48 49 The duration of an-
aesthetic exposure appears to worsen learning and cognitive
function at a later time.14 49 However, recent analyses of large
databases revealed that children from two to four yr of age had
statistically significant decrements in their educational assess-
ments.50 51 This recent finding challenges the FDA’s contention
that, “repeated or lengthy use of general anaesthetic and sed-
ation drugs during surgeries or procedures in children younger
than three yr or in pregnant women during their third trimester
may affect the development of children’s brains.” It is clear from
the preclinical data that anaesthetic drugs can modulate neurode-
velopmental processes throughout the lifespan in an individual.7

Two high profile multicentre clinical trials, the GAS and PANDA
trials, have recently published their findings. The GAS trial is a
randomized controlled trial that provided strong evidence that one
h of anaesthesia exposure in infancy does not result in neurologic
deficit as measurable at two yr of age.52 However a measure at two
yr of age is insensitive, so the trial does not rule out an effect on
higher executive function, cognition and memory. The five yr as-
sessment will provide more data on cognitive outcomes. The
PANDA study prospectively examined the impact of inguinal her-
nia surgery in infants under three yr of age on an extensive battery
of neurocognitive tests.53 When compared with a sibling cohort
naı̈ve to surgery and general anaesthesia, no significant differ-
ences in these neurocognitive domains were detected. Both nega-
tive studies only examined the impact of short exposures to
general anaesthesia and surgery. This does not rule out an effect
with longer exposures. These findings are consistent with the lack
of toxicity and neuro-behavioural deficits after short exposures to
anaesthetics in laboratory animals.

Another cognitive domain that has been examined in
humans is recognition memory, which is the ability to recall spe-
cific details of an item and its context, and familiarity, which is
the feeling that one has previously encountered an object or con-
text. An ambi-directional cohort study showed that infants
exposed to volatile anaesthetic for longer than two h exhibited a
deficit in recognition memory compared with matched controls
assessed between the ages of six and 11 yr. A comparable deficit
in recollection-like memory was found in rats exposed to sevo-
flurane at seven days of age and tested months later.54 A follow-
up ambi-directional trial comparing late vs early and long vs
short exposure to general anaesthesia with a volatile agent as
the primary anaesthetic is underway.

Apart from neurotoxicity, there might be other modifiable
perioperative factors that impact long-term neurocognitive out-
come, among them hypotension and hypocarbia.55 Anaesthetists
are now adapting their management to mitigate iatrogenic causes
of morbidity by reducing anaesthetic concentrations, avoiding
hypocarbia, and treating hypotension more aggressively. Clearly,
much more work must be done. Prospective studies are underway
and will hopefully provide guidance. New anaesthetic regimens
and drug classes need to be developed to minimize neurological
morbidity for patients of all ages.

The role of clinical trials

The optimal design of clinical trials depends on the questions
being asked. A single clinical trial cannot answer the crucial

question: “does the toxicity seen in animals have clinical rele-
vance to humans?” Such a trial would simply not be feasible as it
would require large numbers of infants having long exposures to
anaesthesia comparing a standard to a nontoxic anaesthetic.
Future trials should be based on strong preclinical evidence that
the nontoxic regimen is indeed harmless. Although the best out-
come measure for these trials is debatable, it should be founded
on what is expected based on preclinical studies and/or what is
most important for the child.

One approach is to design a superiority trial in which an
alternative anaesthetic is compared with standard care. The alter-
native anaesthetic must be plausibly less toxic based on preclinical
data, but does not have to be proven to be definitively or com-
pletely nontoxic. The alternative also must be feasible and readily
translatable into common practice. A “dexmedetomidine-based
sevoflurane sparing” technique may be an alternative anaesthetic
for this study design. The TREX study (Clinical Trials identification:
NCT03089905) is underway at several paediatric hospitals in North
America, Europe and Australasia. Other new mitigating agents are
being explored in preclinical studies but are yr away from being
ready for human trials.

Early recognition of the pathological processes is indispensable
in mitigating the adverse consequences of anaesthetic exposure,
leading to the development of minimally invasive biomarkers.56

Imaging technology has the potential to detect and track evolving
structural and metabolic derangements in the brain associated
with anaesthetic drugs.57 Micro-positron emission tomography
(mPET) and computed tomography imaging in neonatal rhesus
monkeys previously exposed to sevoflurane anaesthesia for eight
h demonstrated increased glial activation, which was attenuated
by acetyl-L-carnitine.58 As these minimally-invasive biomarkers of
anaesthetic neurotoxicity (including imaging, blood-based and be-
havioural) have been identified in laboratory animals,56 59 applica-
tion of these techniques should be useful in conducting studies on
the ongoing effects of general anaesthesia in children and adults.
Functional magnetic resonance imaging (fMRI) holds promise in
assessing structural and functional changes in the brain during
the perioperative period.12 Serum levels of brain-derived neuro-
trophic factor have been shown to be a biomarker for postoperative
delirium in elderly patients. However, these are only surrogate out-
comes and their utility will depend on the confidence we have that
they are indeed associated with a meaningful neurodevelopmen-
tal outcome. Although there are various candidate biomarkers,
none have yet been linked to neurodevelopmental outcome in
humans.

Conclusions

Accumulating evidence from preclinical studies demonstrates
that general anaesthetics can modulate CNS development and
function. However, recent prospective studies of the impact of
prior exposure to anaesthetics on early measures of cognitive
function have not been consistent with some previously pub-
lished retrospective clinical reports. As evidence from ongoing
clinical studies in paediatric and geriatric anaesthesia emerges,
it is important for this line of research to be expanded and
openly deliberated in scientific seminars such as the British
Journal of Anaesthesia sponsored 2016 Seminar on Anaesthetic
Neurotoxicity and Neuroplasticity.

Although the FDA Drug Safety Communication assertion that,
“to better inform the public about this potential risk, we are requir-
ing warnings to be added to the labels of general anaesthetic and
sedation drugs” may be cause for most clinicians to react and
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protest that this is too severe and a threat to their clinical practice,
a “slow” and deliberate examination of this document reveals that
much more work needs to be done to investigate the impact of an-
aesthetics on neurodevelopment. As general anaesthesia often
cannot be avoided, regardless of patient age, it is important to
understand the complex mechanisms and effects involved in
anaesthesia-induced neurotoxicity, and to develop strategies for
avoiding or limiting potential CNS injury. The Drug Safety
Communication further underscores the need to pursue investiga-
tions that will permit more definitive conclusions about potential
neurotoxicity in humans of all ages, and facilitate the establish-
ment of clinically-based recommendations to guide practice.
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