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Abstract Numerous preclinical and clinical studies
investigating the neurodevelopmental and neurocognitive
effects of exposure to anesthesia and the combination of
anesthesia and surgery have demonstrated histopathological
and both temporary and long-term cognitive and behavioral
effects at the extremes of the human age spectrum.
Increasing coverage in the lay press for both our youngest
and oldest patient populations has led to heightened con-
cerns regarding the potential harmful side effects of almost
all commonly used anesthetic drug regimens. Although the
majority of information regarding anesthetic risks in the
developing brain derives from preclinical work in rodents,
research involving the aged brain has identified a well-de-
fined postoperative cognitive phenotype in humans. While
preclinical and clinical data appear to support some asso-
ciation between anesthesia and surgery and the develop-
ment of detrimental cognitive changes in both the
developing and the aged brain, correlation between anes-
thesia and surgery and poor neurological outcomes does not
imply causation. Given this information, no single anes-
thetic or group of anesthetics can be recommended over any
other in terms of causing or preventing negative neu-
rocognitive outcomes in either population. This review
summarizes the growing body of preclinical and clinical
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literature dedicated to the detrimental effects of anesthesia
on both the developing and the aging brain.

Key Points

Many preclinical studies have demonstrated
detrimental effects from anesthetic and sedative
drugs on both the immature and the aging brain, but
the clinical manifestation of these exposures is only
hypothesized for children and is better defined in the
elderly population with regards to a long-term
cognitive consequence.

Whereas baseline cognitive performance and specific
biomarkers in the elderly appear to be possible
predictors of the development of perioperative
neurocognitive decline, thus suggesting the
possibility of pre-existing vulnerabilities playing a
large factor, no similar vulnerability has been
identified in the developing brain at this time.

No single anesthetic or group of anesthetics can be
recommended over any other in terms of causing or
preventing negative neurocognitive outcomes in
either population.

1 Introduction

The possible detrimental effects of anesthesia on the
developing and aged brain have been increasingly dis-
cussed in both the medical literature and the lay press over
the past 2 decades, but researchers published concerns
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regarding this topic over 60 years ago—after more than a
century of routine clinical use. For example, personality
changes were noted in young children after receiving vinyl
ether, cyclopropane, or ethylchloride for otolaryngological
surgery, although the authors were careful not to implicate
the anesthetic [1]. Only 2 years later, an article appeared
suggesting that anesthesia might have “adverse cerebral
effects” in the elderly [2]. US Center for Disease Control
data from 2010 indicate that 2—6 million children under the
age of 15 years and roughly 15-20 million patients over the
age of 65 years undergo surgery and anesthesia in the USA
each year [3, 4]. Although patients over the age of 65 years
represent only 13 % of the US population, they undergo
20 % of all surgical procedures [5]. A growing body of
laboratory, animal, and clinical evidence suggests that
general anesthetics may be neurotoxic to both young and
aging brains, perhaps more markedly in subsets of the
population at risk of developing neurocognitive impair-
ments. Many preclinical studies have demonstrated detri-
mental effects from anesthetic and sedative drugs on both
the immature and the aging brain, but the clinical mani-
festations of these exposures is only hypothesized for
children and better defined in the elderly population with
regards to a long-term cognitive consequence. In addition,
there is increasing interest in the potential relationship
between exposure to general anesthesia and its possible
effect on the onset and progression of Alzheimer’s disease.
Thus, the literature suggests an overall concern that both
our youngest and our oldest patients are at increased risk of
anesthetic neurotoxicity. In this review, we attempt to
summarize the most current data in both animal and human
studies related to the topic of anesthesia-associated neu-
rotoxicity as well as address how the research addressing
the immature and aged brain has developed over the years.
While this review focuses largely on studies of anesthesia-
induced neurotoxicity, it must be emphasized that numer-
ous other studies have demonstrated that anesthetics can
also induce organ (brain and heart) protection [6, 7]. Since
the protective effects of anesthesia are beyond the scope of
this review, we do not address them further.

2 Pediatric Preclinical Concerns

In addition to the early possible connection between
childhood exposure to anesthetics and long-term neuro-
logical deficit, researchers in the 1970s and mid-1980s
became concerned about the effects of a long-term occu-
pational exposure to anesthetics during pregnancy on the
unborn fetus. But it was not until the turn of the twenty-first
century that preclinical studies more closely resembling
pediatric anesthesia practice commenced [8, 9]. A seminal
study demonstrated that widespread neuronal degeneration
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followed exposure to ketamine in neonatal rats [10]. These
findings were rapidly followed by a rodent study demon-
strating increased neuronal apoptosis and long-term
impaired neurocognitive function following neonatal
exposure to a combination of midazolam, nitrous oxide, and
isoflurane [11]. These studies have now been confirmed by
numerous laboratories for almost all routinely used seda-
tives and anesthetics in over 250 studies using different
animal models, including rodents, hamsters, guinea pigs,
and rhesus monkeys (see Ward and Loepke [12] or Lin et al.
[13] for a comprehensive review). While many of the initial
preclinical studies established that the anesthetic exposure
for developing animals had to be within a limited time
frame early during the brain maturation period, more recent
research has shown that anesthetic neurotoxicity risk
extends beyond this window [14, 15]. However, it is
important to note that a correlation of neonatal brain cell
death with long-term abnormalities in neurological function
and brain structure has been harder to demonstrate.
Despite the growing accumulation of preclinical animal
data that anesthetic drugs pose a harm to both the immature
and the developing brain, the topic remains highly debated
[16, 17]. For example, as mentioned above, the widespread
neuronal damage demonstrated in different histopatholog-
ical studies immediately following an anesthetic exposure
has not correlated well with subsequent assays of behavior
or cognition [18-20]. Further, anesthesia in rodents is
accompanied by physiological changes that are difficult to
monitor or control. The vast majority of studies in rodents
monitored inhaled anesthetic and oxygen concentrations as
well as temperature of the rodents and reported the results
of a terminal blood gas sample at the end of the exposure,
but only one study also measured respiratory rate, blood
pressure, and heart rate throughout the exposure to better
control the effects of anesthetic agents on physiologic
parameters [18, 21]. To address this problem, and to
improve translation in general, primate studies are under-
way that have begun to document extensive neuronal cell
death following exposure to isoflurane and propofol [22,
23]. In addition, learning and motivational impairment has
been observed in non-human primates exposed to 24 h of
ketamine early in life [24]. Although at this time there are
insufficient primate studies to report any generalizations,
the presence of conflicting findings should not be surpris-
ing, given the variations possible. There may exist differ-
ences in the response to anesthetics related to species,
anesthetic dose and duration, anesthetic class, drug com-
binations, and/or rate of plasticity and neurological repair,
and behavioral/cognitive assays used. Returning to the
example of ketamine, one study reported that a single dose
of 50 mg/kg in newborn mice resulted in abnormal
behavior and impaired learning and memory acquisition in
adolescence [25]. Yet, another mouse study concluded that
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ketamine 40 mg/kg did not result in any neurobehavioral
abnormalities [26]. Thus, the presence of sharp threshold
effects complicate further interpretation.

It should also be noted that, in the majority of these
studies, the animals were given anesthetic or sedative drugs
without any painful stimulus. Regrettably, few of the
hundreds of studies looking at anesthetic neurotoxicity
have coupled the anesthetic exposure with surgery, in large
part due to the difficulty and safety of performing surgery
in a neonatal rodent. Nevertheless, some pediatric practi-
tioners and researchers believe that painful stimuli may
modify or even prevent the harmful effects of anesthetics
on the developing brain. For example, one study showed
that rats experiencing pain alone resulted in neuronal
excitation and cell death, but that ketamine inhibited this
effect [27]. Unfortunately, especially with smaller animal
models, it remains difficult, if not impossible, to maintain
physiological stability or even monitor the hemodynamic
consequences of the anesthetic exposures alone, let alone in
combination with surgery. This frequently leads to a degree
of animal mortality (often unreported) that is far greater
than what is seen clinically [28].

2.1 Proposed Mechanisms of Anesthetic
Neurotoxicity in the Developing Brain

While the search for a phenotypical presentation for the
possible effect of anesthesia exposure on the developing
brain continues to vex researchers, the possible mecha-
nisms of such an effect are beginning to become more
apparent. A recent meeting of experts on this topic con-
cluded that two critical factors determine anesthetic neu-
rotoxicity: the stage of brain development at the time of
exposure, and the extent of the anesthesia exposure, both in
total cumulative anesthetic dose and the frequency of the
exposure [29]. Animal studies initially focused on the
observation of increased anesthesia-induced neuroapopto-
sis. This was demonstrated to occur in both the intrinsic
and the extrinsic apoptotic pathways and hypothesized to
occur during the peak period of synapse formation in the
developing brain [14]. Other studies have shown impaired
synaptic development and dendritic architecture changes
following anesthetic exposure during this same synapto-
genesis period [30]. Confounding the translation of these
developmental windows of vulnerability from animals to
humans is the issue that the peak period of synaptogenesis
does not occur at the same time in all brain regions, even
within the same species. Therefore, in animal models,
different areas of the brain are susceptible to detrimental
effects at different stages of development [15]. Studies
concentrating on anesthetic effects on neurogenesis in the
hippocampus have shown a loss of stem cells and reduction
of dentate gyrus neurogenesis [31]. Further studies

examining neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) demonstrate both isoflurane-
and propofol-induced reductions in synapse density in the
developing hippocampus [32]. Anesthetics that promote -
aminobutyric (GABA) receptor activation in the immature
brain cause disturbances in mitochondrial membrane
potential, which leads to neuronal dysfunction and death
[33]. Isoflurane exposure in both cell culture and animal
studies has also been shown to impair glial cytoarchitecture
in immature astrocytes, which may result in dysfunctional
morphological development and proliferation that may
influence behavior, learning, and memory later in animal
development [34, 35]. The role of surgery and inflamma-
tion is likely an additive if not synergistic propagator of
anesthesia-induced developmental neurotoxicity [36]. A
key pro-inflammatory factor, interleukin-1-beta, which is
elevated during surgery, increases GABA receptors on the
surface of hippocampal neurons and may lead to an
increase in neurotoxicity associated with these receptors
[37]. The role of inflammation in the developing brain is
one of the few similarities that is discussed in regards to
cognitive dysfunction in the aged brain.

2.2 Drug Classes Associated with Anesthetic
Neurotoxicity in the Developing Animal Brain

Despite the ongoing debate over the possible effects of
anesthetic and sedative drugs on the developing brain, even
in preclinical studies, most types of anesthetic drugs appear
to have an effect histopathologically and/or on learning and
behavior. Although the understanding of the exact molec-
ular mechanisms of how general anesthetic and sedative
drugs work to render a patient unconscious or sedated is
unknown, the majority of the drugs commonly used in
practice either potentiate A-type GABA receptors, inhibit
N-methyl-p-aspartate  (NMDA) glutamate receptors, or
agonize alpha-2 receptors. Overlap is possible in some
instances. Ethanol has similar effects on NMDA and
GABA receptors, so much of the early work in this field
attempted to link possible anesthetic effects on the devel-
oping brain to those observed in fetal alcohol syndrome
[38, 39]. Anesthetic and sedative drugs can also interfere
with neurotransmitter signaling involving acetylcholine,
serotonin or AMPA (alpa-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) or modulate neuronal activity and
homeostasis via actions on sodium, potassium, or calcium
channels [40]. Opioids, frequently given with general
anesthetics clinically, do not act on any of the above
receptors, but do produce presumably detrimental effects
on the developing brain [41]. Despite this, opioids have not
yet received the attention that other anesthetic and sedative
drugs have received in either the field of anesthesia or in
the lay press [42, 43]. The mechanisms by which
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glutamatergic or GABAergic drugs produce developmental
toxicity remain unclear, but excitotoxicity in both cases has
been proposed. While counter-intuitive, excitotoxicity for
GABAergic drugs may precede the developmental reversal
of the chloride gradient [44].

2.2.1 N-Methyl-p-Aspartate (NMDA) Antagonists

Glutamate is one of the most common excitatory neuro-
transmitters in the mammalian central nervous system.
Ketamine and nitrous oxide both inhibit NMDA-type glu-
tamate receptors and are routinely used in clinical anes-
thesia and sedation practice [45]. Xenon, a far less
frequently used inhalation agent because of its high cost,
also inhibits NMDA-type glutamate receptors amongst
other actions [46]. As mentioned above, early studies
demonstrated widespread degeneration of brain cells fol-
lowing the administration of ketamine in newborn rat pups
[10]. Although many studies have since replicated these
findings, it remains unknown whether doses of up to 75
mg/kg, doses required for small rodents and monkeys
because of their increased anesthetic requirements, can be
compared across species to the significantly smaller doses
(of 1-2 mg/kg) used clinically in humans. Although a
single ketamine 50 mg/kg exposure in newborn mice led to
abnormal behavior and impaired learning in juvenile ani-
mals, neonatal rats given ketamine 5 mg/kg, approaching a
human clinical dose, injected daily for 4 days, had no gross
neurobehavioral abnormalities when tested as adults.
Interestingly, this lower dose of ketamine prevented neu-
ronal degeneration caused by repetitive painful stimulation
in these rodents [27]. Exacerbation of the neuroapoptotic
effects of ketamine by co-administration of GABAergic
drugs, such as midazolam, thiopental, or propofol, common
practice during clinical anesthesia and sedation, has also
been demonstrated in animal models [47, 48].

Few studies have examined the effects of the NMDA
antagonists nitrous oxide or xenon on brain development.
Xenon alone had deleterious effects in one study [49] and
no effect in another [50], whereas nitrous oxide as a sole
agent, even under hyperbaric conditions, did not increase
neuronal cell death [11]. However, when xenon was
administered concurrently with isoflurane, it reduced some
of the neurotoxic effects of isoflurane [41], whereas co-
administering nitrous oxide with isoflurane exacerbated the
neurodegenerative properties of isoflurane [11].

2.2.2 y-Aminobutyric (GABA), Agonists
GABA is the most prevalent inhibitory neurotransmitter in
the adult central nervous system (CNS), but it is important

to note that GABA is excitatory during early brain devel-
opment [44]. The basis is a reversal of the cellular chloride
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gradient due to developmental expression of specific
chloride transporters [51]. The implications of this devel-
opmental switch on anesthetic-induced neuronal cell death
remain unclear. Regardless, commonly used drugs with at
least some GABAergic activity such as isoflurane,
sevoflurane, desflurane [52], pentobarbital, clonazepam,
diazepam [53], midazolam [48], choral hydrate [54], and
propofol [55] have all been shown to cause neuronal cell
death in immature animal species. Although it is clear that
timing of the exposure is critical in the induction of ‘neu-
rotoxicity’, studies have not yet specifically addressed this
timing with respect to timing of the chloride gradient
reversal. This would be important to discern between an
excitotoxicity mechanism, or a neuronal quieting
mechanism.

2.2.3 Alpha2-Agonists

Dexmedetomidine has been gaining increasing importance
in pediatric clinical practice for its desirable ability to sedate
children without comprising the airway or causing other
unwanted side effects associated with other anesthetic and
sedative drugs. The few studies of dexmedetomidine show
limited to no neurotoxic effects when given alone. When
given to neonatal rodents with isoflurane, neuroapoptosis
was reduced, and subsequent learning ability improved [56].
Another group demonstrated that dexmedetomidine had less
of a pro-apoptotic effect on the neonatal rat brain than
ketamine [57]. As a result of this limited preclinical evi-
dence, dexmedetomidine has received increased attention as
a potentially ‘safe’ anesthetic in children, despite it being
considered an ‘incomplete’ anesthetic in that it does not
render a patient completely unconscious, meaning other
drugs, such as an opioid, are necessary.

2.2.4 Opioids

Although opioids are rarely used as the sole agents for
pediatric anesthesia and sedation, they are often
administered in conjunction with the above-mentioned
drugs. When used as a ‘balanced anesthetic technique’ in
preclinical trials, their co-administration can signifi-
cantly reduce dose requirements for drugs with known
neurotoxic effects and potentially mitigate any negative
effects. Narcotics have also been demonstrated to
improve clinical outcomes in pediatric cardiac surgery
[58]. However, numerous preclinical studies of opioids
in developing animals have also shown deleterious
effects. Neonatal rat exposure to morphine has caused
apoptosis in selective brain regions [41]. Further, peri-
natal exposure of rodents to opioids was demonstrated to
induce long-term behavior and learning impairments into
adulthood [59].
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2.3 Human Studies

Assessing the above observed neurotoxicity phenomenon
in children via randomized, placebo-controlled clinical
trials of anesthesia/sedation with surgery and the histo-
logical examination of post-exposure brains in healthy
children is unfeasible for obvious ethical reasons. Numer-
ous factors (differing species, drug doses and durations,
lack of physiologic monitoring and control) complicate the
translation of the aforementioned animal studies regarding
anesthetic neurotoxicity. Moreover, difficulties in translat-
ing developmental time point equivalents between species,
as well as scaling drug exposure durations to develop-
mental timing or life span have contributed to considerable
uncertainty with how (or if) to translate to the human
patient [60, 61] Thus, patient-oriented studies are an
absolute necessity. However, here too, the cohort studies
investigating neurodevelopmental outcome following
anesthesia exposure early in life are confounded by the
increased severity of illness and coexisting congenital
abnormalities that require surgical intervention versus
medical management of control subjects [62]. In particular,
as the involvement of neuroinflammation becomes a more
widely recognized influence on the developing nervous
system, the significance of common medical conditions in
neonates requiring surgery such as necrotizing enterocolitis
cannot be convincingly separated from the influence of the
anesthetic exposure [63].

2.3.1 Epidemiological Studies Examining Long-Term
Neurodevelopmental Effects of Surgery
with Anesthesia

Given the repeated and overwhelming evidence of anes-
thetic influences on the developing brain in animal models,
several epidemiological studies have attempted to address
any possible effects of surgery and anesthesia on different
neurocognitive and behavioral outcomes using cohorts of
largely healthy individuals. Since early animal research
that proposed a vulnerable period during rapid synaptoge-
nesis, a period known as the ‘brain growth spurt,” most
studies concentrated on anesthetic exposures in children
aged under 3—4 years. Another factor driving epidemio-
logical studies to focus on this age group and younger was
an influential 2009 study of children born between 1976
and 1982 in Rochester, MN, USA [64]. In this study,
children who underwent two or more surgeries with anes-
thesia or had a combined anesthesia time greater than 120
min prior to the age of 4 years had a twofold increased risk
of developing a learning disability later in life. A single
exposure to anesthesia in this cohort of more than 5300
children prior to the age of 4 was not associated with later
learning disability. While this study has helped guide many

of the retrospective studies that have followed, the signif-
icance of its findings have been questioned because of
changes in anesthetic practice since 1980, notably, the
introduction of routine pulse oximetry and capnography
and the elimination of halothane and more limited use of
nitrous oxide. The school records including the ‘learning
disability’ diagnosis were also limited in that an unknown
range of disabilities and domains existed for the same
diagnosis over different ages.

To further refine this finding, these authors performed a
subsequent analysis from the same population-based ret-
rospective birth cohort, where 350 children exposed to
anesthesia before the age of 2 years were matched with 700
children not exposed to anesthesia [65]. This time, the
investigators more carefully defined ‘learning disability’ as
the need for individualized education for speech and lan-
guage impairment, as well as abnormal scores on
achievement tests. Once again, children receiving only a
single anesthetic prior to the age of 2 years were not dif-
ferent from controls on group-administered achievement
tests or the need for individualized speech and language
interventions, but the group of multiple anesthetic expo-
sures had significantly lower test scores and higher need for
intervention. These results remained after adjusting for sex,
birth weight, gestational age at birth, mother’s education,
and severity of illness. The investigators also used this birth
cohort to examine the effect of perinatal exposure to gen-
eral anesthesia for cesarean section. General anesthesia for
cesarean section was not associated with an increased risk
for subsequent diagnosis of a learning disability in almost
200 patients as compared with neuraxial anesthesia.
However, and interestingly, the neuraxial group had a
lower risk of learning disability than children who under-
went spontaneous vaginal deliveries [66]. A subsequent
analysis of a larger cohort did not detect any differences in
learning disability between those having spontaneous
vaginal delivery and those having vaginal delivery under
neuraxial labor analgesia.

In studies using the New York State Medicaid database,
383 children undergoing a single anesthetic exposure for an
inguinal hernia repair prior to the age of 3 were compared
with over 5000 age-matched children who underwent no
surgery [67]. These investigators found an increased risk of
being diagnosed with developmental or behavioral disor-
ders later in life but, in this case, only following a single
anesthetic. Given that their data derived from the New
York Medicaid database, the influence of economic and
social influences (known confounders on learning and
development) could not be excluded [68]. Another study by
this group of researchers also found an association between
two or more anesthetic exposures prior to the age of 3 years
and developmental or behavioral disorders [69]. Of inter-
est, a smaller sub-analysis of matched sibling pairs could
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not detect an association, a fact that led to the PANDA
(Pediatric Anesthesia and Neurodevelopment Assessment)
study. This study used an ambidirectional cohort design,
performing prospective neuropsychological assessment in
exposed—unexposed sibling pairs aged 6-11 years in which
one sibling received anesthesia for an inguinal hernia repair
prior to the age of 3 years. Although the results of this
study are yet to be published, it is anticipated they will be
released in the next few months [70].

In a study of monozygotic twins born between 1986 and
1995 from the Netherlands Twin Register [71], in which
one twin received anesthesia prior to the age of 3 years and
the other did not, no difference in school performance
between the discordant twins was detected. However, twins
both exposed to anesthesia before the age of 3 years did
have lower educational achievement than unexposed twins.
This finding suggests that other factors, such as genetic
predisposition or social and economic factors may have a
greater contribution to school performance than anesthetic
exposure.

Further support for this notion comes from a Swedish
study that investigated national standardized testing results
for approximately 2 million children at the age of 16 years
[72]. Almost 35,000 children in this cohort had one anes-
thetic exposure between birth and 4 years of age and had no
further hospitalizations or surgery. Unexposed controls
were matched on sex, parity, and year and month of birth.
Although the study found that children with one exposure
prior to the age of 4 years had a 0.47 % lower average
score when tested at age 16 on the national exam, further
examination of this cohort demonstrated a far greater
influence from factors other than surgery and anesthesia
exposure on test scores. For example, males scored 9.87 %
lower, children born in December (young for their grade)
versus January (old for their grade) had 5.31 % lower
scores, and children whose mothers did not attain a college
degree had 9.92 % lower average scores. Two Danish
studies utilized a birth cohort born between 1986 and 1990
and concentrated on only outcomes following inguinal
hernia repair or pyloromyotomy [73, 74]. Despite both
patient populations having an exposure to anesthesia and
surgery before the age of 1 year, test scores did not differ
between either group and those in the unexposed general
population. Although these results are reassuring, both
Danish studies acknowledged that children who had
experienced surgery as infants were less likely to sit for the
examination, the interpretation of which depends on the
underlying reasons.

While a surgical and anesthetic exposure appears to
have a minimal effect on group-administered standardized
tests, perhaps this outcome lacks the sensitivity to capture
the consequence of surgery and anesthesia on the devel-
oping brain. The Raine cohort, a birth cohort born between
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1989 and 1992 in Western Australia and initially developed
to test the effect of maternal ultrasounds on the developing
fetus, has been followed with serial neuropsychological
evaluations that go beyond school records. Although no
difference in group-administered academic tests was
detected in those receiving surgery and anesthesia exposure
prior to the age of 3, the authors found measurable dif-
ferences using the directly administered neuropsychologi-
cal tests and billing coded clinical disorders [75]. In
another study, albeit very small, 28 children aged 6-11
years who had undergone a procedure requiring general
anesthesia prior to the age of 1 year were compared with
age- and sex-matched children who received no surgery.
The investigators found no difference between exposed and
unexposed in familiarity, IQ, and Child Behavior Checklist
scores, but did find that exposed children had significantly
lower color recollection scores, which suggests anesthesia
and surgery in infancy may impair recollecting associative
information later in life [76].

Given the difficulty of determining what clinical out-
comes are important to define the still unknown phenotype
following surgery and anesthesia in the developing brain,
others have turned to neuroimaging to detect differences.
One such study examined healthy participants of a lan-
guage developmental study in individuals aged 5-18 years
who had surgery with anesthesia prior to the age of 4 year
[77]. Although both groups scored within population norms
in regards to neurocognitive assessments (Oral and Written
Language Scales and the Weschsler Adult Intelligence
Scales or the Wechsler Intelligence Scale for Children),
previously exposed children scored lower in listening
comprehension and performance 1Q. More importantly,
these decrements were associated with lower gray matter
density in the occipital cortex and cerebellum, but not in
regions identified as susceptible in the many animal
studies.

Studies of infants with complex congenital heart disease
also exist, but the neurodevelopmental outcomes they
measured were strongly confounded by the severity of the
illness. One study using the Bayley Scales of Infant
Development at 2 years of age found no developmental
delay after anesthesia and surgery, but did find an associ-
ation with ventilator days and older age at surgical cor-
rection for congenital heart disease [78]. However, a recent
follow-up study demonstrated reduced visual motor inte-
gration skills with higher cumulative benzodiazepine doses
and lower performance IQ scores with previous exposure to
greater chloral hydrate doses [79]. A similar study involved
60 neonates undergoing complex congenital heart surgeries
with Bayley Scales of Infant Development scores at 12
months of age as the primary outcome. They found an
association between decreased scores and increased vola-
tile anesthetic exposure, and increased length of stay in the
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intensive care unit [80]. It is difficult to attribute such
differences in cognitive outcomes to the drugs used per se,
given the enormous physiological and psychological tres-
pass these infants experience. It is nonetheless reassuring
that differences are relatively small and often difficult to
detect, suggesting a robust process of neuroplasticity. The
premature infant is another vulnerable patient population.
Nearly 100 surviving premature infants, born between 22
and 32 weeks post-conceptual age who were treated with
sedatives and analgesics were compared with about 1200
non-sedated children [81]. No difference was found in
disability rates at a 5-year follow-up assessed using the
Kaufman Assessment Battery for Children.

2.3.2 Prospective Human Study

Preliminary results from the first prospective study to
examine the effect of general anesthesia and surgery on
neurodevelopmental outcome have been released [82]. The
GAS (General Anesthesia compared to Spinal anesthesia)
trial is an international assessor-masked randomized con-
trolled equivalence trial that enrolled infants younger than
60 weeks postmenstrual age who were born at >26 weeks’
gestation and who presented for inguinal hernia repair.
They were randomly assigned to receive either awake
regional anesthesia or a sevoflurane-based general anes-
thetic. Although the primary outcome of the trial will be
the Wechsler Preschool and Primary Scale of Intelli-
gence—third edition (WPPSI-III) Full Scale Intelligence
Quotient score at the age of 5 years, the authors reported
the secondary outcome of the Bayley Scales of Infant and
Toddler Development III assessed at 2 years. They found
that an average sevoflurane exposure of around 1 h in
infancy did not cause an increased risk of adverse neu-
rodevelopmental outcome compared with awake regional
anesthesia. While these 2-year outcomes are reassuring, the
5-year cognitive outcomes will provide a more compre-
hensive assessment of the possible effects of a single, rel-
atively short anesthetic and surgical exposure.

In 2014, the International Anesthesia Research Society
and the US FDA convened a group of experts in anesthesia,
pediatric medicine, neuroscience, and patient safety to
consider the mixed evidence from preclinical and espe-
cially clinical data related to any possible detrimental
effect from anesthesia and surgery on the developing brain.
Wishing to address the concerns of both healthcare provi-
ders and parents, this group, known as SmartTots, recently
released the Consensus Statement on the Use of Anesthetic
and Sedative Drugs in Infants and Toddlers. This consen-
sus is endorsed by almost 20 stakeholder organizations,
including the American Society of Anesthesiologists, the
American Academy of Pediatrics, the Society for Pediatric
Anesthesia, and the FDA. It states that “(b)cause there is

not enough information about the effects of anesthetic
drugs on the brains of young children, it is not yet possible
to know whether use of these medicines poses a risk, and if
so, whether the risk is large enough to outweigh the benefit
of the planned surgery, procedure or test” [83].

3 Postoperative Cognitive Decline

Approximately 15 % of patients aged >60 years experi-
ence objectively measured decreases in cognitive function,
now known as perioperative neurocognitive disorder
(PND) following an episode of anesthesia and surgery [84].
PND includes postoperative delirium, as well as a spectrum
of cognitive findings and complaints of varying duration,
and is more useful terminology than postoperative cogni-
tive dysfunction (POCD) [85]. Although the exact causes
remain unknown, the risk factors include advanced age,
lower educational achievement, and pre-operative cogni-
tive disorders [86]. The cognitive changes after anesthesia
and surgery are usually temporary, with normal function
returning within a few days, but may remain for weeks,
months, or even years. Many PND changes are mild and
only detected by specific neuropsychological testing fol-
lowing anesthesia and surgery, but subjective complaints of
memory loss, impaired higher-level cognitive function,
issues with fine motor coordination, dementia, depression,
delirium, or psychomotor derangement have been reported
[87, 88]. Many of these alterations in cognitive function
correlate with increased hospital length of stay, risk of
other complications such as in-hospital falls, and increased
cost.

Early research attributed much of the PND observed in
elderly patients to cardiopulmonary bypass (CPB) during
cardiac surgery, but more recently has been demonstrated
to also occur following non-cardiac surgery [89]. The
incidence of PND in patients aged >65 years after non-
cardiac surgery has been reported as high as 26 % at 1
week following surgery, 10 % at 3 months [90], 5 % at 6
months, and 1 % at 12 months [91]. However, PND has
been reported following cardiac surgery to be as high as 53,
36, 24, and 42 % at discharge, 6 weeks, 6 months, and 5
years, respectively [92]. It is important to note that the
understanding and therefore the definition of PND contin-
ues to evolve towards standardization. Thus, the large
variance in incidence found in the current literature is
likely to decline [93].

The aging brain undergoes neuron loss, decreased rates
of neurogenesis and synaptogenesis, and the accumulation
of potentially toxic byproducts secondary to declining
organ function. This diminished reserve is thought to
increase vulnerability to any number of neural insults. The
neurotoxic effects of anesthesia are hypothesized to result
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from direct effects from the drugs (such as from changes in
calcium homeostasis) [94], enhancement of endogenous
neurodegenerative mechanisms (increased production of B-
amyloid or increasing hyperphosphorylation of tau protein)
[95, 96], amplification of neuroinflammation generated by
surgically induced systemic inflammation [97], modulation
of synaptic plasticity [98, 99], suppression of stem cell
proliferation or differentiation [100], or a weakened blood—
brain barrier (BBB) function [101, 102]. As with anesthesia
effects in the developing brain, the confounding effects of
surgery and associated diseases requiring surgery in the
aged brain strongly influence neurodegenerative outcomes.
In addition, neurodegenerative disorders in the elderly
population are known to have a long asymptomatic phase,
but during this time the brain is more vulnerable to
superimposed insults. Similarly, even if symptomatic, there
exists a bias against diagnosis due to social stigma of the
label ‘dementia.” Whereas the ultimate societal and clinical
implications of anesthesia and surgery in the young
developing brain remain to be determined, it is very clear
that PND is associated with an increased dependency on
social support, premature withdrawal from the labor mar-
ket, and increased mortality [103]. Further, whereas a
specific susceptible subgroup of neonates, infants, or chil-
dren has yet to be identified, the pre-existing vulnerabilities
(risk factors) for PND are becoming clear, thereby allowing
future research to focus on subgroup analysis to identify
these patient populations and/or devise mitigating strate-
gies [87].

Though the mechanisms of PND are unknown, its sim-
ilarity to Alzheimer disease (except for the reversibility)
has allowed related upstream hypotheses: amyloidopathy,
tauopathy, calcium dysregulation, mitochondrial dysfunc-
tion, and BBB dysfunction [104]. Many of these might co-
exist, and a possible common denominator appears to be
amplified neuroinflammation, which is likely a common
downstream pathway for producing synaptic and neuronal
damage [105, 106]. Many anesthetics have been shown to
interact with each of the upstream pathways, while surgery
and systemic inflammation interact with the downstream
pathway, possibly making this a complicated interplay of
numerous, diverse, overlapping, and separate pathways
[107].

3.1 Preclinical Evidence for Perioperative
Neurocognitive Dysfunction

Inhaled anesthetics have been demonstrated to cause
damage in various types of tissues and cells, including
primary cortical and striatal neurons, neuroglioma cells,
and hippocampal slices. Various in vitro models have also
shown ‘toxic’ responses to anesthetic gases. These in vitro
studies demonstrated that inhaled anesthetics produce
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effects in isolated proteins, cells in culture, and brain slices
consistent with increased cellular stress via recognized
pathways of neurodegeneration [108]. Most of the work
done with inhalational agents such as isoflurane and
sevoflurane caused increased B-amyloid production and
aggregation and cellular apoptosis [108, 109]. Importantly,
cells transfected with genes associated with Alzheimer
disease are more sensitive to these presumably detrimental
effects of anesthetic [110]. Of note, many of these studies
used tumor cells rather than primary neurons, as well as
cells already under stress (serum starved), so the translation
even to animals remains necessary but uncertain.

3.2 Animal Studies of Perioperative Neurocognitive
Disorder (PND)

Studies in animals allow anesthesia to be considered sep-
arately from surgery, but it is important to emphasize that,
as in the young animals, the physiologic monitoring and
ability to correct the often detrimental effects of an anes-
thetic on animal physiology is suboptimal at best. Thus,
while anesthesia can be separated from surgery, direct
effects of the anesthetic cannot be reliably separated from
the many physiologic changes that anesthetics produce,
many of which are plausible contributors to the neu-
ropathology under consideration. Although results of
anesthesia-only exposures have been somewhat inconsis-
tent, in general, anesthetic exposure by itself in adult wild-
type animals does not cause durable cognitive deficits. On
the other hand, in aged rodent models, exposure to anes-
thetics alone, notably isoflurane, has caused persistent
memory impairment, accompanied by histopathological
evidence of amyloidopathy and neuronal injury [111, 112].
When introducing additional vulnerabilities in the form of
Alzheimer-associated genes, both halothane and isoflurane
have been shown to enhance the histopathology associated
with neurodegeneration [112]. In general, investigators
have noted that the degree of injury, and even the direction
of effect, is anesthetic dose and time dependent [113, 114],
but some rodent studies have shown that even brief expo-
sures to anesthesia can induce tau hyperphosphorylation,
probably because of hypothermia [115]. Thus, to summa-
rize a very large body of literature from over the last
decade, volatile anesthesia alone has either a minor or no
effect on rodent learning and memory in the absence of
other susceptibility factors such as age or genetic alter-
ation. Even in the presence of these factors, the effect
remains small [97, 110].

In the last few years, investigators have begun to add
surgery to their animal models, both in the recognition that
anesthesia alone seems relatively innocuous and to
improve the translatability of the model. The surgery has
included tibial osteoplasty [116], splenectomy [99], cecal
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ligation [117], and excision and partial hepatectomy [118],
and has generally been considered ‘clean’ (e.g., non-sep-
tic). Defects in rodent learning and memory were amplified
[119], especially as a function of age and in the context of
Alzheimer-susceptibility transgenes [119]. In the latter
example, cognitive effects of anesthesia alone were
reversible after a few weeks, but the addition of surgery
made the defects essentially irreversible [116]. The
mechanism underlying the exacerbation by surgery was
initially proposed to be neuroinflammation, a notion that is
now generally accepted. For example, many studies have
demonstrated elevated interleukin (IL)-6 and tumor
necrosis factor (TNF) o, both in blood and in brain tissue,
along with activated microglia [116, 120]. Mitigation with
anti-TNF antibodies or with other anti-inflammatory
strategies generally reduced both histopathology and cog-
nitive changes. Another study suggested that endogenous
anti-inflammatory pathways (IL-4, IL-10) were rendered
dysfunctional in neurodegenerative disease, allowing an
unopposed pro-inflammatory process to damage synapses
and neurons [121]. How systemic inflammation is trans-
duced into neuroinflammation is still unclear, but several
plausible pathways exist. It is likely that the systemic
inflammatory response results in a leaky BBB and neu-
roinflammation [103]. This is the probable mechanism for
the ‘sickness’ behavior observed during infection or after
lipopolysaccharide (LPS) injection [122]. It is also possible
that cholinergic afferents from the gut activate central
inflammatory pathways in the absence of BBB dysfunction
[123].

It is also becoming clear that neuroinflammation can be
modulated by anesthetic choice. For example, microglia in
culture exhibit a dramatically different response to acti-
vation by LPS when exposed to different anesthetics.
Sevoflurane enhances the secretion of proinflammatory
cytokines, propofol completely abolishes it, and isoflurane
appeared to have little effect [124]. Further, the integrins, a
group of proteins mediating leukocyte arrest, migration,
and activation, are specifically inhibited by certain anes-
thetics, notably isoflurane [125]. Finally, anesthetics of
many types are well known to have both excitatory and
inhibitory effects on a wide array of ion channels, many of
which are expressed in leukocytes [126]. Thus, the
opportunity for anesthetic choice to influence the innate
immune response is particularly rich and also understudied.

Few preclinical studies have appeared that combine a
more severe inflammatory insult, such as sepsis, with
anesthesia to study the effect on cognitive outcomes. These
studies are particularly difficult to conduct, partly due to
the complexity of sepsis, the variability in response, and
the typically high mortality. Thus, it remains unclear
whether the anesthetic choice modulates either mortality or
cognitive outcomes in this specific patient population.

In summary, the preclinical data have allowed estimates
of effect magnitude of some of the different features
inherent to the perioperative experience. Anesthesia alone
appears to play only a small role, but when combined with
surgery and other susceptibility factors (age, disease
transgenes), a marked and durable effect on cognitive
outcomes is observed. The mechanism is hypothesized to
be an acute neuroinflammatory event superimposed on a
chronic smoldering neuropathologic state, accelerating the
trajectory of damage and functional decline; however, as
discussed in the following section, this is yet to be proven
in human studies.

3.3 Evidence for an Association Between Anesthesia
and PND

Many retrospective and prospective clinical studies have
specifically addressed anesthetic type (e.g., regional vs.
general) and have consistently been unable to detect a
difference in ‘POCD’ [127, 128]. The widely varying
definition of POCD, when patients were tested, and dif-
ferent surgical procedures and inclusion criteria may have
contributed to a lack of sensitivity, but this generally agrees
with the preclinical data that the influence of the anesthetic
itself is small. However, and interestingly, almost all
studies are able to detect a considerable incidence in PND,
typically >10 % in older age groups [121]. Another feature
found in most studies that measure cognition at more than
one time point postoperatively find that the incidence
declines over 3—6 months [121]. Whether PND persists
beyond a year is still controversial. A few studies have
looked for differences in cognitive outcomes between
intravenous and inhalational general anesthesia. In one
prospective randomized trial in spinal surgery, and with
clinical cognitive outcomes at 1 year, investigators found
sevoflurane to be associated with an enhanced trajectory
toward cognitive impairment [129]. The only other human
study to detect a difference between intravenous and
inhalational anesthesia was a study of cerebrospinal fluid
(CSF) cytokines during and after a fairly minor surgical
procedure [130]. Inhalational anesthesia (sevoflurane) was
associated with a significantly higher IL-6 level in the CSF
after surgery than was intravenous anesthesia (largely
propofol) [131]. It is important to note that one recent study
following the effect of a single high dose of dexamethasone
on outcomes following cardiac surgery failed to demon-
strate a reduction in the risk of POCD after cardiac surgery
[131]. However, it is not clear that a single dose of even
high-dose dexamethasone effectively ablates the inflam-
matory response, as this study did not measure any indices
of inflammation.

In addition to the class of anesthetic, the dose or depth of
anesthesia may also modulate the effect on subsequent
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cognition. For example, the recently released Cognitive
Dysfunction After Anesthesia trial demonstrated that a
general anesthetic guided by the Bispectral index (BIS; a
way of controlling dose and depth of anesthesia) had a
reduced total anesthetic drug dose as well as a decreased
rate of PND at 3 months after surgery [132]. A similar
study, albeit with significantly less reduction in anesthetic
usage than the previous trial, showed that BIS monitoring
led to a reduction in postoperative delirium but not PND at
3 months [133]. Finally, a prospective randomized trial of
BIS-guided anesthetic and cerebral oxygenation found a
significantly reduced incidence of PND at 3 months and at
1 year in the group where the practitioner was provided
with the additional monitoring data [134]. It is important to
note that the overall reliability of the BIS monitor to ade-
quately measure has been questioned by members of the
anesthesia community [135].

The similarities between symptoms of PND and Alz-
heimer disease have prompted a number of retrospective
studies to look for an association between surgery and
incident dementia. In three probably underpowered studies,
a significant relationship between surgery and incident
Alzheimer disease was not detected, although one detected
a relationship between surgery and the age of Alzheimer
disease diagnosis, suggesting an acceleration rather than
causation [136, 137]. Using more contemporary Alzheimer
Disease Center (ADC) databases, another retrospective
study explored the impact of surgery, illness, or neither on
the trajectory of cognitive decline in the elderly [138].
They were unable to find an association between either
surgery or illness with cognitive trajectory, although
another more recent study was able to detect a significant
relationship between hospitalization and cognitive decline
[139]. Two other recent studies examining the effects of
anesthesia and surgery using claims data from 1 million
insured residents covered under Taiwan’s universal health
insurance from 2004 to 2007 and 2005 to 2009, demon-
strated an increased risk of dementia, particularly in sub-
jects who experienced repeated exposures to general
anesthesia, regardless of whether it was an intravenous or
inhaled anesthetic technique [140, 141]. Using Alzheimer
Disease Neurolmaging (ADNI) data, researchers were able
to detect not only a significant relationship between prior
surgery and cognitive loss but also a greater loss of hip-
pocampal and cortical grey matter volume as compared
with patients who had not undergone surgery [142]. Nev-
ertheless, in a thorough study of Olmstead county residents,
researchers were unable to detect any association between
surgery and anesthesia with incident dementia [143].

Finally, the similarity between Alzheimer disease and
PND has prompted questions as to whether PND is a risk
factor for Alzheimer disease. This was addressed in the
initial ISPOCD (International Study of Post-Operative
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Cognitive Dysfunction) study cohort, and a significant
correlation was not detected, partly because of a lack of
power [144]. The opposite question, whether a risk of
Alzheimer disease could be considered a risk factor for
PND has also recently been addressed. For example,
patients with cognitive symptoms compatible with mild
cognitive impairment were found to be at increased risk for
PND, and, second, patients with CSF biomarkers consistent
with a diagnosis of Alzheimer disease have a higher risk of
PND at 3 months after surgery [145]. An earlier study that
examined patients who had total hip/knee-replacement
surgeries also noted that pre-operative CSF -amyloid-to-
Tau ratios may identify patients at higher risk for cognitive
changes after surgery [146]. Highly consistent with the
preclinical data mentioned above, these important recent
data suggest that the combination of a pre-existing vul-
nerability with a superimposed neuroinflammatory stress
are required to accelerate the trajectory of cognitive
decline. In summary, it seems clear that Alzheimer disease
and PND are related in some way, and that risk stratifica-
tion using Alzheimer disease biomarkers and cognitive
assessments pre-operatively may predict PND and poten-
tially identify a group of patients in whom mitigation
strategies might be useful.

4 Conclusion

Although at first glance the weight of the preclinical and
clinical data appears to support some association between
anesthesia and surgery and the development of detrimental
cognitive changes in both the developing and the aged
brain, definitive prospective studies in both these areas of
research are needed to conclude this with confidence. In
both of those two seemingly different patient populations,
correlation between anesthesia and surgery and poor neu-
rological outcomes does not imply causation. Given this
information, no single anesthetic or group of anesthetics
can be recommended over any other in terms of causing or
preventing negative neurocognitive outcomes in either
population. While baseline cognitive performance and
specific biomarkers in the elderly appear to be a possible
predictor of the development of PND, thus suggesting the
possibility of pre-existing vulnerabilities playing a large
factor, no similar vulnerability has been identified in the
developing brain at this time. A large part of the difficulty
in defining vulnerability in the pediatric population is that a
phenotype following exposure to anesthesia and surgery in
the developing brain remains to be defined. Anesthetic
choice seems to play a minor role in both the young and the
old brain. Future research, particularly in the translational
and clinical fields, should therefore not only continue to
evaluate the mechanisms of the effects of anesthesia and
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surgery on the brain, but also work to identify vulnerable
subsets of the population that may benefit from mitigating
and/or enrichment strategies to counter any negative effect
of anesthesia and surgery. With regards to the developing
brain, identifying children who would benefit from early
interventions in school and with therapists for language,
social, and behavioral and emotional development may be
the best avenue, as most retrospective studies thus far
appear to show little effect in the general population. In
terms of the aging brain, identifying risk factors for PND as
well as interventions aimed at maintaining independence
and preventing postoperative cognitive decline and
dementia will be incredibly beneficial. Regardless, all
perioperative healthcare providers, not just anesthesiolo-
gists and surgeons, need to be aware of the potential link
between anesthesia and surgery and neurocognitive
impairments in the developing and the aged brain.
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