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ANESTHETIC 
NEUROTOXICITY*
Mary Ellen McCann and Sulpicio G. Soriano, II

A major concern within the specialty of anesthesiology 
for many years has been the impact of general anesthe-
sia and sedative drugs on neurodevelopment and cogni-
tion across the life span. Although definitive conclusions 
cannot be made, anesthesia providers should follow the 
progress of our knowledge regarding longer-term effects 
of anesthesia on the brain. For sure, neuronal cell death 
and neurocognitive impairments after general anesthe-
sia have been unequivocally demonstrated in laboratory 
animal models.1 This public health concern has prompted 
the Food and Drug Administration to issue a Drug Safety 
Communication “warning that repeated or lengthy use of 
general anesthetic and sedation drugs during surgeries or 
procedures in children younger than 3 years of age or in 
pregnant women during their third trimester may affect 
the development of children’s brains”2 (also see Chapter 
34). However, this is not a new concern. In 1953, Ecken-
hoff warned about an abnormal incidence of postoperative 
personality changes in children.3 Since then, preclinical 
reports on juvenile animal models unequivocally demon-
strate a causal effect of general anesthesia on subsequent 
neurotoxic and neurocognitive dysfunction.4 In addition, 
in 1955 Bedford wrote about behavioral changes in the 
elderly after general anesthesia.5 Laboratory reports from 
several groups have found that anesthetic drugs induce 
histologic, biochemical, and neurocognitive deficits in 
mature rodents.6

Anesthetic drugs are potent modulators of the cen-
tral nervous system (CNS) and reversibly render patients 
insensate to painful procedures and surgery.7 Although 
the exact molecular mechanisms that produce immobil-
ity, analgesia, and amnesia are unknown, most anes-
thetic and sedative drugs are either !-aminobutyric acid 
(GABA) receptor agonists, N-methyl-D-aspartate (NMDA) 
glutamate receptor antagonists, or a combination of the 

Chapter 

12

* This work was supported by the National Institutes of Health 
grant 1-R01 HD06 1136-01A1 (MEM) and the Boston Children’s 
Hospital Endowed Chair in Pediatric Neuroanesthesia (SGS).

ANESTHETIC DRUGS AS A CAUSE FOR 
NEURODEGENERATION AND LONG-
TERM NEUROCOGNITIVE DEFICITS

Basic Science of Anesthetic-Induced  
Developmental Neurotoxicity

Age-Dependent Vulnerability of Anesthetic
Characterization of AIDN
Relevant Anesthetic Durations and 

Concentrations
Anesthetic and Sedative Drugs
Alleviation of AIDN

CLINICAL EVIDENCE FOR NEUROTOXICITY

INTRAOPERATIVE COURSE AND  
NEUROCOGNITIVE OUTCOMES

Arterial Blood Pressure
Hypocapnia and the Brain
Oxygen Management
Temperature

CONCLUSION

QUESTIONS OF THE DAY



Chapter 12 Anesthetic Neurotoxicity

177177

II

two. General anesthesia and sedation can be achieved by 
inhaled or intravenous administration of specific drugs. 
Both GABA agonists and NMDA antagonists have been 
implicated in causing anesthetic-induced developmental 
neurotoxicity (AIDN). Both the short-term and the long-
term neurocognitive effects of general anesthesia should 
be considered.

ANESTHETIC DRUGS AS A CAUSE FOR 
NEURODEGENERATION AND LONG-TERM 
NEUROCOGNITIVE DEFICITS

Basic Science of Anesthetic-Induced 
Developmental Neurotoxicity

Determining the root cause of the neurotoxic effect of 
CNS depressant drugs on the developing brain is com-
plicated by the myriad of molecular targets and the 
still unknown mechanistic pathway to achieve general 
anesthesia.8 AIDN has been demonstrated in laboratory 
models, both in!vivo and in!vitro, by exposure to most 
anesthetic and sedative drugs commonly administered 
to pediatric patients (also see Chapter 34). A comparable 
pattern of neurodegeneration and impaired neurocogni-
tive development has been described with the perinatal 
administration of alcohol and anticonvulsant drugs.9,10 
AIDN was first described more than 40 years ago in fetal 
and postnatal rats exposed to halothane,11 but its impact 
was not fully publicized to both the scientific and lay 
community until a 1999 report that emphasized that 
ketamine increased neurodegeneration in neonatal rat 
pups.12 Subsequently, it was found that the combination 
of commonly used anesthetic drugs—isoflurane, nitrous 
oxide, and midazolam—not only induced neuroapoptosis 
but resulted in deficits in hippocampal synaptic function 
and learning behavior.13 Although the anesthetic mecha-
nisms of NMDA antagonists (ketamine and nitrous oxide) 
and GABA agonists (isoflurane, sevoflurane, desflurane, 
propofol, and midazolam) are divergent, preclinical 
reports clearly demonstrate neurodegenerative and neu-
rocognitive changes in animal models.

Anesthesia removes sensory input and suppresses nor-
mal neural traffic, which in turn diminishes the trophic 
support required for neurogenesis and context-dependent 
modulation of neuroplasticity. However, several reports 
have described neuronal cell death mechanisms such as 
excitotoxicity, mitochondrial dysfunction, aberrant cell 
cycle reentry, trophic factor dysregulation, and disrup-
tion of cytoskeletal assembly.14-18 Although GABA acts 
as an inhibitory drug in the mature brain, it is an excit-
atory agent during early stages of brain development, 
owing to the preponderance of the immature Na/K/2Cl 
transporter protein NKCC1, which produces a chloride 
influx leading to neuron depolarization. Therefore, GABA 
remains excitatory until the GABA receptors are switched 
to the normal inhibitory mode when the mature chloride 

transporter, KCC2, is expressed, which actively transports 
chloride out of the neural cell.19"

Age-Dependent Vulnerability of Anesthetic
Neural development progresses through several steps that 
include neurogenesis, neuronal morphogenesis, and syn-
aptogenesis.20 Neurogenesis starts with the creation of 
progenitor cells, which proliferate and differentiate into 
neurons or glial cells. Then oligodendrocytes and astro-
cytes appear, which serve as supporting cells for neurons. 
This proliferative (cell cycle) stage produces an overabun-
dance of progenitor cells that develop into neural and glial 
cells.21 These cells can exit the cell cycle at different times 
to assume specific functions. A subpopulation remains 
undifferentiated and remains in the cell cycle. As neurons 
undergo terminal differentiation into a postmitotic state, 
they can no longer replicate. Dendrites and axons extend 
from the cell body to form functional synapses with other 
neurons. Most neurons (up to 70%) are eliminated dur-
ing normal development by early elimination and pro-
grammed cell death (apoptosis), both normal components 
of neurodevelopment.22 CNS neural development is regu-
lated by early elimination during the embryonal stage and 
programmed cell death after birth. Redundant neural pro-
genitor cells and neurons that do not migrate properly or 
make synapses are physiologically pruned by apoptosis.23

Critical periods of plasticity during brain develop-
ment are modulated by environmental cues and have 
been implicated in perceptual development in vision and 
speech.24,25 Likewise, the perioperative environment can 
influence brain development. Anesthetic drugs are pow-
erful modulators of neuronal circuits and have an impact 
on the constant flux of CNS development and remodeling 
in both health and disease states.26 Because neurogenesis 
is ongoing throughout life, from the fetus to the elderly, 
these neural progenitor cells are vulnerable to the toxic 
effects of anesthetic drugs. Exposure to isoflurane pro-
duces neuronal cell death in brain regions where neural 
progenitor cells reside.27 Therefore, susceptibility to AIDN 
extends from the fetal period to late adulthood.

Brain growth spurt in most species is likely the time 
of maximal susceptibility to AIDN. This time corresponds 
with the time of maximal synaptogenesis. The growth 
spurt of human brains occurs in the last trimester of ges-
tation until about 3 to 4 years of age, which is the time 
that children are most vulnerable to the negative effects 
of general anesthesia (also see Chapter 34). There is con-
troversy about this though. Yet, neuroinformatic mapping 
of the development of corticospinal tracts across species 
demonstrates that 7-day-old rat pups are neurodevelop-
mentally closer to 20- to 22-week-old human fetuses.28 
This is also the time of maximal susceptibility to fetal 
alcohol syndrome, which involves fetal exposure to alco-
hol, which is both a GABA agonist as well as an NMDA 
antagonist.
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The timing of maximal brain growth during develop-
ment is species dependent. Rodents are altricial species 
and much of their neurodevelopment occurs postna-
tally. This time period occurs from about postnatal day 
6 through postnatal day 21. Simian species including 
humans are usually considered precocial and typically 
have a longer gestation because offspring are born at a 
relatively advanced stage of development. Rhesus mon-
keys are susceptible to anesthetic-induced neuroapoptosis 
when exposed as fetuses or up to day 6 of life.29-32 How-
ever, AIDN has not been demonstrated when the expo-
sure occurs on day 35 postnatally.14 Five-day-old rhesus 
monkeys given equivalent human concentrations (0.5%-
1.5%) of isoflurane for 4 to 6 hours, either with or without 
nitrous oxide, developed extensive neuroapoptosis found 
in the temporal, frontal, and hippocampal areas of the 
brain.31 However, ketamine given in very large doses for a 
prolonged duration causes both an increased level of neu-
roapoptosis, and later, learning deficits in exposed rhesus 
monkeys.32,33

The time of exposure during development results in 
contrasting patterns of neural fate. Exposure of anesthet-
ics to pregnant rats results in increased apoptotic cells 
in the brains of the fetuses.34 Administration of anes-
thetics to neonatal rodents leads to increased apoptosis 
and stunted axonal growth and dendritic arborization. 
In contrast, anesthetic exposure in juvenile rat models 
does not increase apoptosis but leads to enhanced den-
dritic formation and synaptic density.35,36 It is of concern 
that similar altered dendritic morphologic appearance has 
been observed in psychiatric and neurologic disorders.37"

Characterization of AIDN
Pathologic Apoptosis
Accelerated apoptosis is the hallmark of AIDN (Table 
12.1).12,13 Although an essential process in controlling neu-
ral development, the apoptotic pathway is also activated 

by cellular stress.38 Such stresses include glucocorticoids, 
heat, radiation, starvation, infection, hypoxia, pain, and 
anesthetics. Apoptosis is almost always executed by cas-
pase enzymes, which are cysteine dependent aspartate 
proteases that either initiate the apoptotic process (cas-
pases 2, 8, 9, and 10) or affect the process (caspases 3, and 
7). The two main pathways are the extrinsic and intrin-
sic pathways. The extrinsic pathway is mediated by death 
receptors on the cell membrane wall whereas the intrinsic 
pathway is dependent on mitochondrial activation.

The extrinsic pathway involves the Fas ligand to 
the Fas cell wall receptor, which then becomes the Fas-
associated death domain, or FADD. This joins with either 
procaspase 8 or 10 to become a death-inducing signal-
ing complex (DISC). This activates the effector caspase 3 
to induce cell death. The extrinsic pathway can also be 
induced by the tumor necrosis factor–related apoptosis-
inducing ligand (TRAIL), which also causes activation of 
FADD, DISC formation, and apoptosis.

The intrinsic pathway involves the mitochondria, 
which under stress release proapoptotic proteins such as 
cytochrome c, procaspases, Smac/Diablo, endonuclease G, 
adenylate kinase-2, and apoptosis-inducing factor (AIF). 
AIF can induce apoptosis without caspase activation, 
which differs from other proteins. These proapoptotic 
proteins are released from the space between the inner 
and outer mitochondrial layers by increased permeabil-
ity of the outer mitochondrial wall. The Bcl-2 cytosolic 
proteins are made up of proapoptotic and prosurvival 
components. The mitochondrial outer wall permeability 
is induced by the Bax proteins (Bcl-2 proapoptotic) and 
leads to the release of cytochrome c as well as other pro-
teins that activate caspase 9. Exposure to volatile anes-
thetics impairs mitochondrial function, which in turn 
activitates the intrinsic apoptotic pathway.15,39 Reactive 
oxygen species (ROS) scavengers and restoration of mito-
chondrial integrity mitigate this response.40,41"

Impeded Neurogenesis
Anesthetics affect neurogenesis in animals in an age-
dependent manner. Isoflurane causes loss of neural stem 
cells and reduced neurogenesis in neonatal but not adult 
rats, where it causes a brief increase in neurogenesis.42 
Likewise propofol decreases hippocampal cell prolifera-
tion in young rats but not in adults. Exposure to isoflu-
rane impairs growth and delayed maturation of astrocytes 
in young animals. Inflammation caused by general anes-
thetics may also cause a decrease in neurogenesis in 
animals. Based on both in! vivo and in! vitro evidence, 
general anesthetics may decrease both the pool of neural 
stem cells and their capacity for self-renewal, especially 
in juveniles and adults.27,43"

Altered Dendritic Development
Dendritic spines are small protrusions of the neurons that 
typically receive input from a single synapse of an axon 

   Table 12.1 
   Key Features of Anesthetic-Induced 

Developmental Neurotoxicity (AIDN)

Feature Comment (see text for details)

Pathologic  
apoptosis

The hallmark of AIDN
Can be induced by extrinsic  
or intrinsic pathways.

Impeded  
neurogenesis

E!ect of anesthetics on  
neurogenesis is age-dependent

Altered dendritic  
development

Anesthetics a!ect dendritic 
morphogenesis in age-dependent 
manner

Aberrant glial  
development

Isoflurane can interfere with 
release of trophic factors by  
astrocytes
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and are essential components of synaptogenesis. Expo-
sure to ketamine and isoflurane decreases synapse and 
spine density in very young infant rats.44-46 However, in 
slightly older rats (age postnatal days 15, 16, and 20), 
exposure to propofol, midazolam, isoflurane, sevoflurane, 
desflurane, and ketamine leads to an increase in dendritic 
spine formation.35,36 The implications of a decrease in 
dendritic spine formation at a very young age and an 
increase in slightly older animals are unclear. However, 
the impact of the vulnerability of specific developmental 
stages on AIDN is clear. Motor skill learning by subjecting 
rats to running on a rotarod enhances dendritic devel-
opment. Exposure to ketamine and xylazine at postnatal 
day 14 resulted in a reduction of dendritic spine forma-
tion.47 Taken together, the impact of anesthetics on den-
dritic morphogenesis clearly differs with the age at which 
exposure occurs."

Aberrant Glial Development
The glial cells within the CNS form the scaffolding, 
which guides the migration and synaptogenesis of the 
neurons during development. Astrocytes are impaired 
during neural development by exposure to isoflurane.48 
This anesthetic interferes with the release of brain-
derived neurotrophic factor (BDNF) by astrocytes, which 
in turn deprive the developing neurons of trophic sup-
port for axonal outgrowth. Isoflurane also induces apop-
tosis of oligodendrocytes in fetuses and neonate rhesus 
monkeys.30,31"

Anesthetic Effects on Spinal Cord
General anesthetic exposure (isoflurane, nitrous oxide) 
in very young rat pups causes an increase in apoptosis 
in the spinal cord with a preponderance of injury in the 
ventral horns.49 However, no motor functional disabili-
ties were detected in exposed rats that were allowed to 
mature. Postnatal day 3 rat pups that received an intra-
thecal injection of ketamine had increased apoptosis and 
microglial activation on histologic examination of their 
spinal cords and deranged spinal function at adulthood.50 
Intrathecal morphine produced analgesia, but no histo-
logic or functional changes on the spinal cord.51 Exposure 
to a local anesthetic (bupivacaine) in the same population 
did not cause an increased level of apoptosis.52"

Neuroinflammation
Activation of neuroinflammatory cascades may influence 
the development of postoperative cognitive dysfunction53 
(also see Chapter 35). Surgical trauma clearly activates 
neuroinflammation.54,55 Therefore, the administration of 
anesthetic and analgesic drugs during surgery and pain-
ful procedures should minimize this response. However, 
sevoflurane increases markers of neuroinflammation in 
young but not adult mice.56 It is unclear if the impact of 
surgical trauma and anesthetic exposure are additive in 
inducing neuroinflammation."

Alzheimer-Related Neuropathology
Preclinical reports demonstrate expression of biologic 
precursors of Alzheimer disease.57 Experimental surgery 
on mice increased #-amyloid accumulation in the hip-
pocampus. Furthermore, exposure to isoflurane leads 
to increased #-amyloid levels in cell culture and rodent 
brains.58,59 Neuroinflammation and Alzheimer disease 
neuropathology is a potent combination that could 
diminish neurocognitive function.60"

Neurocognitive Function
Decrements in neurocognitive function clearly occur 
after fetal and neonatal exposure to anesthetic drugs in 
rodents.13,61,62 Standard behavioral measures in rodents 
include the Morris water navigation test, radial arm maze, 
startle, prepulse inhibition of the startle reflex, and odor 
recognition testing. Behavioral tests were also described 
in rhesus monkeys exposed to ketamine or sevoflurane 
with operant test battery or human intruder paradigm, 
respectively.33,63 The operant test battery is a measure of 
motivation and recognition memory, whereas the human 
intruder paradigm is a test for emotional reactivity. Both 
reports demonstrated a diminution of performance at an 
older age after neonatal exposure to these drugs.

Exposure to anesthetic drugs also adversely impacts 
neurobehavioral assessments of elderly rats. Six- and 
20-month-old rats anesthetized with isoflurane and 
nitrous oxide equally developed persistent deficits in the 
radial arm maze test.64 However, propofol did not result in 
impaired radial arm maze test results in a similar experi-
mental paradigm.65 These reports clearly demonstrate that 
exposure to anesthetic drugs can lead to neurobehavioral 
functional consequence at a later age (also see Chapter 35)."

Relevant Anesthetic Durations and 
Concentrations
The duration of exposure may be more relevant than the 
concentration of exposure, although both are important. 
Almost all the animal studies involved an anesthetic 
exposure of at least 4 hours with some trials exposing 
primates to 24 hours of continuous anesthesia. Exposures 
of less than 1 hour regardless of the animal studied did 
not cause increased neuroapoptosis. Exposure to volatile 
anesthetics of 0.25% to 0.5% minimum alveolar concen-
tration (MAC) for 6 hours increased caspase 3 marker lev-
els, indicating an increase in cell death or apoptosis in rat 
pups. There is inconsistency about the relative neurotoxic 
potential of individual volatile anesthetics. Whether des-
flurane induces more neuroapoptosis than sevoflurane or 
halothane is not clear. Also, whether anesthetics given in 
combinations are more neurotoxic than solitary anesthet-
ics is not known. Although nitrous oxide in combination 
with isoflurane is more neurotoxic than isoflurane alone, 
it may be because the total MAC exposure is higher when 
given in combination rather than a synergistic effect."



Section II PHARMACOLOGY AND PHYSIOLOGY

180

Anesthetic and Sedative Drugs
GABAergic general anesthetics act on the GABAA recep-
tor. Although GABA is inhibitory in the mature brain, it 
is an excitatory agent during early stages of brain devel-
opment.66,67 The immature Na/K/2Cl transporter protein 
NKCC1 produces a chloride influx leading to neuron 
depolarization. As a consequence GABA remains excit-
atory until the GABA neurons switch to the normal inhib-
itory mode when the mature chloride transporter, KCC2, 
is expressed, which actively transports chloride out of the 
neural cell.68 This switch begins around the 15th postna-
tal week in term human infants but is not complete until 
about 1 year of age.

The N-methyl-D-aspartate glutamate receptor (NMDAR) 
is found in neurons and is activated when glutamate, gly-
cine, or D-serine binds to it. It is critical for synaptic plastic-
ity, which is needed for learning and memory. Structurally 
the NMDAR is a protein composed of four subunits—two 
GluN1 (formerly called NR1) and two GluN2 (formerlly 
called NR2). The GluN1 subunit binds the coagonist gly-
cine, and the GluN2 subunit binds glutamate. Ketamine, 
which is a noncompetitive NMDAR antagonist, has been 
associated with AIDN in animals and causes an upregula-
tion of the GluN1 subunit.69

In general, opioids do not increase neuroapopto-
sis but under some experimental conditions, repeated 
morphine administration over 7 days is associated with 
increased apoptosis in the sensory cortex and amyg-
dala of neonatal rats.70 However, a single dose of mor-
phine given to postnatal day 7 rat pups did not increase 
neuroapoptosis.71 Furthermore, daily administration of 
morphine for 9 consecutive days did not alter dendritic 
morphologic appearance. These areas of the brain are 
not the areas of the brain that are affected by volatile 
and intravenous anesthetics, which preferentially affect 
the learning and memory areas (hippocampus) of devel-
oping brains."

Alleviation of AIDN
Several molecular mechanisms for anesthetic-induced 
apoptosis have been elucidated. This finding has led to 
studies designed to determine whether there are clinically 
available neuroprotective strategies that can ameliorate 
the negative effects of general anesthetics on developing 
young children. Several nonspecific drugs, which have 
neuroprotective properties (lithium, melatonin, estrogen, 
erythropoietin, estradiol, and dexmedetomidine), allevi-
ate AIDN. Dexmedetomidine mitigates isoflurane-induced 
neuroapoptosis and behavioral impairment.72 However, 
large doses of dexmedetomidine can induce neuroapop-
tosis.73 The neuroprotective effect of dexmedetomidine 
probably induces cell survival signaling pathways at clin-
ical doses.74 Finally, an enhanced and stimulating envi-
ronment mitigates neurobehavioral deficits after neonatal 
exposure to sevoflurane.56,75"

CLINICAL EVIDENCE FOR NEUROTOXICITY

Taken together, three factors appear to induce AIDN in 
laboratory models: (1) susceptibility during a critical 
period of development, (2) large dose of the anesthetic, 
and (3) prolonged duration of exposure. Extrapolation of 
these laboratory data to the human neonate is problem-
atic. A rat brain develops over a matter of weeks, whereas 
a human brain develops over years. Six hours of anesthe-
sia in a neonatal rat pup may equate to weeks in a human 
neonate. With the exception of sedation in intensive care 
patients, this extreme condition is not common in clinical 
practice. Therefore, uncovering the effect of an equivalent 
exposure on the neurologic outcome in a human neo-
nate is difficult. Prolonged and repetitive exposure and 
exposure at a young age to general anesthesia causes the 
most neuroapoptosis and later developmental delays in 
animals. Children who need frequent examinations under 
anesthesia or radiation treatments for cancer theoretically 
are at increased risk for the neurotoxic effects of general 
anesthesia.

The implication that general anesthesia may be harm-
ful to children is limited to retrospective epidemiologic 
analyses (also see Chapter 34). This evidence may be con-
founded by the effects of surgery and the effects of the 
underlying comorbid conditions. Although control for 
obvious confounders has been attempted, the retrospec-
tive nature of these investigations makes it impossible 
to control for all the known and unknown confounders. 
There have been several epidemiologic studies originating 
from the Mayo Clinic. The population in Olmsted County, 
Minnesota, is stable, and researchers there have access to 
both their medical records as well as the school records of 
this population. A retrospective cohort study of over 5000 
children born from 1976 through 1982 found more read-
ing, written language, and math learning disabilities in 
the 593 patients who were exposed to anesthesia before 
the age of 4 years.76 Risk factors included more than one 
anesthetic exposure and general anesthesia lasting longer 
than 2 hours. A similar study was done using a matched 
cohort of 8530 children from Olmsted County, which 
found that the 64 children less than 2 years of age who 
had more than one anesthetic exposure were almost twice 
as likely to have speech and language disabilities as the 
children who had a single or no anesthetic exposure.77 An 
analysis of these retrospective studies disclosed that halo-
thane (no longer a commonly used inhaled anesthetic) 
was the chief anesthetic used, most of the cases were per-
formed before pulse oximetry was commonly used, and 
the records used were handwritten so that there may have 
been some informational bias.

A database of over 200,000 children was developed 
using the New York State Medicaid billing codes. Initial 
studies from this database revealed that children under-
going inguinal hernia repair at less than 1 year of age 
had almost a threefold increase in diagnoses relating to 
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developmental and behavioral issues.78 When this group 
was controlled for gender and birth weight there was still 
a nearly twofold increase in these issues. However, a fol-
low-up study matching exposed twins with nonanesthetic 
exposed twin siblings found that there was no association 
between general anesthesia receipt and later neurologic 
and developmental problems.79 A small retrospective 
cohort paper was published of children who received 
anesthesia before the age of 4 years.80 Fifty-three exposed 
children were matched with the same number of control 
children. All the children underwent cranial magnetic res-
onance imaging studies as well as neurocognitive exami-
nations. They found that the previously exposed children 
scored significantly lower in listening comprehension 
and performance intelligence quotient (IQ). Exposure did 
not lead to gross elimination of gray matter in regions 
previously identified as vulnerable in animals. Decreased 
performance IQ and language comprehension, however, 
were associated with lower gray matter density in the 
occipital cortex and cerebellum. The general conclusion 
is that there is a more frequent risk to children who have 
had two or more anesthetic exposures. However, a 2012 
prospectively followed cohort study from Australia of 
2608 children exposed to a wide variety of general anes-
thetics and surgical procedures before the age of 3 years 
found that even a single exposure to general anesthesia 
was related to decreased performance on receptive and 
expressive language and cognitive testing performed at 
age 10 years.81 Another prospective evaluation compared 
a smaller group of children exposed to anesthesia before 
1 year of age to a similar number of age- and gender-
matched children who had not received anesthesia. The 
study revealed that the anesthetized children had deficits 
in measures of long-term recognition memory, but no dif-
ferences in familiarity, IQ, and Child Behavior Checklist 
scores.62

Large database clinical investigations from Canada 
and Sweden reveal that exposure to surgery and anesthe-
sia at an age older than 2 to 4 years increased the odds 
ratio of cognitive deficits, though not to the extent of 
previously published retrospective reports from smaller 
populations.82-84 Scrutiny of these large datasets reveals 
a lower percentage in academic achievement scores for 
toddlers undergoing ear, nose, and throat surgery. This 
finding suggests that early derangements in hearing and 
speech may have an impact on subsequent cognitive 
domains as assessed by school performance.

Other studies have cast doubt on the association 
between exposure to general anesthesia at a young age 
and later school problems. A study from the Netherlands 
evaluating the educational achievements of 1143 identical 
twin pairs found that twin pairs in which any member of 
the twin pair was exposed to general anesthesia had lesser 
educational achievements than unexposed twin pairs.85 
However, the educational achievements of discordant 
twin pairs (one twin exposed, one twin nonexposed) were 

similar to each other, meaning that the receipt of general 
anesthesia did not appear to be a relevant factor. Simi-
larly, a large cohort study of 2689 children born in Den-
mark between 1986 and 1990 who underwent inguinal 
herniorrhaphy as infants were matched to control sub-
jects who were randomly selected from an age-matched 
sample representing 5% of the population.86 This study 
found no statistically significant differences between 
the exposed and nonexposed children after adjusting for 
known confounders.

Two published large prospective cohort studies sup-
port the contention that there is no impact of anesthetic 
exposure on subsequent neurocognitive domains in chil-
dren. The GAS study is the only prospective randomized 
controlled trial to date comparing the effects of general 
anesthesia with regional anesthesia for inguinal hernia 
surgery in early infancy.87 This interim analysis found no 
evidence that 1 hour of sevoflurane anesthesia in infancy 
increases the risk of adverse neurodevelopmental outcome 
at 2 years of age compared with awake-regional anesthe-
sia. The primary outcome, which is a 5-year assessment, 
is under way. The PANDA study prospectively examined 
the impact of inguinal hernia surgery in infants younger 
than 36 months of age. An extensive battery of neuro-
cognitive tests was used to compare each anesthetized 
infant to a sibling who had no anesthesia exposure.88 
When compared to a sibling cohort naïve to surgery and 
general anesthesia, there was no significant difference in 
the tested neurocognitive domains. Both negative stud-
ies only examined the impact of short exposures to gen-
eral anesthesia and surgery. These findings are consistent 
with the lack of AIDN after exposures of short duration 
in laboratory animals. Furthermore, the neurocognitive 
assessments in all the clinical reports were performed in 
childhood and adolescence, not at adulthood. Therefore, 
the relationship between prolonged exposure to anes-
thetic drugs and neurocognitive performance in later 
stages of the life span needs to be addressed in future 
investigations.

On the other end of the age spectrum, elderly patients 
are at increased risk of developing postoperative cogni-
tive dysfunction after surgery and anesthesia89 (also see 
Chapter 35)."

INTRAOPERATIVE COURSE AND 
NEUROCOGNITIVE OUTCOMES

Yet, anesthetic drugs are not clinically administered in 
a vacuum. The developing CNS is an exquisitely sensi-
tive internal milieu. Because critical periods of plasticity 
during brain development are modulated by the environ-
ment,24,25 the perioperative environment has the poten-
tial to influence brain development. Anesthetic drugs 
are powerful modulators of neuronal circuits and have 
an impact on the constant flux of CNS development and 
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remodeling in both health and disease states.26 Therefore, 
nonphysiologic exposure to various drugs and stressors 
(painful stimuli, maternal deprivation, hypoglycemia, 
hypoxia, and ischemia) during these critical periods of 
development may lead to neuronal injury and altered 
neuroplasticity.90 Are there other confounding variables 
involved in this process? Deterioration in long-term neu-
rodevelopmental outcomes occurs in neonates undergo-
ing surgery, which could cause congenital anomalies. The 
potential contribution of previously unknown genetic 
syndromes that are associated with both infant surgery-
requiring lesions and developmental delay should be 
considered.

In anesthetized or sedated patients undergoing sur-
gery or painful procedures, respectively, hemodynamic 
and metabolic changes may influence the neurocogni-
tive outcomes of patients exposed to general anesthesia. 
These influences could work in concert with the neuro-
toxic potential of general anesthetics or independently 
to cause poor neurocognitive outcomes. Some of the 
factors that are implicated in causing poor outcomes in 
babies receiving neonatal intensive care may be impor-
tant to infants undergoing general anesthesia (also see 
Chapter 34). These factors include perioperative blood 
pressure, carbon dioxide tensions, hyperoxia or hypoxia, 
temperature, and serum glucose levels (Table 12.2). Fur-
thermore, cognitive decline that occurs with aging (also 
see Chapter 35) will have an impact on cognitive func-
tion in the elderly.91

Arterial Blood Pressure
Determining the optimal arterial blood pressure man-
agement for very young infants is complicated by the 
many definitions for hypotension in the neonate and 
young infant. Two commonly used definitions are a mean 

arterial blood pressure (MAP) below the 5th or 10th per-
centile for age or a MAP less than the infant’s gestational 
age in weeks for infants who were born premature. Fur-
thermore, normal arterial blood pressures for very young 
infants rapidly increase during the first 6 weeks of life 
and thereafter are fairly constant for the first year of life. 
Maintaining arterial blood pressure within the limits of 
cerebral autoregulation is optimal for cerebral protec-
tion, although sustaining adequate cerebral perfusion less 
than the limits of cerebral autoregulation is sometimes 
necessary. The lower limits of cerebral autoregulation in 
neonates is likely variable and not precisely known. Fur-
thermore, a wide range of interinfant variability likely 
exists. The lower limits of cerebral autoregulation for 
some infants is indeed close to the definition of hypo-
tension using the infant’s age in gestational weeks. Yet, 
some premature infants have cerebral autoregulation at 
a MAP level considerably lower than their gestational 
age in weeks.92 A study of children younger than 2 years 
undergoing sevoflurane anesthesia found that in infants 
less than 6 months of age, the lower limit of autoregu-
lation occurred at 38 mm Hg or a 20% decrease from 
baseline awake MAP.93 In contrast, in infants older than 
6 months the lower limit of autoregulation did not occur 
until arterial blood pressure had decreased to 40% of the 
normal arterial blood pressure. A follow-up study on this 
group of children using near-infrared spectroscopy and 
Doppler flow technology showed that the lower limits 
of autoregulation occurred at a MAP of 45 mm Hg but 
that patients were not at risk for cerebral ischemia until 
the MAP was less than 35 mm Hg. So, infants have less 
cerebral autoregulatory reserve and may be at risk for 
inadequate cerebral perfusion following a decrease in 
arterial blood pressure after induction of general anes-
thesia. Inadequate perfusion from hypotension can lead 
to partial asphyxia. Partial ischemia often causes dam-
age in the watershed areas between major cerebral blood 
vessels and is most often caused by sharp decreases in 
arterial blood pressure.94 Most general anesthetics cause 
some degree of hypotension, which can be ameliorated by 
surgical stimulation. Prolonged inductions of anesthesia 
or surgical preparation times may lead to protracted peri-
ods of hypotension in neonates."

Hypocapnia and the Brain
The partial arterial carbon dioxide pressure (PaCO2) is an 
important modulator of the cerebral blood flow (CBF) with 
its main effect on cerebral arteries95 (also see Chapter 30). 
Hypocapnia results in vasoconstriction of cerebral vessels 
leading to decreases in CBF. Hypocapnia-induced vaso-
constriction may alter neuronal nuclear membranes and 
increase nuclear Ca2+ influx through ischemia-induced 
tissue hypoxia and free radical generation, through alter-
ations in the NMDAR, or by changes in cerebral energy 
metabolism, leading to apoptotic cell death. Hypocapnia, 

   Table 12.2 
   Intraoperative Factors Influencing 

Neurocognitive Outcomes

Factor Comment (see text for details)

Arterial blood 
pressure

Interpatient variability in lower  
limits of cerebral autoregulation

Carbon dioxide 
tension

Hypocapnia causes cerebral  
vasoconstriction

Hyperoxia or 
hypoxia

Hyperoxia produces reactive oxygen  
species
Hypoxia can cause cerebral ischemia

Temperature Mild hypothermia is protective in  
neonate with prior ischemic injury
Hyperthermia with prior ischemic injury is 
associated with neurocognitive disability

Serum glucose Extremes of hypoglycemia and hyperglyce-
mia are associated with adverse outcomes
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which leads to cerebral alkalosis, not only decreases cere-
bral perfusion but decreases the ability of hemoglobin to 
release oxygen. Premature infants may be particularly 
susceptible to the effects of hypocapnia. In general, it 
is recommended to keep the end-tidal CO2 levels above 
35 mm Hg in infants and children undergoing general 
anesthesia."

Oxygen Management
Excessive administered oxygen delivered during general 
anesthesia can lead to an increased production of ROS 
causing cell stress and apoptosis. Ordinarily there is a bal-
ance between ROS and cell antioxidants. This balance is 
easily overwhelmed in young infants because their anti-
oxidant defenses are not well developed at birth. During 
the last stages of fetal development there is an increase 
in endogenous production of antioxidants as well as an 
increase in maternal-fetal transfer of antioxidants in order 
to prepare the fetus for the relatively hyperoxic environ-
ment after birth compared with the relatively hypoxic 
fetal environment. Premature infants are at greater risk 
than term infants from oxygen damage because they are 
deficient in both of the previous factors. The antioxidant 
enzymes involved include superoxide dismutase, catalase, 
and glutathione peroxidase. These enzymes convert reac-
tive superoxide radicals to hydrogen peroxide and then to 
water. Hyperoxia in young animals leads to neuroapop-
tosis presumably by oxidative stress and a decrease in 
neurotrophin activities. Oxygen can trigger inflammatory 
cytokines, which further cause cell stress.

Hypoxia and anoxia can cause brain ischemia. Neu-
rons begin to lose their electrochemical gradients and 
there is an influx of calcium into the cytosol as a result 
of glutamate release from synaptic vesicles. This leads 
to early necrotic cell death. This is heralded by nuclear 
swelling, mitochondrial collapse, and inflammation. A 
proportion of neurons that are stressed by ischemia will 
not die immediately but will go on to die an apoptotic 
death sometime after the ischemic stress is eliminated."

Temperature
Temperature maintenance during anesthesia is one of the 
challenges of pediatric anesthesia (also see Chapters 20 
and 34). Infants have a large skin surface area/body mass 
ratio and a high basal metabolic rate, which accelerate 

radiant and evaporative heat loss. In addition, reduced 
vasoconstriction and decreased subcutaneous fat increase 
their radiant and conductive heat losses during proce-
dures. Infants who are hypothermic at the conclusion 
of anesthesia may not have the energy stores to both 
rewarm themselves and spontaneously ventilate, neces-
sitating postoperative ventilation in these infants. How-
ever, mild hypothermia (core temperature 32° C to 34° C) 
is neuroprotective in neonates who have suffered prior 
hypoxic ischemic injury. Hyperthermia in these same 
neonates was associated with more neurocognitive dis-
abilities when these children underwent testing at age 
18 months."

CONCLUSION

Accumulating evidence from laboratory investigations 
definitively demonstrates that anesthetic and sedative 
drugs are potent modulators of CNS development and 
function throughout the life span, which in turn can lead 
to neuroapoptosis, altered dendritic formation, synapto-
genesis, and subsequent neurocognitive deficits.96 Yet, 
evidence from retrospective clinical reports in pediatric 
and elderly surgical populations is inconclusive.

Because anesthetic and sedative drugs are important 
in the management of surgical patients, the problem of 
AIDN must be eventually addressed. In the meantime, 
anesthesia providers should be sensitive to the possibility 
that brain development in younger years and its decline 
in older patients can be an issue for perioperative care."

QUESTIONS OF THE DAY

  

 1.  What pathologic process is the hallmark of anesthetic-
induced developmental neurotoxicity (AIDN)?

 2.  What anesthetic medications have been associated 
with AIDN in animal models?

 3.  In laboratory models, what factors are most important 
in the development of AIDN?

 4.  What is the clinical evidence for neurotoxicity in chil-
dren who have received general anesthesia?

 5.  What intraoperative factors may have an influence on 
neurocognitive outcomes in a child receiving general 
anesthesia?
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