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Abstract

Background. Experimental studies in animals have shown that exposure to general anaesthesia in infancy can cause loss of
cells in the central nervous system and long-term impairments in neurocognitive function. Some human epidemiological
studies have shown increased risk of learning disability after repeated anaesthesia exposure in early childhood. Thus, we
investigated in a highly translational rhesus monkey model, whether repeated exposure in infancy to the inhalation anaes-
thetic sevoflurane is associated with impaired visual recognition memory during the first two yr of life.
Methods. Rhesus monkeys of both sexes were exposed to sevoflurane inhalation anaesthesia on approximately postnatal
day 7 and then again 14 and 28 days later, for four h each time. Visual recognition memory was tested using the visual
paired comparison task, which measures memory by assessing preference for looking at a new image over a previously-
viewed image. Monkeys were tested at 6–10 months of age, again at 12–18 months of age, and again at 24–30 months of age.
Results. No memory impairment was detected at 6–10 months old, but significant impairment (reduced time looking at the
novel image) was observed at 12–18 and 24–30 months old.
Conclusions. Repeated exposure of infant rhesus monkeys to sevoflurane results in visual recognition memory impairment
that emerges after the first yr of life. This is consistent with epidemiological studies that show increased risk of learning
disability after repeated exposure to anaesthesia in infancy/early childhood. Moreover, these deficits may emerge at later
developmental stages, even when memory performance is unaffected earlier in development.
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The possibility that exposure to general anaesthesia in infancy
or early childhood may have long-term adverse effects on neu-
rocognitive function is of concern to anaesthetists. Anaesthetic
neurotoxicity has been demonstrated in newborns of a number
of species,1–6 44–45 although never directly observed in humans.
Neurocognitive impairment after anaesthesia exposure early in
life is also common in animal studies. Some human epidemiolo-
gical studies have found that repeated exposure to anaesthesia

early in childhood (before the age of four), is associated
with increased risk of learning disability and attention deficit/
hyperactivity disorder,7–9 although this observation is not uni-
versal.10 11 Moreover, single, relatively brief exposures to general
anaesthesia early in childhood seem to be safe in terms of neu-
rocognitive outcome in prospective studies, at least in terms of
the endpoints and developmental stages that have been studied
to date.12 13
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Because repeated exposure to general anaesthesia early in de-
velopment seems to be associated with greater risk of later neu-
rocognitive difficulties, we have developed a rhesus monkey
model of repeated anaesthesia exposure in infancy. This model
has a number of advantages, including the ability to monitor
and support physiological homeostasis during anaesthesia to a
much greater degree possible than with rodents, and allows as-
sessment of the complex cognitive behaviours that nonhuman
primates can display. In this model, we exposed infant ma-
caques to sevoflurane anaesthesia for four h on postnatal day
seven, and again on days 21 and 35. We then followed the ani-
mals that live with their mothers in large social groups at the
Yerkes National Primate Research Centre for two yr of socioe-
motional and cognitive testing starting at six months of age,
five months after their last anaesthetic exposure.14

The present report describes the development of recognition
memory in these subjects, which were tested at six, 12 and
24 months of age using the visual paired comparison task
(VPC)15–18 (Fig. 1). This task, developed to study human mem-
ory,15 16 measures incidental visual recognition memory and
takes advantage of the spontaneous preference to look at novel
stimuli. It requires no training, thus it is an ideal task for the
study of memory in preverbal humans or non-verbal monkeys.
Monkeys as young as 1 month of age will reliably spend more
time looking at a novel image than the familiarized image.19

Memory is further taxed by increasing the delay between initial
viewing of the familiarized object and presentation of the novel
stimulus. In adult humans and monkeys, damage to structures
in the medial temporal lobe yields a recognition memory im-
pairment at long delays and may vary in the type of memory
impacted (e.g. object vs spatial).20 21 Because this task is also
sensitive to disruptions in memory during development as a
consequence of neonatal damage to medial temporal lobe

structures,17 18 22 23 our second aim was to determine whether
impairment patterns followed those produced by selective dam-
age to those structures.

Methods

All animal procedures were approved by the Yerkes National
Primate Research Centre and the Emory University Institutional
Animal Care and Use Committee, and were conducted in full
compliance with PHS Policy on Humane Care and Use of
Laboratory Animals. Subject descriptions and anaesthetic pro-
cedures have been published elsewhere.14 Briefly, twenty new-
born rhesus macaques of Indian origin (Macaca mulatta) were
born in two cohorts, in the breeding colony at the Yerkes
National Primate Research Centre field station. The first, six fe-
male and four male, were born in the 2012 birth season. The se-
cond cohort (four female, six male) were born the following yr.
All infants were delivered vaginally without veterinary inter-
vention in their natal group compounds. Infants were born to
middle-ranking dams and were housed in large social groups of
50-100 individuals and comprising several family groups.
Infants were assigned as they were born and with consideration
to balancing for sex and weight to either the control group or
the anaesthesia group.

Monkeys received either three anaesthetic exposures to sev-
oflurane (anaesthesia group), or three brief maternal separ-
ations (Control group) on or about postnatal day seven (range
from day six-10), that was repeated at two-week intervals for a
total of three exposure/separations between postnatal days
�seven-35. After removal from the dam, all infants received a
brief neurological exam (see14). At this point, monkeys in the
anaesthetic group were mask-induced with sevoflurane (from 2
vol % to effect, maximum 8 vol % in 100% O2), intubated and
catheterized for i.v. fluids. Sevoflurane was administered for 4 h,
with monitoring of vital signs, depth of anaesthesia and blood
gases (see Table 1 in14). After complete recovery, the infant was
returned to its dam. The recovery period lasted on average
20-30 min. Subjects in the control group experienced maternal
separation at the same ages, that comprised the neurological
exam and a period of handling that matched in total duration
the separation consciously experienced by the experimental
group. Thus, on average, control infants experienced 30-40 min
of maternal separation and were returned to the dam. Details of
the mother-infant interactions after these separations have
been published24 and did not differ between groups, indicating
that the separations involved in anaesthesia exposures did not
cause alterations in mother-infant bonding that might have im-
pacted later cognitive or socioemotional behavior.

Familiarization Retention 1 Retention 2

Delay:
5 s

Delay:
10-120 s

Fig 1 Illustration of a single trial of the visual paired comparison task.

Editor’s key points

• Exposure to general anaesthesia in infant animals can
cause long-term neurocognitive deficits, especially after
repeated or prolonged exposures.

• The effects of repeated exposure to sevoflurane anaes-
thesia in infancy on visual recognition memory were
evaluated in a nonhuman primate model.

• Three four hour exposures to sevoflurane anaesthesia
in infant rhesus monkeys led to neurocognitive deficits
that appeared over a year later.
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During the next four and a half months subjects were
observed in their social groups and weekly accessed so as to be-
come acclimated with the procedures for brief separations from
the social group for the purposes of behavioural testing or peri-
odic blood samples. After their emotional reactivity testing at
six months14 they began formal cognitive testing on the visual
paired comparison (VPC) paradigm.

All monkeys, in both control and anaesthesia groups, were
exposed to anaesthetic drugs at older ages for regular health
checks and when required for veterinary treatments. These
drugs were not part of the initial anaesthesia/control treatment.
Unlike infant rhesus monkeys, older monkeys cannot be
handled safely for veterinary procedures without being sedated.
For routine veterinary exams at 12, 24, and 30 months of age, all
monkeys were sedated with a cocktail of 0.01 mg kg�1 dexmede-
tomidine (i.m.), 0.3 mg kg�1 midazolam (i.m.), and 0.01-0.03 mg
kg�1 buprenorphine (i.m.). Once the monkey was safe to handle,
sevoflurane (3-6 vol %, to effect) was administered by mask if
required. The dexmedetomidine was antagonized with atipa-
mezole (0.01-0.15 mg kg�1, half i.m. half i.v.) and the midazolam
by flumazenil (0.02 mg kg�1, i.v.) once sevoflurane administra-
tion began. These procedures typically took five-15 min to com-
plete. If surgical treatment was required (as for an injury),
dexmedetomidine was only partially antagonized (0.03-0.05 mg
kg�1 atipamezole). The intention was to avoid treatment with
ketamine, propofol, or other anaesthetic agents when anaesthe-
sia was necessary for veterinary treatment.

In addition to the routine veterinary exams described above,
11 of the 20 monkeys (six in the anaesthesia group, five in the
control group) received additional sevoflurane exposure for vet-
erinary treatments. Of the monkeys that received additional
sevoflurane, this occurred on a mean of 2.2 (range 1-6) occa-
sions, of median duration 25 min (range 19-113). The two most
extreme cases were A1f (six additional exposures of 17-70 min
duration, median 37.5) and C9m (five additional exposures of
23-47 min duration, median 29); the 113 min exposure (the
longest additional exposure) was in case C2f. An additional 2
monkeys in the anaesthesia group received sedative drugs
alone on a single occasion for minor veterinary treatment.

VPC testing15–18 was conducted using a Tobii T60/T120 eye
tracker (Tobii Technology, Sweden). Six month old infants were
hand-held, wrapped in a soft blanket and facing the eye tracker
monitor on which visual images were displayed. Twelve and
24-month old infants sat in a custom designed plexiglas test
"chair", positioned at a proper distance for the eye tracker to de-
tect their eyes. A curtain prevented the monkey from seeing the
tester, but the monkey was visible to the tester via the Tobii
built-in camera. The monkey’s eyes were visualized on the test-
ing screen when the eyetracker detected them and a gaze-trail
was shown over the tester’s screen showing where on the
screen the monkey was looking. As a precaution for accurate
eyetracking and to avoid possible bias, monkey handlers always
maintained their gaze downward towards the floor when hold-
ing infants. Likewise, when the older animals were seated in the
chair, the handler was seated facing the monkey, with profile to
the testing screen. Infants seated in testing chairs were further
offered an oral syringe filled with various fruit purees that was
held at the centre of the chair front so as to orient their heads in
the direction of the eye tracker monitor. Fruit puree was dis-
pensed at random intervals so as not to reward a particular gaze
pattern.

For testing, the infants were accessed from their social
groups and transported to the behavioural testing suite. Visual
stimuli were obtained from existing testing sets used by our

colleagues routinely to test infant monkeys17 18 that used
photo/clip-art images of everyday junk objects (Nova Art
Explosion 800,000 ClipArt). Selected images for each set were
chosen to be as different as possible. As shown in Fig. 1, each
testing trial consisted of a Familiarization phase, in which a sin-
gle image (Sample) was presented in the centre of the screen.
The image was visible while the tester timed the gaze trails
crossing the image until a total of 30 s of viewing time accumu-
lated. At this point, the image disappeared and the screen re-
mained black for the Delay time (10, 30, 60 or 120 s). After the
delay period, the first of two Retention tests began during which
the Sample image and a Novel image were placed on either side
of the screen for five s and the monkey was free to look at either.
Both images then disappeared for another five s and then the
second Retention test began in which the Sample and Novel
images were again presented, but on opposite sides of the
screen. Initial placement of the objects was determined pseudo
randomly such that the Sample object appeared equally often
on either side of the screen for the first Retention test. Each trial
was separated by a 30 s inter-trial interval.

Using Tobii Studio Software, each stimulus array had prede-
termined regions of interest (ROIs) identified. Each ROI encom-
passed the image and the white background and was
categorized as Sample, for familiarization stimuli, and Novel or
Familiar for Retention stimuli. Because the six month old in-
fants did not fixate or saccade in the same manner as when
they were 24 months old, we recorded the duration time within
each ROI, yielding a total time looking at Novel and/or Familiar
stimuli. Monkeys (like humans) have an innate tendency to look
at the novel stimulus, so the data were expressed as the per-
centage of time spent looking to the novel stimulus [(Time look-
ing to Novel)/(Total looking time)]. Testing was repeated at 12
and 24 months of age. To keep the animals out of the group for
as short a time as possible, infants were tested up to three to
five days per week, with sessions lasting 30 min, comprising
two to three trials per session. Testing began at six, 12, and 24
months of age and continued until at least 40 trials, 10 at each
delay, had been accumulated for each subject. Because of group
housing conditions testing of monkeys was intermittent (not
every monkey could be accessed every weekday) and not every
test session yielded trials in which monkeys accumulated 30 s
of viewing time during the Familiarization phase, so testing for
each time point extended for several months. Trials were
excluded from analysis if monkeys showed a side bias (looking
to one side of the screen only), or only looked on one retention
trial, or if the tester noted undue distress or distraction in the
testing notes.

Statistical analysis

The dependent variable was percent time looking at the novel
object, averaged across trials at each delay period (10, 30, 60,
120 s). Data were not collected for one control subject (C7m, see
also Supplementary Information) at the 12-18 month time point
because of chronic gastrointestinal illness. He was, however
tested at six and 24 months. Although there were no hypotheses
regarding sex differences in effect of anaesthesia exposure, we
are underpowered to detect sex differences, and we have not
observed sex differences in the visual paired comparison task
at the ages tested in this study,17 18 exploratory repeated-
measures ANOVAs with group (control, anaesthesia) and sex as
between-subjects factors and delay as the within-subjects factor
were initially conducted to determine whether any effects of
sex were present in the data. Because no significant effects of
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sex were found, final analyses that examined anaesthesia ef-
fects on visual paired-comparison performance were repeated-
measures ANOVAs with group as a between-subjects factor and
delay as a within-subjects repeated measure. Data from individ-
ual subjects are included in Supplementary Table 1.

Because we were interested in whether effects of anaesthe-
sia were observed at discrete developmental stages, separate
ANOVAs were carried out for each time point that visual paired-
comparison performance was assessed (six-10 months, 12-18
months, and 24-30 months). Huynh-Feldt correction was
applied to degrees of freedom for repeated measures effects.
Our goal was not to measure the differences in magnitude ef-
fects across stages, and indeed we were underpowered to detect
higher-order interaction effects as a consequence. Carrying out
separate analyses at distinct ages is also perhaps more relevant
to human cognitive development, where the concern is typically
whether deficits are reliably observed at specific time points, ra-
ther than with the relative differences in effects of anaesthesia
exposure across different assessments. Because our a priori in-
tention was to analyse each time point separately, we did not
apply any adjustment for false discovery rate or multiple com-
parisons across the three time points. Analyses were carried out
in SPSS version 23 (IBM) for Apple OS X. Main effects of anaes-
thetic treatment at each age indicate an overall deficit in visual
recognition regardless of retention interval, and anaesthesia
treatment group by delay interactions indicate a deficit in visual
recognition that varied in magnitude depending on the delay
between familiarization and retention. Both patterns of data are
meaningful in terms of demonstrating impaired visual recogni-
tion memory.

Results

As shown in Fig. 2, no differences in VPC performance were de-
tected between control and anaesthesia groups at testing car-
ried out at six-10 months of age. A deficit whose magnitude
varied depending on delay was observed at 12-18 months of
age, and a deficit across all delays tested was observed at 24-30
months of age. At the six-10 month time point, repeated-

measures ANOVA revealed a main effect of delay,
F(3, 44.3)¼ 5.699, P¼ .004, but no interaction of delay and condi-
tion or main effect of condition, Fs< 1, partial eta-
squared< .043. At the 12-18 month time point, repeated-
measures ANOVA revealed a delay by condition interaction,
F(2.94, 50.04)¼ 2.933, P¼ .043, partial eta-squared¼ .147, Cohen’s
d¼ .83, but no effect of delay or condition, Fs< 1, partial eta-
squared< .052. At the 24-30 month time point, repeated meas-
ures ANOVA revealed a main effect of condition, F(1, 18)¼ 4.862,
P¼ .041, partial eta-squared¼ .213, Cohen’s d¼ 1.04, but no ef-
fects of delay or delay by condition interaction, Fs< 1, partial
eta-squared< .036.

Discussion

Multiple exposures to sevoflurane over the first month of life re-
sulted in a delayed, mild cognitive impairment that was not evi-
dent until the second yr of life, corresponding roughly to the age
of three to six yr old in humans. There was no reliable difference
between the anaesthesia and control groups tested at six-10
months of age. These findings seem contrary to expectation,
given our previous report of altered emotional behaviour in
these same animals at six months of age.14 However, similar

delayed memory deficits have been shown in longitudinal stud-
ies in monkeys with neonatal temporal lobe damage and in chil-
dren diagnosed with developmental amnesia.25 In rhesus
monkeys, damage to the hippocampal formation17 sustained in
the second week of life impacts memory performance on VPC,
but only at later ages. In these studies, young monkeys were
tested on VPC that revealed no effect of hippocampal lesions at
one and a half or six months of life, however when these same
animals were tested at 18 or 48 months of age (preadolescence
or adulthood, respectively) their performance fell to chance at
the longer delays. Thus, extensive damage sustained in infancy
to a structure important for memory in adulthood did not im-
pact memory behaviour at the time of damage. This is likely as
a result of the prolonged postnatal maturation of the hippocam-
pal formation in primates.
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Fig 2 Neonatal sevoflurane exposure had a delayed impact on memory performance as measured by the VPC task. Performance was analysed separately at each

of three age ranges, therefore the effects of sevoflurane exposure across the four delays (pink lines) vs controls (blue lines) are presented in the three panels: six-

10 months, 12-18 months, and 24-30 months (see text). Anaesthesia exposed monkeys were unimpaired when tested at six-10 months (left panel). However they

displayed a delay-dependent deficit at 12-18 months (centre panel). In contrast, at 24-30 months of age, monkeys that were exposed to sevoflurane three times in

the first month of life showed a delay-independent impairment with respect to control subjects. Control subjects shown in blue; anaesthesia exposed subjects

shown in pink. Error bars indicate the SEM.
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Similar findings have been reported in humans with devel-
opmental amnesia in which perinatal hypoxic events damaged
the hippocampus. The effects of this damage were not observed
until much later in childhood when those functions normally
develop.26 In those patients, semantic memory was relatively
spared, whereas episodic memory was severely impaired.27–29

More pertinent to the present study, patients with developmen-
tal amnesia were impaired on the VPC task when tested as
adults.23 Thus, disturbances in emotional behaviour after re-
peated anaesthesia exposure in infancy, may manifest earlier
than impairments in memory. Notably, both impairments in
memory and disturbances in emotional behaviour, marked by
increased anxiety, manifest after early hippocampal damage
in monkeys.17 18 30 This pattern is consistent with an early
anaesthesia-induced neurobehavioural deficit being caused by
hippocampal dysfunction, although considerable additional
work remains to be done to validate this hypothesis. In this re-
gard, a report that recollection processes in recognition memory
were specifically vulnerable to early anaesthesia exposure in
both rats and humans31 is notable. Accurately reporting that an
object has been seen before (recognition memory) may be sup-
ported by recollection of the specific prior event, or by a general
feeling of familiarity for the object.32 The recollective aspect of
recognition memory has been linked to hippocampal function.33

Although these processes are not dissociated in the VPC proced-
ure used in our study, the finding of specific impairment in rec-
ollection processes31 also points to hippocampal dysfunction as
being central to the phenotype of cognitive impairments after
early exposure to general anaesthesia.

Our results are also consistent with preclinical studies of
paediatric anaesthetic exposure. We elected to study monkeys
exposed to sevoflurane three times to determine the outcome of
a relatively extensive anaesthesia exposure in the absence of
any concurrent disease or pathology. Although our data do not
address the question of whether repeated exposure is more det-
rimental than a single exposure, other studies in rats34 and
monkeys35 have reported more severe impacts of repeated iso-
flurane exposure than single exposure on cognition, and motor
and emotional behavior, respectively. Cynomolgus monkeys
exposed once to sevoflurane for five h on PND six were unim-
paired on reward-based tests of learning and memory given at
seven-10 months of age.36 Synaptic loss in the hippocampus is
more extensive in adult rats exposed to sevoflurane repeatedly
as neonates compared with rats exposed once.37 46

Data in humans on this point are mixed. The initial epi-
demiological study that inspired our investigations8 reported
that children that received multiple anaesthetic exposures be-
fore the age of four yr were at greater risk of learning disability
during school yr (until the age of 19), but those exposed to
anaesthesia only once were at no greater risk (see also9). Two
recent studies that have determined impact of single vs re-
peated anaesthesia on the Early Development Inventory, a
questionnaire filled out by kindergarten teachers about school
readiness, found no greater risk of repeated relative to single ex-
posures,10 11 and the impact of any anaesthesia exposure was
small. This may relate to the age of assessment (kindergarten as
opposed to later schooling) and to the instrument used; more
extensive formal neuropsychological tests may detect effects of
early anaesthesia exposure that are not reflected in measures of
academic achievement.38 Some studies have detected adverse
neurocognitive outcomes in children after single exposures to
anaesthesia,31 38–40 but recent prospective studies have not,12 13

even when children were assessed with detailed neuropsycho-
logical tests at age eight-15 yr.13 Although this is reassuring in

terms of demonstrating safety of relatively brief single surgical
procedures carried out in children under general anaesthesia,
one cannot conclude that repeated or prolonged exposures are
similarly benign.41 42

Strengths in our model include the ability to have our sub-
jects reared with their mothers and in large social groups, simi-
lar to human children. Another is the use of a memory test
based on spontaneous behaviour, allowing cognitive assess-
ment without the "confound" of training which may allow mon-
keys exposed to anaesthesia to develop alternative strategies to
support good performance. Because rule learning can take
months at these young ages, the use of this task also allowed us
to assess memory at a young age. A main limitation to the study
is the sample size. Although including both sexes may be
viewed as a strength, and we have a large group size for animal
research, we are underpowered to detect effects of sex, or inter-
actions of sex with anaesthesia exposure. We only used a single
task and stimulus modality, mainly because of limitations of
time to accumulate enough testing trials across all delays
within relatively short testing periods. However testing with
perceptually more ambiguous stimuli (for example, black and
white instead of color images) may have been useful to detect
more subtle deficits.43 Also, monkeys were exposed to add-
itional sedative and anaesthetic drugs after their exposure in in-
fancy, and thus it is a logical possibility that some deficits are
attributable to later drug exposure. However, both groups (an-
aesthesia and control) experienced these later exposures, and
they were usually brief in duration and occurred later in devel-
opment than the initial exposures. Thus, we do not think they
contribute to the neurocognitive deficits seen in the group of
monkeys exposed to sevoflurane in early infancy. Furthermore,
deficits in emotional reactivity emerged before these later ex-
posures, indicating that the phenotype of early repeated sevo-
flurane exposure in monkeys does not require subsequent drug
exposure to emerge.14

To conclude, impaired neurocognitive function consequent
to early anaesthesia exposure can emerge later in development,
even when function is intact at earlier time points. We are cur-
rently testing these subjects on rule-based tests of memory and
executive function to further elucidate the extent and duration
of these deficits. Our finding of a delayed-onset, mild cognitive
impairment after early sevoflurane exposure in monkeys sug-
gests that future clinical studies may consider the age at evalu-
ation as an important factor in determining the long-term
safety of anaesthetics in children.
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