
Copyright 2016 American Medical Association. All rights reserved.

Association Between a Single General Anesthesia Exposure
Before Age 36 Months and Neurocognitive Outcomes
in Later Childhood
Lena S. Sun, MD; Guohua Li, MD, DrPH; Tonya L. K. Miller, MD; Cynthia Salorio, PhD; Mary W. Byrne, PhD, MPH;
David C. Bellinger, PhD, MSc; Caleb Ing, MD, MS; Raymond Park, MD; Jerilynn Radcliffe, PhD;
Stephen R. Hays, MD, MS; Charles J. DiMaggio, PhD; Timothy J. Cooper, PsyD; Virginia Rauh, ScD;
Lynne G. Maxwell, MD; Ahrim Youn, PhD; Francis X. McGowan, MD

IMPORTANCE Exposure of young animals to commonly used anesthetics causes neurotoxicity
including impaired neurocognitive function and abnormal behavior. The potential
neurocognitive and behavioral effects of anesthesia exposure in young children are thus
important to understand.

OBJECTIVE To examine if a single anesthesia exposure in otherwise healthy young children
was associated with impaired neurocognitive development and abnormal behavior
in later childhood.

DESIGN, SETTING, AND PARTICIPANTS Sibling-matched cohort study conducted between May
2009 and April 2015 at 4 university-based US pediatric tertiary care hospitals. The study
cohort included sibling pairs within 36 months in age and currently 8 to 15 years old. The
exposed siblings were healthy at surgery/anesthesia. Neurocognitive and behavior outcomes
were prospectively assessed with retrospectively documented anesthesia exposure data.

EXPOSURES A single exposure to general anesthesia during inguinal hernia surgery in the
exposed sibling and no anesthesia exposure in the unexposed sibling, before age 36 months.

MAIN OUTCOMES AND MEASURES The primary outcome was global cognitive function (IQ).
Secondary outcomes included domain-specific neurocognitive functions and behavior.
A detailed neuropsychological battery assessed IQ and domain-specific neurocognitive
functions. Parents completed validated, standardized reports of behavior.

RESULTS Among the 105 sibling pairs, the exposed siblings (mean age, 17.3 months at
surgery/anesthesia; 9.5% female) and the unexposed siblings (44% female) had IQ testing at
mean ages of 10.6 and 10.9 years, respectively. All exposed children received inhaled
anesthetic agents, and anesthesia duration ranged from 20 to 240 minutes, with a median
duration of 80 minutes. Mean IQ scores between exposed siblings (scores: full scale = 111;
performance = 108; verbal = 111) and unexposed siblings (scores: full scale = 111;
performance = 107; verbal = 111) were not statistically significantly different. Differences in
mean IQ scores between sibling pairs were: full scale = −0.2 (95% CI, −2.6 to 2.9);
performance = 0.5 (95% CI, −2.7 to 3.7); and verbal = −0.5 (95% CI, −3.2 to 2.2).
No statistically significant differences in mean scores were found between sibling pairs
in memory/learning, motor/processing speed, visuospatial function, attention, executive
function, language, or behavior.

CONCLUSIONS AND RELEVANCE Among healthy children with a single anesthesia exposure
before age 36 months, compared with healthy siblings with no anesthesia exposure, there
were no statistically significant differences in IQ scores in later childhood. Further study of
repeated exposure, prolonged exposure, and vulnerable subgroups is needed.
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A ccording to the 2010 US Census, there are approxi-
mately 20 million children in the United States younger
than 5 years, of whom about 10% undergo general

anesthesia/deep sedation each year.1-3 Any potential neuro-
cognitive risks of pediatric anesthesia are a major scientific and
public health issue.

In both rodents and nonhuman primates, exposure of de-
veloping brains to commonly used anesthetic agents pro-
duces neurotoxicity, impairing learning, memory, attention,
motor function, and behavior in adult life.4,5 However, it re-
mains unclear if these findings are applicable to children and
if pediatric anesthesia might have negative neurodevelopmen-
tal effects.

Epidemiological studies have found an association of im-
paired neurodevelopment with even a single anesthesia
exposure.6,7 However, other clinical studies have reported an
association only with multiple episodes of exposure,8 and still
others have not found any association.9 Thus, clinical studies
to date have not fully answered the important question of
whether a single anesthesia exposure may pose neurodevel-
opmental risks that become evident later in life.

Otherwise healthy young children undergoing elective sur-
gery make up a very large proportion of children receiving gen-
eral anesthesia. If exposures to general anesthesia pose long-
term neurodevelopmental risks in healthy children, then there
is a need to assess the neurodevelopmental risks of child-
hood anesthesia exposure.10,11 A consensus statement re-
leased in October 2015, endorsed by 19 different professional
organizations,12 advocated for more research to evaluate the
neurodevelopmental effects of anesthesia exposure in early
childhood.

The Pediatric Anesthesia Neurodevelopment Assess-
ment (PANDA) study used a sibling-matched cohort design to
test the hypothesis that a single exposure to general anesthe-
sia in healthy children younger than 3 years was associated
with, at ages 8 to 15 years, an increased risk of impaired global
cognitive function (IQ) as the primary outcome and abnor-
mal domain-specific neurocognitive functions and behavior
as secondary outcomes.

Methods
Using a sibling-matched cohort design, neuropsychological
functions and behavior were assessed in children aged 8 to
15 years. The study inclusion criteria were (1) exposed: chil-
dren who had a single general anesthetic before age 36
months for elective inguinal hernia surgery during 2000–
2010; American Society of Anesthesiologists (ASA) Physical
Status 1, defined as children who are healthy, or ASA Physi-
cal Status 2, defined as children with very limited systemic
diseases with no functional limitations; 36 weeks’ gesta-
tional age or older at birth and (2) unexposed: biologically
related siblings (half or full) closest in age (within 3 years) to
the exposed child, with no anesthesia exposure before age
36 months and 36 weeks’ gestational age or older at birth.

The sibling-matched comparison group was chosen to
minimize effects of genetic background, familial environ-

ment, parental education, and other indexes of socioeco-
nomic status, all key factors affecting neurodevelopment.13,14

An age range of 0 to 36 months was chosen as the exposure
age range because this period encompasses peak synaptogen-
esis of various human brain regions.15,16

The study’s prespecified primary outcome was global cog-
nitive function (IQ); secondary outcomes were domain-
specific cognitive functions and behavior. Selection of out-
comes was based on one of the following criteria:
• Specific neurocognitive domains with deficits identified in

animal studies (memory, attention, and motor function)4,17,18

• Neurocognitive domains with demonstrated impairments in
human studies (language)8,19

• Other human functions considered to be important in daily
living or school/work performance (executive function and
attention)

Assessment at ages 8 to 15 years was chosen because neu-
ropsychological testing of all domains was both reliable and
valid at these ages and it allowed enough follow-up time for
impairments to emerge.

A 2-day meeting was held in Baltimore, Maryland, in June
2010 with neuropsychology and neurodevelopment experts
from 6 institutions to develop the PANDA neuropsychologi-
cal battery (eTable 1 in the Supplement).

Following approval by the institutional review board at
each institution that participated as a study site (Columbia
University Medical Center [CUMC], New York, New York;
Children’s Hospital of Philadelphia [CHOP], Philadelphia,
Pennsylvania; Boston Children’s Hospital [BCH], Boston,
Massachusetts; and Monroe Carell Jr Children’s Hospital at
Vanderbilt [VCH], Nashville, Tennessee), participants were
screened and recruited between May 2009 and April 2015
(Figure).

After obtaining written informed consent from parents and
assent from children, we randomly assigned sibling pairs to in-
dividually undergo a single testing session using the PANDA
neuropsychological battery. All testers were trained by a pe-
diatric neuropsychologist and blinded to the exposure status
of the siblings. Accompanying parents completed standard-
ized questionnaires on behavior and were interviewed regard-
ing medical, social, and family history. Race/ethnicity data were
included to document race/ethnicity composition of the study
cohort and to evaluate that it is representative of the US popu-
lation. Race/ethnicity data were reported by parents using pre-
determined fixed categories. Clinical data (surgical proce-
dure, all anesthetic agents and perioperative medications, and
documented perioperative complications) were abstracted
from anesthesia and medical records at each study site. Total
anesthesia duration was defined as the time between initial
administration of anesthesia and the documented end of rec-
ord for anesthesia. Each site was responsible for entering all
data into a study-specific electronic data capture system. Ten
percent of neuropsychological testing data were rescored and
reviewed for accuracy and completeness with less than 1% er-
ror found. Three pediatric anesthesiologists reviewed clini-
cal records for consistency and accuracy. All data entry was
checked by trained research personnel at the coordinating site,
and any error (<2%) was rechecked and corrected.
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For analysis of the primary outcome, data were included
only if both siblings within each pair had complete data. Sec-
ondary outcomes were analyzed in those sibling pairs only with
complete data for both the primary outcome and the specific
secondary outcome.

Sample size was estimated to detect an IQ difference of 4.5
between sibling pairs at α = .05 and 80% power based on
2-sided paired t tests. The selection of an IQ difference of 4.5
was based on a pilot study conducted in 28 sibling pairs (none
of the data from the pilot study were included in the present
study).20 An IQ difference of 4.5 (or 0.3 SD) would recenter the
population mean to result in a significant population effect on
neurodevelopment of children.21,22 The final sample size for
the study (113 sibling pairs) included a 25% increase of the cal-

culated sample size of 90 sibling pairs to account for between-
sibling correlation and multivariable adjustments.

The initial analysis was performed in the combined co-
hort of both exposed and unexposed siblings using mixed-
model analysis of variance (ANOVA). It considered depen-
dence between siblings within a pair and evaluated if any of
the prespecified variables (eTable 2 in the Supplement) were
significantly associated with the primary outcome or with any
of the secondary outcomes.

A 2-tailed paired t test was first used to analyze the pri-
mary and secondary outcomes. In outcomes found to be sig-
nificant (P < .05), further analysis using a linear mixed-
effects model that considered dependence between siblings
within a pair was then performed to examine the association
between exposure and outcome, with adjustment for vari-
ables that were significant (P < .05) in the mixed ANOVA and
unshared by the siblings. For outcomes found to be signifi-
cant by paired t test and that had known clinical cutoffs, a
McNemar test for matched pairs was performed in dichoto-
mized outcomes, followed by mixed-effects logistic regres-
sion adjusting for all significant covariates. The primary out-
come and secondary outcomes were also analyzed in the
same-sex sibling pairs and in sibling pairs with no further
anesthesia exposure.

To examine association of age and duration of exposure
with the primary outcome, ANOVA was performed between
IQ difference and the 3 different ages of exposure (0-11 months,
12-23 months, and 24-36 months) as well as between IQ dif-
ference and exposure durations at 60-minute intervals. Ex-
posures of shorter than 60 minutes were previously found to
have no effect on neurocognitive outcome23 and exposures of
120 minutes or more were associated with an increased risk
of learning disability.8

All analyses were performed using R software.24 All demo-
graphic, neurocognitive outcome, and behavior scores are pre-
sented as means with standard deviations. Differences in neu-
rocognitive outcome and behavior scores between siblings are
presented as change scores with 95% confidence intervals. All
tests for statistical significance were 2-tailed and P < .05 was
deemed significant.

Results
A total of 216 sibling pairs were eligible based on exclusion/
inclusion criteria; of these, 130 sibling pairs were success-
fully recruited and 116 sibling pairs (BCH, n=50; CHOP, n=23;
CUMC, n=20; and VCH, n=23) were tested at the 4 study sites
(Figure). A total of 105 sibling pairs were included in primary
outcome analysis and between 97 and 105 pairs were in-
cluded in the analysis of secondary outcomes (eTables 3A and
3B in the Supplement).

Of the 105 sibling pairs, the mean age at testing was 10.6
(SD, 2.0) years for exposed children and 10.9 (SD, 1.7) years for
unexposed children (Table 1). There were 104 full-sibling pairs
and one half-sibling pair. Exposed siblings were 90% male and
only 56% of unexposed siblings were male. There were 42
same-sex sibling pairs; 39 of these pairs were male-male. More

Figure. Participant Flow in the Pediatric Anesthesia Neurodevelopment
Assessment Study

9038 Children with hernia surgery at 
age 0-36 mo screened for eligibility 
using billing records

116 Exposed and unexposed sibling pairs 
underwent neuropsychological testing 
and had parental reports completed

5560 Screened for eligibility using
medical records and study 
inclusion criteria

1390 Successfully contacted by phone or
mail to discuss study

216 Eligible to participate based on 
study criteria

105 Sibling pairs with complete data 
included in primary analysis

130 Agreed to participate

86 Excluded (not interested in participation)

1174 Excluded (lack of eligible sibling
or deemed ineligible because of
additional medical history)

4170 Unable to be contacted by initial and
repeat mailer or could not be reached
by telephone

3478 Excluded (ineligible due to type of
procedure, age, gestational age, or
ASA Physical Status)

11 Pairs excluded
5 Wrong surgical procedure 

in exposed sibling

3 Age between siblings >36 mo
1 Incomplete data for 1 sibling

1 Missing anesthesia record 
in exposed sibling

1 Age requirement for testing not met

14 Excluded
12 Unable to schedule for testing
2 Missed appointment for testing

ASA indicates American Society of Anesthesiologists.
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than 80% of the exposed cohort was deemed to be ASA Physi-
cal Status 1 at the time of surgery. Forty-four exposed siblings
were older siblings and 61 were younger siblings (Table 1). Fam-
ily socioeconomic data were collected by parental report and
are described in Table 2.

All exposed children received inhaled anesthetic agents
(43 sevoflurane; 5 isoflurane; 57 sevoflurane and isoflurane).
Twenty-eight children received both inhaled and intravenous
agents (propofol, thiopental, ketamine, and midazolam), 75
children received opioids, and 39 received adjunct caudal
anesthesia. Thirty-three children received midazolam for
premedication. The mean duration of anesthesia was
84 (SD, 33) minutes and ranged from 20 to 240 minutes, with
a median duration of 80 minutes. Sixty-four children (61%)
had an anesthesia duration between 60 and 119 minutes.
Anesthesia after 36 months occurred in 18 exposed and 23
unexposed siblings. Differences of IQ scores were compa-
rable between the entire cohort and the cohort of 67 exposed
and unexposed sibling pairs who had a single lifetime anes-
thetic and no lifetime anesthetic, respectively (eTable 4 in
the Supplement).

In mixed ANOVA analysis of the combined cohort, signifi-
cant variables associated with IQ scores included race, study
site, and indexes of socioeconomic status, while sex was a sig-
nificant variable associated with several secondary out-
comes (eTable 2 in the Supplement).

Mean IQ scores were not statistically significantly
different between the exposed cohort (full-scale IQ = 111
[95% CI, 108-113]; performance IQ = 108 [95% CI, 105-111];
verbal IQ = 111 [95% CI, 108-114]) and unexposed siblings
(full-scale IQ = 111 [95% CI, 108-113]; performance IQ = 107
[95% CI, 105-110]; verbal IQ = 111 [95% CI, 109-114]). Differ-
ences in mean IQ scores between exposed and unexposed
siblings were, for full-scale IQ, 0.2 (95% CI, −2.6 to 2.9), per-
formance IQ, 0.5 (95% CI, −2.7 to 3.7), and verbal IQ, −0.5
(95% CI, −3.2 to 2.2) (Table 3). Between siblings, there were
no statistically significant differences at the 3 age ranges of
exposure in full IQ score (differences at 0-11 months, 1 [95%
CI, −4.1 to 6.1]; at 12-23 months, 1 [95% CI, −3.4 to 5.4]; and
at 24-36 months, −1 [95% CI, −5.8 to 3.8]) or at various dura-
tions of exposures in full IQ score (differences for 0-59 min-
utes of exposure, 2 [95% CI, −4 to 8]; for 60-119 minutes,
0 [95% CI, −3.4 to 3.4]; and for ≥120 minutes, −2 [95% CI,
−8.2 to 4.2]) (Table 4). There were no statistically significant
differences in verbal IQ or performance IQ change scores at
the 3 ages of exposure or at various durations of exposure
(Table 4). Mean IQ scores were not statistically significantly
different in the 42 same-sex exposed siblings (full-scale
IQ = 109 [95% CI, 105-113]; performance IQ = 107 [95% CI,
103-111]; verbal IQ = 111 [95% CI, 108-114]) and unexposed
siblings (full-scale IQ = 110 [95% CI, 105-115]; performance
IQ = 108 [95% CI, 103-113]; verbal IQ = 110 [95% CI, 105-115])
(eTable 5A in the Supplement) and in the subset of 67 sib-
ling pairs with no subsequent anesthesia exposures (eTable
4 in the Supplement).

Among the secondary outcomes, paired t tests showed
statistically significantly different mean scores between sib-
lings for verbal fluency (difference, −1; 95% CI, −1.7 to −0.3)25;

behavior (Child Behavior Checklist [CBCL]) (internalizing:
difference, 3.2 [95% CI, 1.1-5.3]; externalizing: difference, 2.1
[95% CI, 0-4.2], and total problems: difference, 2.7 [95% CI,
0.6-4.7])26; and adaptive behavior (Adaptive Behavior
Assessment System, Second Edition [ABAS-II]) (social com-
posite: difference, −3.3; 95% CI, −6.1 to −0.6)27 (Table 3).
Sex was the only significant covariate associated with verbal
fluency, CBCL, and ABAS-II scores in the combined cohort.
Differences in mean verbal fluency, CBCL, and ABAS-II scores
were not statistically significant after adjusting for sex and in
same-sex sibling pairs (verbal fluency, −0.6 [95% CI, −1.7 to
0.5]; CBCL internalizing, −0.1 [95% CI, −3.1 to 2.8]; CBCL

Table 1. Demographics of Participant Sibling Pairs Exposed
and Unexposed to Anesthesia at Age 0 to 36 Months

Characteristics
Exposed
(n = 105)

Unexposed
(n = 105)

Age at anesthesia exposure,
mean (SD), mo

17.3 (10.9)

0-11 (n = 33) 3.7 (2.4)

12-23 (n = 39) 17.1 (3.0)

24-36 (n = 33) 30.5 (3.8)

Duration of anesthesia,
mean (SD) [range], min

All exposed 84 (33) [20-240]

0-59 (n = 24) 47 (11)

60-119 (n = 64) 84 (18)

≥120 (n = 17) 138 (29)

Age at testing, mean (SD), y 10.6 (2.0) 10.9 (1.7)

ASA Physical Status at surgery,
No. (%)a

1 85 (81)

2 20 (19)

Sex, No. (%)

Male 95 (90) 59 (56)

Female 10 (10) 46 (44)

Birth order, No. (%)

Older sibling 44 (42) 61 (58)

Younger sibling 61 (58) 44 (42)

Size (based on weight) for
gestational age, No. (%)

Small 10 (9.5) 6 (6)

Appropriate 84 (80) 89 (85)

Large 11 (10) 10 (9.5)

Race, No. (%)

White 90 (86) 90 (86)

Nonwhite 14 (13) 14 (13)

Missing 1 (1) 1 (1)

Ethnicity, No. (%)

Hispanic 4 (4) 4 (4)

Non-Hispanic 98 (93) 98 (93)

Missing 3 (3) 3 (3)

Anesthesia or surgery after 36 mo,
No. (%)

18 (17) 23 (22)

Enrolled in special education
program, No. (%)

16 (15) 14 (13)

a American Society of Anesthesiologists (ASA) Physical Status class 1:
healthy patients; class 2: patients with very mild systemic disease with no
functional limitations.
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externalizing, 0.9 [95% CI, −2.4 to 4.2]; CBCL total problems,
−0.8 [95% CI, −3.8 to 2.2]; and ABAS-II social composite,
−0.9 [95% CI, −3.9 to 2.2]) (eTable 5A in the Supplement).
No statistically significant differences between siblings
were found in all remaining secondary outcomes including
domain-specific neurocognitive functions of memory, learn-
ing, motor or processing speed, visuospatial function, atten-
tion, language, executive function, and other areas of adap-
tive behavior (Table 3).

Categorical analysis using clinical cutoffs was performed
for CBCL and ABAS-II scores (eTable 2 in the Supplement).
There were 21 (21%) exposed and 10 (10%) unexposed sib-
lings with abnormal CBCL internalizing scores (>60). This
was statistically significant even after adjusting for sex
(eTable 2 in the Supplement). The limited number of same-
sex siblings precluded further subgroup analyses (eTable 5B
in the Supplement).

Discussion
Results of the PANDA study indicate that there was no statis-
tically significant difference in full-scale IQ score between

siblings with and without a single anesthesia exposure
before age 3 years, with a mean difference of 0.2 IQ points.
The exposed siblings could score between 2.9 IQ points
higher or 2.6 IQ points lower compared with unexposed sib-
lings based on the 95% confidence interval. At an individual
level, differences of 2.6 to 2.9 IQ points between 2 healthy
children are within the reliability of measurement for IQ
testing28 and are clinically undetectable. In population stud-
ies of lead exposure, mean IQ losses of 6 points have been
reported,21 much more than the mean difference of 0.2 IQ
points in the present study. The societal significance of a
possible negative shift of the population IQ mean by 2.6
points remains uncertain because it depends on how many
children may be at risk.22

There were no statistically significant differences be-
tween exposed and unexposed siblings in secondary out-
comes using mean scores of memory, attention, visuospatial
function, executive function, language, motor and process-
ing speed, or behavior.

Differences in mean behavior scores between exposed
and unexposed siblings became statistically nonsignificant
after adjustment for sex. However, even after adjustment
for sex, more exposed children had clinically abnormal
internalizing behavior scores than unexposed siblings. With
the limited number of exposed girls and same-sex female
sibling pairs, further analysis to examine the apparent sex-
exposure interaction in behavior was not possible.

Previous clinical studies examining associations be-
tween early-life anesthesia exposure and neurodevelop-
mental outcomes were limited by the lack of clinical
details of anesthesia exposure and an inability to adjust
for confounders, such as socioeconomic status and ge-
netic influences.8,29-32 Children included in these earlier
studies were also exposed to anesthesia at a wide range of
ages, ranging from the first 12 months of life up to 4
years.8,29,30 Outcomes included academic performance,
clinical diagnoses of learning disability, attention-deficit/
hyperactivity disorder, developmental disabilities, IQ, and
more detailed scores derived from neuropsychological
testing.6,7,9,29,30,32,33

The recent interim analysis of the General Anaesthesia
and Awake–Regional Anaesthesia (GAS) trial found that cog-
nitive, language, and motor functions at age 2 years were
comparable between children exposed to general sevoflu-
rane anesthesia and regional anesthesia.23 However, the GAS
trial’s prespecified primary outcome of global cognitive
function at age 5 years is still pending. Longitudinal neu-
rodevelopmental outcome studies have documented that
follow-up is important to obtain accurate estimates of neu-
rodevelopmental morbidities.34,35 The assessment of the
PANDA study was made at ages 8 to 15 years, allowing time
for any neurocognitive impairment to become evident.

Socioeconomic status in the present study was signifi-
cantly associated with IQ in the combined exposed and unex-
posed cohort, consistent with the established important role
of socioeconomic status in neurodevelopment.13,14,36 These
findings further validated the use of a sibling-matched cohort
study design.

Table 2. Socioeconomic Characteristics of the Study Participants’ Parents

Characteristics
Maternal, No. (%)
(n = 105)

Paternal, No. (%)
(n = 105)

Income, $

Unemployed 13 (12) 1 (1)

≤40 000 36 (34) 13 (12)

40 001-80 000 22 (21) 27 (26)

80 001-100 000 22 (21) 42 (40)

>100 000 8 (8) 16 (15)

Missing 4 (4) 6 (6)

Education

≤12th grade 18 (17) 24 (23)

2 years of college 13 (12) 12 (11)

4 years of college 32 (30) 32 (30)

Postgraduate 42 (40) 34 (32)

Missing 0 3 (3)

Housing

Own 91 (87) 88 (84)

Rent 14 (13) 11 (10)

Other 0 2 (2)

Missing 0 4 (4)

Marital status

Single 5 (5) 5 (5)

Married 94 (90) 96 (91)

Divorced 4 (4) 1 (1)

Other 2 (2) 2 (2)

Missing 0 1 (1)

Insurance

No insurance 2 (2) 2 (2)

Medicaid 7 (7) 2 (2)

Other insurance 96 (91) 97 (92)

Missing 0 4 (4)
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Sibling comparison also minimized influences of genetic
background. Monozygotic twin studies of anesthesia expo-
sure and school performance suggested that lower scores may
reflect genetic vulnerabilities associated with the need for an-
esthesia rather than an effect of anesthesia exposure per se.37

The findings of this study do not preclude the possibility that
there may be genetically vulnerable subgroups of children.

The present study examined exposures during inguinal
hernia repair surgery only. In contrast, outcomes in most ex-
isting studies were assessed in various surgical and nonsurgi-
cal procedures.7,8,30,31 Differences between the results of the
present study and those of others may be due to confounding
by indications for anesthesia/surgery.

There was no evidence that duration of anesthesia expo-
sure of 120 minutes or longer was associated with larger dif-
ferences in IQ between siblings. There were also no apparent
differences in IQ comparing anesthesia exposure during the
first, second, or third year of life. However, in both cases,
the number of children in each subgroup was small; there-
fore, the absence of IQ differences across various durations or
at different ages requires further confirmation.

This study has several limitations. First, the present re-
sults do not provide data regarding the neurocognitive risks
of repeated episodes of anesthesia exposure, more pro-
longed durations of exposures, or in specific vulnerable sub-
groups of children, such as premature infants and those with
serious comorbidities. These results suggest that future clini-
cal research to assess the neurodevelopmental effects of an-
esthesia exposure should be directed toward examining be-
havioral outcomes and identifying possible vulnerable
subgroups, including exposure effects in girls.

Second, durations of anesthesia were used to quantita-
tively estimate exposure because durations could be reason-
ably ascertained while exposure to specific anesthetic agents
could not. A detailed review of all medical records was per-
formed to assess the occurrence of significant perioperative
adverse events because they may influence long-term neuro-
cognitive outcome. However, more than 50% of the intraop-
erative records were paper records; thus, the data may not be
complete. Given the lack of differences associated with anes-
thesia exposure, this limitation was unlikely to affect the re-
sults of the study.

Third, recruitment bias may have been introduced be-
cause the surgical procedures in the exposed cohort occurred
years ago. The sibling cohort had much higher IQs than the
population mean, reflecting a possible recruitment bias for chil-
dren with higher socioeconomic status. However, the sibling-
matched cohort design likely minimized the effects of bias.
Bias may also be present because of lack of blinding to expo-
sure status in behavioral outcomes, which were derived from
parental reports.

Fourth, the sex imbalance of the exposed cohort may
limit the generalizability of the results for female children.
The exposed cohort consisted of 95 male and only 10 female
children. Most common elective procedures during the first
36 months of life—including inguinal herniorrhaphy, hypo-
spadias repair, circumcision, and pyloromyotomy—are pre-
dominantly or exclusively performed in male children.Ta
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Therefore, arguably the unbalanced sex distribution reflected
the clinical population at potential risk. Nevertheless, addi-
tional studies are needed among girls to explore the possibil-
ity of an exposure and sex interaction.

Fifth, 23 unexposed siblings had anesthesia after age 3
years. However, the true neurodevelopmental effects are un-
likely to be observed because the results were comparable in
the entire cohort and in the 67 sibling pairs who had no sub-
sequent anesthesia.

Conclusions

Among healthy children with a single anesthesia exposure be-
fore age 36 months, compared with healthy siblings with no
anesthesia exposure, there were no statistically significant dif-
ferences in IQ scores in later childhood. Further study of re-
peated exposure, prolonged exposure, and vulnerable sub-
groups is needed.
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