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Abstract

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.
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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.

According to the 2010 US Census, there are approximately 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 neurocognitive risks of pediatric anesthesia are a major scientific 

and public health issue.

In both rodents and nonhuman primates, exposure of developing brains to commonly used 

anesthetic agents produces neurotoxicity, impairing learning, memory, attention, motor 

function, and behavior in adult life.4,5 However, it remains unclear if these findings are 

applicable to children and if pediatric anesthesia might have negative neurodevelopmental 

effects.

Epidemiological studies have found an association of impaired 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 neurodevelopmental risks that become evident later in 

life.

Otherwise healthy young children undergoing elective surgery make up a very large 

proportion of children receiving general 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 childhood anesthesia exposure.10,11 A consensus statement 

released 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 Assessment (PANDA) study used a sibling-

matched cohort design to test the hypothesis that a single exposure to general anesthesia in 

healthy children younger than 3 years was associated with, at ages 8 to 15 years, an 

Sun et al. Page 3

JAMA. Author manuscript; available in PMC 2017 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased risk of impaired global cognitive function (IQ) as the primary outcome and 

abnormal 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: 

children 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 Physical Status 2, defined as children 

with very limited systemic diseases with no functional limitations; 36 weeks’ gestational 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 environment, parental education, and other indexes of socioeconomic 

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 synaptogenesis of 

various human brain regions.15,16

The study’s prespecified primary outcome was global cognitive function (IQ); secondary 

outcomes were domain-specific cognitive functions and behavior. Selection of outcomes 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 neuropsychological 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 neuropsychological 

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).
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After obtaining written informed consent from parents and assent from children, we 

randomly assigned sibling pairs to individually undergo a single testing session using the 

PANDA neuropsychological battery. All testers were trained by a pediatric 

neuropsychologist and blinded to the exposure status of the siblings. Accompanying parents 

completed standardized questionnaires on behavior and were interviewed regarding 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 population. 

Race/ethnicity data were reported by parents using predetermined fixed categories. Clinical 

data (surgical procedure, 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 record 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% error found. Three pediatric anesthesiologists reviewed 

clinical 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.

For analysis of the primary outcome, data were included only if both siblings within each 

pair had complete data. Secondary 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 calculated sample size of 90 sibling pairs to account for between-sibling correlation 

and multivariable adjustments.

The initial analysis was performed in the combined cohort of both exposed and unexposed 

siblings using mixed-model analysis of variance (ANOVA). It considered dependence 

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 primary and secondary outcomes. In 

outcomes found to be significant (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 variables that 

were significant (P < .05) in the mixed ANOVA and unshared by the siblings. For outcomes 

found to be significant by paired t test and that had known clinical cutoffs, a McNemar test 

for matched pairs was performed in dichotomized outcomes, followed by mixed-effects 

logistic regression adjusting for all significant covariates. The primary outcome and 
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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 difference and exposure durations 

at 60-minute intervals. Exposures 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 demographic, neurocognitive outcome, 

and behavior scores are presented as means with standard deviations. Differences in 

neurocognitive 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 successfully 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 

included 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 than 80% of the exposed cohort was deemed to be ASA Physical Status 1 

at the time of surgery. Forty-four exposed siblings were older siblings and 61 were younger 

siblings (Table 1). Family 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 comparable between the 

entire cohort and the cohort of 67 exposed and unexposed sibling pairs who had a single 

lifetime anesthetic and no lifetime anesthetic, respectively (eTable 4 in the Supplement).

In mixed ANOVA analysis of the combined cohort, significant variables associated with IQ 

scores included race, study site, and indexes of socioeconomic status, while sex was a 

Sun et al. Page 6

JAMA. Author manuscript; available in PMC 2017 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant variable associated with several secondary outcomes (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]). 

Differences in mean IQ scores between exposed and unexposed siblings were, for full-scale 

IQ, 0.2 (95% CI, −2.6 to 2.9), performance 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 durations of exposures in full IQ score (differences for 

0–59 minutes 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 sibling 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 siblings 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 composite: 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 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, learning, motor or processing speed, visuospatial function, attention, language, 

executive function, and other areas of adaptive 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 

siblings 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).
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Discussion

Results of the PANDA study indicate that there was no statistically 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 siblings 

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 studies 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 between exposed and unexposed siblings 

in secondary outcomes using mean scores of memory, attention, visuospatial function, 

executive function, language, motor and processing 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 between early-life anesthesia exposure and 

neurodevelopmental outcomes were limited by the lack of clinical details of anesthesia 

exposure and an inability to adjust for confounders, such as socioeconomic status and 

genetic 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 cognitive, language, and motor functions at age 2 years were 

comparable between children exposed to general sevoflurane 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 neurodevelopmental outcome studies 

have documented that follow-up is important to obtain accurate estimates of 

neurodevelopmental 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 significantly associated with IQ in the 

combined exposed and unexposed 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.
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Sibling comparison also minimized influences of genetic background. Monozygotic twin 

studies of anesthesia exposure and school performance suggested that lower scores may 

reflect genetic vulnerabilities associated with the need for anesthesia 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 existing studies were assessed in various surgical and nonsurgical 

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 exposure of 120 minutes or longer was 

associated with larger differences 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; therefore, 

the absence of IQ differences across various durations or at different ages requires further 

confirmation.

This study has several limitations. First, the present results do not provide data regarding the 

neurocognitive risks of repeated episodes of anesthesia exposure, more prolonged durations 

of exposures, or in specific vulnerable subgroups of children, such as premature infants and 

those with serious comorbidities. These results suggest that future clinical research to assess 

the neurodevelopmental effects of anesthesia exposure should be directed toward examining 

behavioral outcomes and identifying possible vulnerable subgroups, including exposure 

effects in girls.

Second, durations of anesthesia were used to quantitatively estimate exposure because 

durations could be reasonably ascertained while exposure to specific anesthetic agents could 

not. A detailed review of all medical records was performed to assess the occurrence of 

significant perioperative adverse events because they may influence long-term 

neurocognitive outcome. However, more than 50% of the intraoperative records were paper 

records; thus, the data may not be complete. Given the lack of differences associated with 

anesthesia exposure, this limitation was unlikely to affect the results of the study.

Third, recruitment bias may have been introduced because 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 children 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 exposure 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, hypospadias repair, circumcision, and pyloromyotomy—are predominantly 

or exclusively performed in male children. Therefore, arguably the unbalanced sex 
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distribution reflected the clinical population at potential risk. Nevertheless, additional studies 

are needed among girls to explore the possibility of an exposure and sex interaction.

Fifth, 23 unexposed siblings had anesthesia after age 3 years. However, the true 

neurodevelopmental effects are unlikely to be observed because the results were comparable 

in the entire cohort and in the 67 sibling pairs who had no subsequent anesthesia.

Conclusion

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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding/Support: The study was supported by grant R34 HD060741 (to Dr Sun), US Food and Drug 
Administration contract HHSF223200810036C (to Dr Sun), a SmartTots grant (to Dr Sun), and intramural 
departmental funding from Columbia University (to Dr Sun), Vanderbilt University (to Dr Hays), Boston Children’s 
Hospital (to Drs Miller and McGowan), and Children’s Hospital of Philadelphia (to Drs Maxwell and McGowan). 
This study was also supported by the National Center for Advancing Translational Sciences, NIH, through grant 
UL1 TR000040.

Role of the Funders/Sponsors: The study sponsors had no role in the design and conduct of the study; collection, 
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; or decision 
to submit the manuscript for publication.

References

1. Rabbitts JA, Groenewald CB, Moriarty JP, Flick R. Epidemiology of ambulatory anesthesia for 
children in the United States: 2006 and 1996. Anesth Analg. 2010; 111(4):1011–1015. [PubMed: 
20802051] 

2. Tzong KY, Han S, Roh A, Ing C. Epidemiology of pediatric surgical admissions in US children: 
data from the HCUP kids inpatient database. J Neurosurg Anesthesiol. 2012; 24(4):391–395. 
[PubMed: 23076227] 

3. DeFrances CJ, Cullen KA, Kozak LJ. National Hospital Discharge Survey: 2005 annual summary 
with detailed diagnosis and procedure data. Vital Health Stat 13. 2007; 13(165):1–209.

4. Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al. Early exposure to common anesthetic agents 
causes widespread neurodegeneration in the developing rat brain and persistent learning deficits. J 
Neurosci. 2003; 23(3):876–882. [PubMed: 12574416] 

5. Paule MG, Li M, Allen RR, et al. Ketamine anesthesia during the first week of life can cause long-
lasting cognitive deficits in rhesus monkeys. Neurotoxicol Teratol. 2011; 33(2):220–230. [PubMed: 
21241795] 

6. Backeljauw B, Holland SK, Altaye M, Loepke AW. Cognition and brain structure following early 
childhood surgery with anesthesia. Pediatrics. 2015; 136(1):e1–e12. [PubMed: 26055844] 

7. Ing C, DiMaggio C, Whitehouse A, et al. Long-term differences in language and cognitive function 
after childhood exposure to anesthesia. Pediatrics. 2012; 130(3):e476–e485. [PubMed: 22908104] 

8. Wilder RT, Flick RP, Sprung J, et al. Early exposure to anesthesia and learning disabilities in a 
population-based birth cohort. Anesthesiology. 2009; 110(4):796–804. [PubMed: 19293700] 

Sun et al. Page 10

JAMA. Author manuscript; available in PMC 2017 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Hansen TG, Pedersen JK, Henneberg SW, et al. Academic performance in adolescence after 
inguinal hernia repair in infancy: a nationwide cohort study. Anesthesiology. 2011; 114(5):1076–
1085. [PubMed: 21368654] 

10. Psaty BM, Platt R, Altman RB. Neurotoxicity of generic anesthesia agents in infants and children: 
an orphan research question in search of a sponsor. JAMA. 2015; 313(15):1515–1516. [PubMed: 
25898045] 

11. Rappaport BA, Suresh S, Hertz S, Evers AS, Orser BA. Anesthetic neurotoxicity—clinical 
implications of animal models. N Engl J Med. 2015; 372(9):796–797. [PubMed: 25714157] 

12. SmartTots. Consensus Statement of the Use of Anesthtetic and Sedative Drugs in Infants and 
Toddlers. Oct. 2015 http://www.pedsanesthesia.org/wp-content/uploads/2015/12/
ConsensusStatement.pdf. Accessed January 19, 2016

13. Ronfani L, Vecchi Brumatti L, Mariuz M, et al. The complex interaction between home 
environment, socioeconomic status, maternal IQ and early child neurocognitive development: a 
multivariate analysis of data collected in a newborn cohort study. PLoS One. 2015; 
10(5):e0127052. [PubMed: 25996934] 

14. Susser E, Eide MG, Begg M. The use of sibship studies to detect familial confounding. Am J 
Epidemiol. 2010; 172(5):537–539. [PubMed: 20631043] 

15. Casey BJ, Tottenham N, Liston C, Durston S. Imaging the developing brain: what have we learned 
about cognitive development? Trends Cogn Sci. 2005; 9(3):104–110. [PubMed: 15737818] 

16. Huttenlocher PR, Dabholkar AS. Regional differences in synaptogenesis in human cerebral cortex. 
J Comp Neurol. 1997; 387(2):167–178. [PubMed: 9336221] 

17. Mellon RD, Simone AF, Rappaport BA. Use of anesthetic agents in neonates and young children. 
Anesth Analg. 2007; 104(3):509–520. [PubMed: 17312200] 

18. Satomoto M, Satoh Y, Terui K, et al. Neonatal exposure to sevoflurane induces abnormal social 
behaviors and deficits in fear conditioning in mice. Anesthesiology. 2009; 110(3):628–637. 
[PubMed: 19212262] 

19. DiMaggio C, Sun LS, Kakavouli A, Byrne MW, Li G. A retrospective cohort study of the 
association of anesthesia and hernia repair surgery with behavioral and developmental disorders in 
young children. J Neurosurg Anesthesiol. 2009; 21(4):286–291. [PubMed: 19955889] 

20. Sun LS, Li G, DiMaggio CJ, et al. Feasibility and pilot study of the Pediatric Anesthesia 
Neurodevelopment Assessment (PANDA) project. J Neurosurg Anesthesiol. 2012; 24(4):382–388. 
[PubMed: 23076226] 

21. Bellinger DC. A strategy for comparing the contributions of environmental chemicals and other 
risk factors to neurodevelopment of children. Environ Health Perspect. 2012; 120(4):501–507. 
[PubMed: 22182676] 

22. Weiss B. Neurobehavioral toxicity as a basis for risk assessment. Trends Pharmacol Sci. 1988; 
9(2):59–62. [PubMed: 3072731] 

23. Davidson AJ, Disma N, de Graaff JC, et al. GAS Consortium. Neurodevelopmental outcome at 2 
years of age after General Anaesthesia and Awake–Regional Anaesthesia in infancy (GAS): an 
international multicentre, randomised controlled trial. Lancet. 2016; 387(10015):239–250. 
[PubMed: 26507180] 

24. R Foundation. The R Project for Statistical Computing. https://www.R-project.org. Accessed 
January 19, 2016

25. Brooks BL, Sherman EM, Strauss E. Test review: NEPSY-II: a developmental neuropsychological 
assessment, second edition. Child Neuropsychol. 2009; 16(1):80–101.

26. Achenbach TM, Ruffle TM. The Child Behavior Checklist and related forms for assessing 
behavioral/emotional problems and competencies. Pediatr Rev. 2000; 21(8):265–271. [PubMed: 
10922023] 

27. Harrison, PL., Oakland, T. Technical Report: Adaptive Behavior Assessment System. 2nd. San 
Antonio, TX: Harcourt Assessment; 2003. 

28. Wechsler, D. Wechsler Abbreviated Scale of Intelligence. San Antonio, TX: Psychological Corp; 
1999. 

29. Bong CL, Allen JC, Kim JT. The effects of exposure to general anesthesia in infancy on academic 
performance at age 12. Anesth Analg. 2013; 117(6):1419–1428. [PubMed: 24132012] 

Sun et al. Page 11

JAMA. Author manuscript; available in PMC 2017 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.pedsanesthesia.org/wp-content/uploads/2015/12/ConsensusStatement.pdf
http://www.pedsanesthesia.org/wp-content/uploads/2015/12/ConsensusStatement.pdf
https://www.R-project.org


30. Block RI, Thomas JJ, Bayman EO, Choi JY, Kimble KK, Todd MM. Are anesthesia and surgery 
during infancy associated with altered academic performance during childhood? Anesthesiology. 
2012; 117(3):494–503. [PubMed: 22801049] 

31. DiMaggio C, Sun LS, Li G. Early childhood exposure to anesthesia and risk of developmental and 
behavioral disorders in a sibling birth cohort. Anesth Analg. 2011; 113(5):1143–1151. [PubMed: 
21415431] 

32. Flick RP, Katusic SK, Colligan RC, et al. Cognitive and behavioral outcomes after early exposure 
to anesthesia and surgery. Pediatrics. 2011; 128(5):e1053–e1061. [PubMed: 21969289] 

33. Stratmann G, Lee J, Sall JW, et al. Effect of general anesthesia in infancy on long-term recognition 
memory in humans and rats. Neuropsychopharmacology. 2014; 39(10):2275–2287. [PubMed: 
24910347] 

34. Bellinger DC, Jonas RA, Rappaport LA, et al. Developmental and neurologic status of children 
after heart surgery with hypothermic circulatory arrest or low-flow cardiopulmonary bypass. N 
Engl J Med. 1995; 332(9):549–555. [PubMed: 7838188] 

35. Bellinger DC, Wypij D, Rivkin MJ, et al. Adolescents with d-transposition of the great arteries 
corrected with the arterial switch procedure: neuropsychological assessment and structural brain 
imaging. Circulation. 2011; 124(12):1361–1369. [PubMed: 21875911] 

36. Hackman DA, Farah MJ, Meaney MJ. Socioeconomic status and the brain: mechanistic insights 
from human and animal research. Nat Rev Neurosci. 2010; 11(9):651–659. [PubMed: 20725096] 

37. Bartels M, Althoff RR, Boomsma DI. Anesthesia and cognitive performance in children: no 
evidence for a causal relationship. Twin Res Hum Genet. 2009; 12(3):246–253. [PubMed: 
19456216] 

Sun et al. Page 12

JAMA. Author manuscript; available in PMC 2017 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure. Participant Flow in the Pediatric Anesthesia Neurodevelopment Assessment Study
ASA indicates American Society of Anesthesiologists.
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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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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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