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Abstract

Background: Two prior population-based (children born in Olmsted County, MN), retrospective 

cohort studies both found that multiple exposures to anesthesia prior to age 3 were associated with 

a significant increase in the frequency of attention deficit hyperactivity disorder (ADHD) and 

learning disabilities (LD) later in life. The primary purpose of this secondary analysis of these data 

was to test the hypothesis that a single exposure to anesthesia prior to age 3 was associated with an 

increased risk of ADHD. We also examined the association of single exposures with LD and the 

need for individualized educational plans as secondary outcomes.

Methods: This analysis includes 5,339 children who were unexposed to general anesthesia prior 

to age 3 (4,876 born from 1976–1982 and 463 born from 1996–2000), and 1,054 children who had 

a single exposure to anesthesia prior to age 3 (481 born from 1976–1982 and 573 born from 1996–

2000). The primary outcome of interest was ADHD. Secondary outcomes included learning 
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disabilities (reading, mathematics, and written language) and the need for individualized 

educational programs (speech/language and emotion/behavior). To compare the incidence of each 

outcome between those who were unexposed and singly-exposed to anesthesia prior to the age of 

3 years an inverse probability of treatment weighted proportional hazards model was used.

Results: For children not exposed to anesthesia, the estimated cumulative frequency (95% CI) of 

ADHD at age 18 was 7.3% (95% CI 6.5% to 8.1%) and 13.0% (95% CI 10.1% to 16.8%) for the 

1976–1982 and 1996–2000 cohorts respectively. For children exposed to a single anesthetic prior 

to age 3, the cumulative frequency of ADHD was 8.1% (95% CI 5.3% to 12.4%) and 17.6% (95% 

CI 14.0% to 21.9%) for the 1976–1982 and 1996–2000 cohorts respectively. In weighted analyses, 

single exposures were not significantly associated with an increased frequency of ADHD (hazard 

ratio [HR] 1.21, 95% CI 0.91 to 1.60, p=0.184). Single exposures were also not associated with an 

increased frequency of any LD (HR 0.98, 95% CI 0.78 to 1.23), or the need for individualized 

education plans

Conclusion: This analysis did not find evidence that single exposures to procedures requiring 

general anesthesia prior to age three are associated an increased risk of developing ADHD, LD, or 

the need for individualized educational plans in later life.

Introduction

Two series of retrospective studies involving separate cohorts of children born in Olmsted 

County, MN (from 1976–1982 or 1996–2000, dates both inclusive) found that those who 

were exposed to two or more anesthetics at a young age (i.e., were multiply-exposed) were 

approximately twice as likely to develop attention-deficit hyperactivity disorder (ADHD) or 

a learning disability (LD) by adolescence, compared with those not exposed to anesthesia.
1–4 In another cohort of children born in Olmsted County from 1994 to 2007 who were 

recruited for prospective neuropsychological testing, children exposed to multiple 

anesthetics prior to age 3 exhibited deficits in fine motor skills with more modest processing 

speed impairment, without deficits in other neuropsychological domains such as general 

intelligence and memory, compared with children who were not exposed.5,6 Furthermore, 

parents of children who were multiply-exposed reported a higher frequency of behavioral/

emotional problems (including ADHD-like problems) and difficulties with executive 

function. This constellation of findings is consistent with evidence linking problems with 

fine motor skills and processing speed with ADHD, LD, and behavioral difficulties in the 

general population.7,8

Because these associations were determined in observational studies, it is not possible to 

conclude that they are caused by exposure to the anesthetic medications themselves, 

although this is a plausible interpretation given the specificity of the pattern of deficits, 

evidence from preclinical models, and proposed biologically-plausible mechanisms.9–13 If 

anesthesia is causal, there should be a biological gradient (i.e., a dose-response relationship) 

between exposure and outcomes – a necessary, but not sufficient, condition to make causal 

inferences.14 In the Olmsted County study involving prospective assessment, the estimates 

for the effect of single exposures on fine motor skills, processing speed, and parent reports 

of behavioral problems (compared with no exposures) were intermediate between the 

estimates for multiple exposures and 0, but the 95% confidence intervals (CI) did not 
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exclude 0.5 Parents of singly-exposed children reported significantly more problems with 

executive function and reading. In the two retrospective Olmsted County studies, the 

estimates for the hazard ratios (HR) for ADHD comparing children with single and no 

exposures were greater than 1, but the 95% CI for these estimates did not exclude unity (HR 

1.18 [95% CI 0.79 to 1.77] and 1.33 [95% CI 0.92 to 1.94]).1,2,4 If single exposures are 

associated with a small effect on the frequency of ADHD, the number of subjects in 

available studies may not provide sufficient precision of effect estimates to conclude 

statistical significance. Two prior studies utilizing large administrative datasets found 

estimated hazard ratios of 1.11 (95% CI 0.88 to 1.41)15 and 1.31 (95% CI 1.25 to 1.37)16 for 

the association between single exposures to anesthesia and ADHD, suggesting that the 

magnitude of any association is small.

For the two birth cohorts employed in the retrospective Olmsted County studies, the 

available underlying data were identical, including anesthesia exposure histories, birth and 

parental characteristics, and outcomes.1–4,17 Some details of analytic procedures differed 

between studies, including the method used to account for imbalances in child and parental 

characteristics between exposed and unexposed groups, and the age threshold to define 

exposure. However, the availability of similar underlying data provides the opportunity to 

perform a combined analysis of the two cohorts, increasing the precision of effect estimates.

The primary purpose of this secondary analysis of data from retrospective studies of two 

birth cohorts from Olmsted County, MN was to search for evidence of a biological gradient 

between exposure and outcomes by testing the hypothesis that a single exposure to 

anesthesia prior to age 3 was associated with an increased risk of ADHD. We also examined 

the association of a single exposure with LD and the need for individualized educational 

plans as secondary outcomes.

METHODS

The studies incorporated in this secondary analysis were approved by the Mayo Clinic and 

Olmsted Medical Center Institutional Review Boards (Rochester, Minnesota). The parents of 

all of the children included in this analysis had provided consent for the use of their child’s 

medical records in research according to Minnesota Statutes Section 144.295. As a part of 

this process, the Institutional Review Boards waived the requirement for written informed 

consent. Methods used to construct the birth cohorts have been previously described in detail 

and are here summarized.1,17 Both included children born to mothers resident in Olmsted 

County, MN who were still resident in the local school district at age 5. For children born 

from 1976–1982, the study cohort consisted of all children meeting these two requirements. 

For children born from 1996–2000, a study cohort that included children unexposed, singly-

exposed, and multiply exposed to anesthesia prior to age 3 was selected based on their 

propensity for receiving general anesthesia. For both study cohorts, children with severe 

intellectual disability were excluded as primary outcomes could not be ascertained.

For the present report, analyses were restricted to cohort members who were either 

unexposed or singly exposed to anesthesia prior to the age of 3 years. The primary outcome 

of interest was ADHD and secondary outcomes included learning disabilities (reading, 
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mathematics, and written language) and the need for individualized educational programs 

(speech/language and emotion/behavior). Diagnostic criteria for these outcomes have been 

described previously.1–4 For each outcome, children were considered at risk from birth until 

the date at which they met criteria for the given outcome, with censoring occurring at age 19 

or at the date of last follow-up for children who emigrated out of Olmsted County prior to 

the age of 19. In order to account for potential confounding variables, inverse probability of 

treatment weighting (IPTW) was used. Treatment weights were calculated using propensity 

scores which were obtained separately for each study cohort using logistic regression with 

anesthesia exposure prior to the age of 3 as the dependent variable. Covariates used for the 

calculation of the propensity scores included: mother’s and father’s age, years of education, 

and marital status, estimated gestational age, birth weight, date of birth, and aggregated 

diagnostic groups (ADG), a method of quantifying overall health status. APGAR scores at 1 

and 5 minutes, and the HOUSES index18 (a measure of socioeconomic status) were included 

as covariates in the propensity model for the 1996–2000 study cohort.

For each of the study cohorts, weighted estimates of the cumulative incidence of each 

outcome at age 18 were obtained using the Kaplan-Meier method. To compare the incidence 

of each outcome between those who were unexposed and singly-exposed to anesthesia prior 

to the age of 3 years a weighted proportional hazards model was used. In all cases, exposure 

to anesthesia prior to age three (unexposed vs singly exposed) was the explanatory variable 

of interest and study cohort (1976–1982, 1996–2000) was included as a stratification 

variable. The strata-by-exposure interaction term was used to assess whether the effect of 

anesthesia exposure differed between cohorts. In order to accommodate missing data for 

some of the variables included in the calculation of the propensity scores, the calculation of 

propensity scores and IPTW analyses were performed with multiple-imputation, using 20 

imputed datasets. In all cases, two-tailed p-values < 0.05 are considered statistically 

significant.

RESULTS

This analysis includes 5,339 children who were unexposed to general anesthesia prior to age 

3 (4,876 born from 1976–1982 and 463 born from 1996–2000), and 1,054 children who had 

a single exposure to anesthesia prior to age 3 (481 born from 1976–1982 and 573 born from 

1996–2000). Most characteristics of unexposed and singly-exposed children were well-

matched after IPTW, with standardized differences <0.1 for birth and parent characteristics 

(Table 1). Some aggregated diagnostic group (ADG) categories had residual standardized 

differences of >0.1 after weighting (Table 2).

In the 1976–1982 cohort, the estimated cumulative frequency (95% CI) of ADHD at age 18 

was 7.3% (95% CI 6.5% to 8.1%) for unexposed children and 8.1% (95% CI 5.3% to 

12.4%) for singly-exposed children. In the 1976–1982 cohort, the estimated cumulative 

frequency of ADHD at age 18 was 13.0% (95% CI 10.1% to 16.8%) for unexposed children 

and 17.6% (95% CI 14.0% to 21.9%) for singly-exposed children. In IPTW-weighted 

analyses, single exposures were not significantly associated with an increased frequency of 

ADHD (hazard ratio [HR] 1.21, 95% CI 0.91 to 1.60, p=0.18)(Table 3).
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In the 1996–2000 cohort, the estimated cumulative frequency (95% CI) of any LD at age 18 

was 20.0% (95% CI 18.8% to 21.3%) for unexposed children and 18.6% (95% CI 14.2% to 

24.2%) for singly-exposed children. In the 1996–2000 cohort, the estimated cumulative 

frequency (95% CI) of any LD at age 18 was 14.3% (95% CI 10.1% to 19.9%) for 

unexposed children and 13.8% (95% CI 10.7% to 17.6%) for singly-exposed children. In 

IPTW-weighted analyses, single exposures were also not associated with an increased 

frequency of any LD (HR 0.98, 95% CI 0.78 to 1.23, p=0.87), or any individual LD (Table 

3).

The cumulative frequency of needing any individual educational plan for children who were 

not exposed to anesthesia was 8.1% (7.3% to 9.0%) and 14.5% (11.4% to 18.3%) for the 

1976–1982 and 1996–2000 cohorts respectively; for those exposed to a single anesthetic 

prior to age 3 the cumulative frequency at age 18 was 8.0% (5.2% to 12.2%) and 10.3% 

(7.8% to 13.7%). From IPTW-weighted proportional hazards regression analysis, single 

exposures were not associated with a change in the frequency of children requiring an 

individualized educational plan for either speech and language or emotional and behavioral 

disorders (Table 3).

For all outcomes, the interaction term in the adjusted model between cohort membership and 

hazard ratio was not significant (i.e., the association with anesthesia exposure did not differ 

between cohorts) (Table 3), indicating that the magnitude of associations were not different 

in the two cohorts.

DISCUSSION

The main finding of this secondary analysis that combined data from two studies examining 

separate birth cohorts is that exposure to a single general anesthetic prior to the age of three 

was not significantly associated with the risk of developing ADHD, LD, or the need for an 

individualized education plan later in life.

The multiple challenges of determining a phenotype associated with anesthesia exposure 

have been thoroughly discussed and reviewed, including the strengths and limitations of 

ADHD and LD as potential phenotypes.14,19–21 We here note that unique among 

investigations of anesthesia neurotoxicity, the two series of studies used in this secondary 

analysis applied consistent research criteria to make both diagnoses, employing both medical 

and school record information that was identical in both series.1–4 Several differences 

between the two studies are notable. First, the characteristics of the unexposed comparator 

groups differed among studies as noted in the Methods, such that there were more 

unexposed children available for analysis in the first cohort. Second, the analytic methods 

used to adjust for differences in parental and child characteristics differed in the original 

analyses. Third, as previously noted overall secular trends in the incidence of ADHD 

(increasing over time) and LD (decreasing over time) were reflected in these cohorts.2,22,23 

Finally, there were several advances in anesthesia practice after 1985, including the 

discontinuation of halothane use, the adoption of pulse oximetry and capnography as 

standard monitors, and increased use of subspecialty-trained pediatric anesthesiologists at 

Mayo Clinic. Despite these differences, children receiving multiple exposures were 
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approximately twice as likely to develop either ADHD or LD in the original analysis of both 

series of studies, demonstrating a reproducible association.

Two other studies have utilized the diagnosis of ADHD as a phenotype for anesthesia-

associated injury, ascertained by diagnostic codes in administrative datasets. Ko et al15 

utilized a large national sample of children in Taiwan, matching children with exposure prior 

to 3 years with unexposed children on birth year and gender, and adjusting for 4 variables 

(residence, parental occupation, perinatal conditions, and congenital anomalies). The 

adjusted HR for the association of single exposures was 1.11 (95% CI 0.88 to 1.41). The 

major limitation of this analysis was that children were between ages 5–10 at conclusion of 

follow up, insufficient to diagnose many eventual ADHD cases. Indeed, the cumulative 

incidence of ADHD in this cohort was 3.9%, considerably less than contemporaneous 

population estimates in Taiwan.15 Given that the data from the Olmsted County cohorts 

shows that anesthesia-associated differences in ADHD frequency develop at later ages,2,4 

this limited follow up biases against finding differences. Ing et al16 utilized Medicaid 

datasets from the states of Texas and New York, using propensity matching based on 50 

variables to identify unexposed controls for children undergoing one of 4 common 

procedures requiring general anesthesia at less than 5 years of age. The HR for the 

association of single exposures was 1.31 (95% CI 1.25 to 1.37). In a subsequent analysis of 

this same cohort that used persistent use of ADHD medication as the outcome, the HR was 

similar (1.37 [95% CI 1.30 to 1.44]).24

Thus, each extant analysis found HR of >1 for the association of a single exposure to 

anesthesia at a young age with developing ADHD later in life, but the CI for the estimate 

excluded one only for the Ing study, which included the greatest number of ADHD cases in 

exposed children (1,223 in the Ing study [personal communication, 9/24/19], vs. 152 in the 

Ko study and 106 in the current analysis). These findings would be consistent with either a 

small effect size that requires a larger sample to demonstrate statistical significance or with 

no consistent association across the three analyses. Indeed, for a matched cohort design, a 

total of 944 events are required to have statistical power (two-tailed, alpha=0.05) of 80% to 

detect a hazard ration of 1.2. Assuming an incidence of ADHD among singly-exposed of 

approximately 17% by age 19, this would require approximately 2900 subjects per group in 

a matched cohort design.

Studies from the Olmsted County birth cohorts are the only investigations to utilize LD as an 

outcome, likely because ascertainment requires access to educational records which may be 

difficult to obtain. LD is an educational label used in practice to provide additional 

educational resources to children with difficulty in communication and/or academic skills 

development that impair learning.20 This combined analysis provided no evidence that 

single exposures are associated with any form of LD. This finding implies either that any 

association is very small and not detectable with the available sample size, or that any 

learning impairment associated with single exposures is below the threshold for LD 

designation.

The need for individualized educational plans, either for emotional and behavioral disorders 

or speech and language disorders, was used in these studies as an indicator of potential 
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concerns by school personnel for problems with language abilities or behavior.2,3 Multiple 

exposures were associated with plans for speech and language disorders in the 1976–1982 

cohort but not the 1996–2000 cohort; there was no association with plans for emotional and 

behavioral disorders in either cohort. When combined with the lack of association with 

single exposure, these findings suggest that there is little evidence that anesthesia exposure is 

associated with alterations in these domains sufficient to prompt school intervention. This 

finding would be consistent with prior studies showing only very small or no associations 

between anesthesia exposure and teacher-assessed readiness for school.25,26

As discussed extensively in prior work, there are several potential explanations for any 

associations between exposure and outcomes other than a causal effect of anesthesia.2,5,21 

Recognizing these limitations, it still is instructive to consider the implications of a small 

HR for a relatively common environmental exposure in a relatively prevalent condition such 

as ADHD. According to the National Survey of Child Health, a parent survey, in 2016 9.4% 

of children 2–17 years of age (6.1 million children) had been diagnosed with ADHD in the 

United States (US).27 According to our prior work, 11.5% of children in Olmsted County 

have a single exposure to anesthesia prior to age 3.28 If that proportion is extrapolated to the 

approximately 4 million children born annually in the US, ~480,000 will require a single 

general anesthetic prior to age 3. If the expected cumulative incidence of ADHD diagnosis is 

9.4% in the general population, 45,000 of these children would be expected to develop 

ADHD in the absence of exposure. If the true HR for developing ADHD after single 

exposures is 1.21, an additional ~9,450 children would be expected to develop ADHD 

(0.24% of the underlying population of 4 million). Thus, for this effect size, single exposures 

to anesthesia would have only a small effect on the population ADHD incidence, increasing 

the cumulative incidence of ADHD in the US by approximately 2.5% (0.24/9.4). So even if 

there was a small causal effect of anesthesia on ADHD, it would have little impact on the 

population prevalence of ADHD.

In conclusion, this secondary analysis of two cohorts of children born in Olmsted County, 

MN provides a more precise estimate of association, but did not find evidence that single 

exposures to procedures requiring general anesthesia prior to age three are associated an 

increased risk of developing ADHD, LD, or the need for individualized educational plans in 

later life.
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Glossary of Terms

ADHD Attention deficit hyperactivity disorder

LD Learning disability

CI Confidence interval
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HR Hazard ratio

IPTW Inverse probability of treatment weighting

ADG Aggregated diagnostic group

US United States
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Key points

Question:

Is a single exposure to anesthesia prior to age 3 associated with an increased frequency of 

attention deficit hyperactivity disorder later in life?

Findings:

In weighted analyses, single exposures were not significantly associated with an 

increased frequency of ADHD (hazard ratio [HR] 1.21, 95% CI 0.91 to 1.60, p=0.184).

Meaning:

This analysis did not find evidence that single exposures to procedures requiring general 

anesthesia prior to age three are associated an increased risk of developing attention 

deficit hyperactivity disorder.
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