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Abstract

Introduction—Animals exposed to anesthetics during specific age periods of brain development 

experience neurotoxicity, with neurodevelopmental changes subsequently observed during 

adulthood. The corresponding vulnerable age in children however is unknown.

Methods—An observational cohort study was performed using a longitudinal dataset constructed 

by linking individual-level Medicaid claims from Texas and New York from 1999 to 2010. This 
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dataset was evaluated to determine whether the timing of exposure to anesthesia under age 5 years 

for a single common procedure (pyloromyotomy, inguinal hernia, circumcision outside the 

perinatal period, or tonsillectomy and/or adenoidectomy) is associated with increased subsequent 

risk of diagnoses for any mental disorder, or specifically developmental delay (DD) such as 

reading and language disorders, and attention deficit hyperactivity disorder (ADHD). Exposure to 

anesthesia and surgery was evaluated in 11 separate age at exposure categories: ≤28 days old, >28 

days and ≤6 months, >6 months and ≤1 year, and 6 month age intervals between >1 year old and 

≤5 years old. For each exposed child, five children matched on propensity score calculated using 

sociodemographic and clinical covariates were selected for comparison. Cox proportional hazards 

models were used to measure the hazard ratio of a mental disorder diagnosis associated with 

exposure to surgery and anesthesia.

Results—A total of 38,493 children with a single exposure and 192,465 propensity score 

matched children unexposed before age 5 were included in the analysis. Increased risk of mental 

disorder diagnosis was observed at all ages at exposure with an overall hazard ratio of 1.26 (95% 

confidence interval [CI], 1.22–1.30), which did not vary significantly with the timing of exposure. 

Analysis of DD and ADHD showed similar results, with elevated hazard ratios distributed evenly 

across all ages, and overall hazard ratios of 1.26 (95% CI, 1.20–1.32) for DD and 1.31 (95% CI, 

1.25–1.37) for ADHD.

Conclusions—Children who undergo minor surgery requiring anesthesia under age 5 have a 

small but statistically significant increased risk of mental disorder diagnoses, and DD and ADHD 

diagnoses, but the timing of the surgical procedure does not alter the elevated risks. Based on these 

findings, there is little support for the concept of delaying a minor procedure to reduce long-term 

neurodevelopmental risks of anesthesia in children. In evaluating the influence of age at exposure, 

the types of procedures included may need to be considered, as some procedures are associated 

with specific comorbid conditions and are only performed at certain ages.

Introduction

In animal models, exposure to commonly used anesthetic medications lead to dose-

dependent neuronal cell death in immature brains, with neurodevelopmental changes 

subsequently observed in adulthood.(1–3) While the mechanisms behind neurotoxicity are 

still being examined, in rodents, a distinct window of vulnerability to apoptosis has been 

well described, with peak sensitivity after exposure between postnatal day (PD) 7 and PD10, 

reduced sensitivity at later ages, and insensitivity when exposed as adults at PD60.(4)

Differences in brain development between humans and rodents have made it difficult to 

determine a similar age of vulnerability in children. Currently the suspected window of 

vulnerability is from birth to ages 2 to 4 years old based on synaptogenesis peaking in 

humans at that time.(5) However, given the uncertainty regarding this vulnerable period, 

clinical studies of neurotoxicity have evaluated children exposed from as young as under 6 

months old to as old as 7 years old with variable results.(6–22) While other studies have 

evaluated the impact of age at exposure of surgery and anesthesia, all have included children 

undergoing broad ranges of surgical procedures.(12–14,22,23) Evaluation of diverse groups 

of procedures however makes it difficult to determine if neurodevelopmental differences 

seen in children exposed at different ages are actually due to the age at exposure, or 
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differences in the distributions of medical conditions and surgeries performed at different 

ages. Despite the limitations of the published studies, the Food and Drug Administration 

recently released a new warning regarding the use of anesthetics in children before age 3 

years.(24) Since delaying necessary procedures may have unintended harmful consequences, 

whether delaying a procedure has any long-term clinical benefit is an important question to 

answer.

In the present observational study, a Medicaid cohort was used to compare children exposed 

to anesthesia for common pediatric procedures at varying ages under age 5 years old with 

propensity score matched children unexposed to surgery and anesthesia. The purpose of the 

study is to determine the impact of the age at exposure on the risk of a subsequent mental 

disorder diagnosis at up to nearly 12 years after exposure.

Materials and Methods

The study was approved by the Institutional Review Board at Columbia University Medical 

Center (New York, NY) as exempt from requiring written/informed consent.

Generating the Birth Cohort Dataset

The dataset was generated using Medicaid Analytic eXtract (MAX) files from the Centers 

for Medicare and Medicaid Services (CMS) and included children enrolled in Texas (TX) 

and New York (NY) Medicaid from 1999 to 2010. Using records from these children, a 

longitudinal dataset was created by linking demographic information with inpatient and 

outpatient claims data composed of International Classification of Diseases, Ninth Revision 

Clinical Modification (ICD-9) and Current Procedural Terminology 4th edition (CPT-4) 

codes for diagnoses and procedures. For additional details regarding the creation of this 

dataset, please see the Supplemental Content Methods.

Identifying the Anesthetic and Surgical Exposure

Exposure was defined as the presence of any one of four specific commonly performed 

ICD-9 or CPT-4 coded procedures for young children: pyloromyotomy, inguinal hernia 

repair, circumcisions outside the perinatal period, and tonsillectomy and/or adenoidectomy 

(T&A). (ICD-9 and CPT-4 codes are listed in the Supplemental Content, Tables 1 and 2) 

These procedure codes were selected because explicit ICD-9 codes for anesthesia do not 

exist, and it is not possible to perform these surgical procedures without administration of 

anesthesia. One exception is circumcision, which when performed during the inpatient birth 

admission are typically performed without general anesthesia and as a result, these patients 

were excluded. Boys receiving circumcisions outside the perinatal period however were 

included, as 91% have been reported to require general anesthesia.(25) Exposure to 

anesthesia and surgery was evaluated in 11 separate age at exposure categories: the neonatal 

period defined as the time between discharge from the birth admission and ≤28 days old, 

>28 days and ≤6 months, >6 months and ≤1 year, and 6 month age intervals between >1 year 

old and ≤5 years old. Children with more than one instance of the four surgical procedures 

of interest were excluded. Children were also excluded if they received prior to 5 years of 

age, any other CPT-4 or ICD-9 procedure code for a surgical procedure that required the 
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operating room, as defined by the Agency for Healthcare Research and Quality (AHRQ) 

Healthcare Utilization Project (HCUP) Surgery Flags.(26)

Identifying ICD-9 Coded Mental Disorders

As a primary outcome, we evaluated the presence of any ICD-9 coded mental disorder 

diagnosis occurring in children. These included diagnoses for schizophrenia, bipolar 

disorder, depressive disorders, anxiety disorders, conduct disorders, autism, attention deficit 

hyperactivity disorder, intellectual disability, developmental delay, and other miscellaneous 

mental health conditions including: delusional disorders, dissociative and somatoform 

disorders, personality disorders, and adjustment disorders.(27) (ICD-9 codes listed in the 

Supplemental Content, Table 3) Study patients were classified with respect to the age at 

which a mental disorder was first diagnosed. Mental disorders diagnosed before or at the 

time of surgical exposure were considered to be pre-existing in nature and not due to the 

anesthetic exposure. The effects of anesthetic neurotoxicity are also unlikely to manifest 

immediately, while post-operative maladaptive behaviors, which are present in one third of 

children 2 weeks after surgery, may resemble a variety of different mental disorders.(28) In 

order to avoid capturing pre-existing diagnoses and cases of transient post-operative 

maladaptive behaviors, as well as reduce ascertainment bias due to increased medical visits 

in children immediately after surgery, a latency period of at least 6 months was imposed on 

the definition of anesthetic related incident mental disorders. Therefore, all exposed children 

with a mental disorder diagnosed prior to surgery, or in the first 6 months after the surgical 

procedure were excluded from analysis.

Identifying Children Unexposed to Anesthesia and Surgery

Children were considered to be unexposed if they did not have any of the four procedures of 

interest or any additional CPT-4 or ICD-9 procedure code for a surgical procedure prior to 5 

years of age.(26) For the exposed children in each age at exposure category, the median age 

at exposure was calculated. Unexposed children were only eligible to be chosen as matched 

controls for exposed children in each age at exposure category if they did not have a mental 

disorder within 6 months after that calculated median age at exposure for each age category.

(9) This accounts for the potential bias introduced if only exposed children who had mental 

disorder diagnoses before exposure were excluded, as well as for the latency period applied 

to the exposed children.

Generating the Propensity Score Matched Cohort

Propensity scores were calculated for all eligible exposed and unexposed children, with 

scores for each of the four individual procedures of interest independently calculated for 

children in each age at exposure category, and calculated separately for TX and NY. Fifty 

variables were used in the propensity score calculation and included sociodemographic 

characteristics (sex, race, and income), prior comorbidity (ICD-9 coded prematurity, 

congenital anomalies, and acute and chronic medical conditions), and the number of 

inpatient stays and outpatient visits prior to surgery. (Details in Supplemental Content 

Methods with variables listed in Supplemental Content, Tables 5–12) Given the differences 

in the Medicaid populations in TX and NY, each exposed child in each age at exposure 

category within each state was matched without replacement to five unexposed children 
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from the same state using nearest neighbor propensity score matching. While controls were 

matched without replacement within each age at exposure category, they could be chosen 

more than once if matched in a separate age at exposure category. In order to ensure close 

matches, the estimated log-odds scores predicting surgical exposure were required to be 

within 0.2 standard deviation units between the exposed and matched controls, which 

eliminated approximately 99% of the bias due to measured confounding variables.(29)

Statistical Analysis

To check for appropriate balance of potential confounding variables between exposed and 

controls in each age category, standardized differences for all covariates used in performing 

the propensity score matching were evaluated. There is no clear consensus on an absolute 

standardized difference criterion for assessing balance in propensity score matching, 

however acceptable standardized differences have ranged from <0.1 to <0.25.(30,31) 

Survival was defined as the absence of a mental disorder diagnosis. Survival time was 

defined as the time in days, from the date of surgery (or for unexposed control patients, the 

median age at which surgery was performed in each age at exposure category) until a mental 

disorder diagnosis, with censoring at the end of the subject’s Medicaid eligibility or the end 

of the year 2010. The Kaplan-Meier method was used to estimate survival in each age at 

exposure category with a log-rank test used to test the statistical significance of observed 

survivorship between exposed and unexposed children. The a priori P value was set to P 
<0.05. Cox proportional hazards models were then used to evaluate the relative risk of a 

mental disorder diagnosis following exposure to anesthesia and surgery, with separate 

models used for each age category. Hazard ratios were calculated with combined data from 

TX and NY in each age category with state of residence as a covariate. To account for the 

matched nature of the sample, a robust variance estimator accounting for clustering within 

matched sets was used.(32) Several survival models were calculated: one overall model that 

used matched exposed cases and unexposed controls for all four surgical procedures, with 

exposure interpreted as the effect of receiving any one of the four common procedures; and 

then procedure-specific models for matched exposed cases and unexposed controls for each 

separate procedure in order to evaluate specific procedure effects. As a sensitivity analysis 

for the primary outcome, we also explored the effect of a potential unmeasured confounder 

and its ability to account for observed differences in mental disorder diagnosis between 

exposed and unexposed children.(33,34)

Given that language and higher-level cognition were hypothesized to be the most commonly 

affected neurodevelopmental domains by anesthesia, secondary analyses evaluating the risk 

of a developmental delay (DD [ICD-9: 315]) such as language and reading disorders, and 

ADHD and related disorders (ADHD [ICD-9: 314]) were also performed.(18,35) For 

assessment of DD and ADHD, the same procedures for propensity score matched cohort 

selection and survival analysis were repeated. Since exposed children with diagnoses for 

mental disorder, DD, or ADHD prior to surgery or in the 6 months after the surgical 

procedure were excluded from analysis, there were minor differences in the numbers of 

exposed children based on the outcome being evaluated. For example, in the analysis 

evaluating the risk of DD, a child with DD prior to surgery would be excluded, but not a 

child with ADHD.
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Results

Patient Characteristics

Using Medicaid MAX data from 1999 to 2010, we built a birth cohort dataset of nearly 2 

million children born in TX and NY with follow-up within the Medicaid system. Of the 

children in TX, we identified 22,965 with a single ICD-9 coded surgical exposure to one of 

the four commonly performed procedures of interest, no other procedures prior to age 5, and 

no mental disorders prior to or anytime up to 6 months after surgery. An additional 15,528 

children were identified in NY under the same criteria, for a total combined exposed cohort 

of 38,493 children.

Exposed cases and unexposed controls in each age at exposure category had similar 

distributions on the fifty variables used to calculate the propensity score. Aggregated 

summary data with a few select variables are displayed in Table 1 where good balance 

between exposed and unexposed children can be seen. Detailed state and procedure specific 

tables showing the distribution of all variables are available in the Supplemental Content, 

Tables 5–12 confirming good balance by state and procedure. Standardized differences were 

calculated for each variable in the matched cohorts for evaluation of any mental disorder, 

with 96% of the variables having standardized differences <0.1 and 99.9% of variables 

having standardized differences <0.25, confirming good balance between exposed cases and 

controls (Supplemental Content, Tables 13–20).

Risk of Mental Disorder Associated with Age at Exposure

The incidence rates of mental disorder diagnosis after a single exposure to any of the four 

procedures of interest in each age at exposure category were slightly higher in TX than NY. 

In TX they ranged from 3.5 to 5.4 diagnoses per 100 person-years in the controls and 4.4 to 

6.8 diagnoses per 100 person-years in the exposed cases, while in NY it ranged from 2.3 to 

3.5 diagnoses per 100 person-years in the controls and 3.0 to 5.3 diagnoses per 100 person-

years in the exposed cases. The most common reasons for initial diagnosis of a mental 

disorder were DD and ADHD. (Table 2)

Significantly increased risk of mental disorder diagnosis was found at every age at exposure 

category and was also observed when evaluating all ages combined. (Figure 1) This 

difference was sustained at up to nearly 12 years after exposure. Cox proportional hazards 

modeling revealed that children exposed to any of the four surgical procedures had a 

significantly increased risk of receiving a mental disorder diagnosis at all ages of exposure, 

with hazard ratios (HR) ranging from 1.2 to 1.4, but with risk distributed evenly between 

ages. (Figure 2, Panel A) The overall HR for all ages combined in any of the four procedures 

evaluated was 1.26 (95% confidence interval [CI], 1.22–1.30). Among these children, 1793 

had a procedure in the neonatal period, 8392 had a procedure between the neonatal period 

and the first 6 months of life, and between 2000 to 4100 children had a procedure in each 6-

month age category thereafter. The majority of procedures in the neonatal period however 

were pyloromyotomies, a surgery that is generally not performed after 6 months of age. 

(Figure 2, Panel B) Inguinal hernia repairs were most commonly performed in the age 

category between >28 days and ≤6 months and were less commonly performed at later ages 
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in early childhood. (Figure 2, Panel C) Circumcisions were also most commonly performed 

in infants, with decreased numbers in later ages. (Figure 2, Panel D) T&As, while less 

frequently performed in infants, were more common in older children and became the 

predominant procedure in children aged 2 through 5 years of age. (Figure 2, Panel E) While 

the risk of developing a mental disorder was evenly distributed between age at exposure 

categories in the combined cohort of any of the four procedures, (Figure 2, Panel A) when 

evaluating children undergoing individual procedures, some variation in the risk of 

developing a mental disorder based on age at exposure was seen. (Figure 2, Panels B–E) 

Specifically, children with circumcision at younger ages appeared to have a higher risk of 

mental disorder, while conversely a higher risk was seen in children who had T&A at older 

ages.

Effect of Unmeasured Confounding

The estimated hazard ratio for all procedures and all ages combined for mental disorder 

diagnosis was 1.26 (95% CI, 1.22–1.30). In order for a single unmeasured confounder to 

account for the observed increased risk of a mental disorder diagnosis with exposure (i.e., to 

shift the lower 95% confidence interval from 1.22 to 1.00), this unmeasured risk factor 

would need to be present in 10% of the patients in the unexposed group and 20%, 40%, or 

60% or the patients in the exposed group and have an associated hazard ratio of 4.26, 1.89, 

and 1.52, respectively. Similarly, if an unmeasured risk factor was present in 20% of the 

patients in the unexposed group and in 30%, 50%, or 70% of the patients in the exposed 

group, then the hazard ratio that would be required for an unmeasured risk factor to account 

for the observed increased risk with exposure would be 5.85, 1.98, and 1.55, respectively.

Risk of DD or ADHD Associated with Age at Exposure

The matched cohorts for the DD and ADHD risk analyses also demonstrated good balance 

between cases and controls with 97.5% of the variables having standardized differences <0.1 

and 99.9% of variables having standardized differences <0.25 for DD, and 97.7% of the 

variables having standardized differences <0.1 and 99.9% of variables having standardized 

differences <0.25 for ADHD. Survival analysis evaluating DD and ADHD also showed 

results that resembled the overall mental disorder analyses. In evaluating exposure to any of 

the four surgical procedures, a small increased risk was found at nearly all ages, with HRs 

for DD ranging from 1.16 to 1.53 and an overall HR at all ages of exposure of 1.26 (95% CI, 

1.20–1.32). (Figure 3, Panel A) For ADHD, HRs ranged from 1.12 to 1.49, with an overall 

HR at all ages of 1.31 (95% CI, 1.25–1.37). (Figure 4, Panel A). The risk of developing DD 

or ADHD was evenly distributed between age at exposure categories in the combined cohort 

of any of the four procedures. In evaluating the individual procedures, the risk for DD and 

ADHD was similar across different procedures, but like the analysis of any mental disorder 

diagnosis, some minor procedure specific variation based on age at exposure was seen. 

(Figures 3 and 4, Panels B–E)

Discussion

Common minor surgical procedures were found to be associated with small but statistically 

significant long-term increased risks of any mental disorder diagnosis as well as specifically 
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DD and ADHD diagnoses. The finding of a small but statistically significant increased risk 

of neurodevelopmental deficit associated with exposure to anesthesia and surgery is 

consistent with results from other population-based cohort studies.(7–14) However, while a 

window of vulnerability is seen in preclinical studies, our results show that the risks tended 

to be distributed evenly across children who received anesthesia and surgery at various ages 

over the first five years of life. Based on these findings, there is little support for the concept 

of delaying a minor procedure to reduce any potential long-term neurodevelopmental risks 

of anesthesia in children.

Recently, three large population-based cohort studies assessing children in Canada and 

Sweden found small decreases in teacher evaluation and academic performance scores 

associated with early anesthetic exposure, even with a single exposure.(12–14) Secondary 

analyses in these studies assessed the influence of the age at exposure with all three finding 

increased deficit in children exposed at older ages compared to those exposed at younger 

ages. Conversely, in a study of a cohort from Australia, an increased risk of language and 

cognitive deficit was identified in children exposed under age 3, but not in those exposed 

over age 3.(23) All of the above studies however evaluated children undergoing a broad 

range of surgical procedures. In one of these population-based studies, Graham et al. 

discussed the types of procedures performed, with dental procedures accounting for more 

than half of the anesthetics in older children, and a much smaller percentage in those who 

were younger.(13) In children, certain procedures are often performed at specific ages, and 

the types of procedures included may affect the results of the study, as children who require 

general anesthesia to tolerate dental procedures may differ from those who do not need it. 

The results from the above studies differ from those reported in the present study, where age 

at exposure had little impact on subsequent mental disorder, DD, or ADHD diagnoses. The 

present study evaluated four common minor procedures, finding that the age related risks of 

mental disorder for these procedures were similar. One variation observed in our results was 

that children receiving circumcisions at younger ages have a slightly higher risk of 

subsequent mental disorder diagnoses while children receiving T&A at older ages have a 

higher risk. On further evaluation, children who had T&A at an older age typically had both 

tonsillectomies and adenoidectomies while those exposed at under age 2 years commonly 

had adenoidectomies alone. Whether this accounts for the higher risk in the older T&A 

children however is unclear. Some procedure specific age related variation may also be due 

to smaller sample sizes in some categories.

ICD-9 coded clinical diagnoses and academic performance scores are less sensitive than 

directly assessed neuropsychological tests, but the benefit is that these outcomes are 

available in large population-based studies.(35) Recent prospective and ambidirectional 

studies used neuropsychological tests, but did not find a difference in children exposed to 

general anesthesia.(36,37) One potential reason for differences between these studies and 

population-based studies may be differences in the patients, as parents who agree to 

participate in prospective studies tend to come from higher socioeconomic strata, and 

growing up in a higher income household may mask some potential effects of neurotoxic 

exposures.(38,39) Although approximately 40% of TX and NY children are enrolled in 

Medicaid, the socioeconomic differences between children in prospective studies and those 

enrolled in Medicaid may be particularly stark.(40) Evaluation of a Medicaid population 
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may be uniquely suited to evaluating long-term neurodevelopmental effects of anesthetics, 

as children in lower socioeconomic strata are also particularly vulnerable to other neurotoxic 

agents such as lead.(41)

Despite this, prospective clinical trials are still the gold standard, but randomizing a child to 

receive anesthesia and surgery at a specific age faces strong ethical and logistical constraints. 

As a result, large population-based observational study designs may be the most effective 

methods for evaluating questions like the age of vulnerability to anesthesia in children. 

However, as with any observational study, there will be some residual confounding, and our 

methods may not completely account for unmeasured differences in mental disorder risk 

between children with and without surgical procedures. Since there is currently no validated 

method of predicting neurodevelopmental deficits based on medical comorbidity, the 

propensity score matching method used in the present study is likely one of the more robust 

methods of comparing exposed and unexposed children with similar levels of medical 

illness. Data regarding inpatient stays and outpatient doctor’s visits were also included in the 

propensity score as frequent physician encounters may be associated with increased 

incidence of psychiatric diagnosis. Our results showing an overall 26% increased risk of a 

mental disorder diagnosis in TX and NY is lower than that found in prior studies of NY 

Medicaid data, likely due to improved adjustment for comorbidity using our propensity 

score matched model.(8,9) While T&A patients specifically may have comorbidities 

associated with cognitive dysfunction, after propensity score matching, the increased risk of 

a mental disorder diagnosis was similar to the other 3 procedures, which argues against a 

large unaccounted for effect of comorbidities specific to T&A patients. In order to further 

address the question of unmeasured confounding, we performed a sensitivity analysis to 

determine the required strength of an unmeasured confounder to negate our primary result 

finding a difference in mental disorder diagnosis risk between exposed and unexposed 

children receiving any procedure at all ages. Based this analysis, the required strength of a 

single unmeasured confounder would need to range from a HR or 1.52 to 5.85 based on the 

prevalence. To put this in perspective, the covariate sex, with a prevalence of being a male 

child of 76% in our exposed cohort and 50% in our unmatched unexposed cohort, would 

require a HR of 2.80 to negate our results. Since the calculated HR of male gender on mental 

disorder diagnosis is 1.39, the strength of this theoretical unmeasured confounder would 

need to be more than twice that of male gender in order to negate our results. As a second 

example, the covariate preterm (<36 weeks gestational age) is present in 8.5% of our 

exposed cohort and 5% of our unexposed cohort, which would require it to have a HR of 

11.82 to negate our results. The calculated HR of being preterm was 1.41, so to negate our 

results, the strength of the unmeasured confounder would need to over 8 times that of 

preterm birth. Based on this sensitivity analysis, a relatively strong unmeasured confounder 

would be required to negate our primary findings.

Besides unmeasured confounding, which is a limitation of all observational studies, the 

present study also has a number limitations specific to this study. First, we are unable to 

distinguish the effects of the anesthetic from those of the surgery, or any perioperative 

complications. Second, the mental disorders are only detected in the Medicaid 

administrative data if the disorders are diagnosed and coded. While there may be 

misclassification in the ICD-9 codes, there is no reason to believe that it varies differentially 
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with exposure status. Therefore the differences found between exposed and unexposed 

children cannot be attributed to coding inaccuracy.(42) Conversely, the results may be biased 

toward a null effect, potentially yielding a conservative estimate. Third, most of the mental 

disorders under study typically onset later in life, raising the possibility that stronger signals 

might have been detected in older cohorts or after longer follow-up periods. Fourth, the 

population was restricted to children who were continuously enrolled in Medicaid. Different 

results might have been observed in privately insured or uninsured children. A major 

strength of this study however is the large sample size, which allowed for matching on an 

extensive array of variables, and independent evaluation of each surgical procedure 

performed at a range of ages. Finally, many factors are involved in perioperative 

management including the types and doses of anesthetic and non-anesthetic medications 

given, and whether any perioperative complications occurred. Since this study used 

administrative data, these details were not available.

The inability to identify neurodevelopmental differences based on age at exposure runs 

counter to preclinical findings showing increased neuronal apoptosis in specific vulnerable 

age periods in rodents. One explanation may be that given the uncertainty of extrapolating 

neurodevelopmental periods between humans and animals, an increased or decreased risk in 

children following exposure to anesthesia and surgery may exist beyond age 5 years and a 

different pattern of risk might have been observed with a larger age window. One preclinical 

study postulates that vulnerability may lie with the age of the neuron, not the organism, 

which may suggest a larger window of vulnerability than previously suspected.(43) 

Alternatively, it is also possible that the vulnerable period seen in animals is simply not 

present in humans.

Whether neurotoxicity exists in children is still unclear. However, knowledge of a window of 

vulnerability to anesthesia is important as it directly impacts clinical decision-making, and 

delaying surgery can have harmful consequences. In this study, children exposed to 

anesthesia for a single minor surgical procedure under age 5 have an increased risk of any 

mental disorder, as well as DD, and ADHD diagnoses, but the risk is evenly distributed 

regardless of the age at exposure. These findings suggest that in children receiving a single 

minor procedure, delaying surgery and performing the procedure at an older age has little 

impact on altering any potential long-term neurodevelopmental risks of anesthesia.
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Figure 1. Kaplan-Meier Analysis of Mental Disorder Diagnosis after a Single Exposure to 
Surgery and Anesthesia in TX and NY
For the exposed children, data in Panels A through K show the length of time after surgical 

procedure until diagnosis of a mental disorder. In each age at exposure category, the median 

age of surgery was calculated for the exposed children and applied to the unexposed 

children. For the unexposed children, Panels A through K show the length of time from this 

median age of surgery until diagnosis of a mental disorder. Panel L shows results from all 

age at exposure categories combined.
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Figure 2. Hazard of an ICD-9 coded Mental Disorder Diagnosis after a Single Exposure to 
Surgery and Anesthesia in TX and NY
Hazard ratios (HR) for diagnosis of mental disorder are displayed for exposed vs. matched 

unexposed children. The number (n) of exposed children in each age at exposure group is 

also displayed. Panel A shows hazard ratios for children who had any of the four procedures 

of interest vs. unexposed children. Panels B, C, D, and E show hazard ratios for children 

who had pyloromyotomy, inguinal hernia repair, circumcision, and tonsillectomy and/or 

adenoidectomy respectively, compared to unexposed children.
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Figure 3. Hazard of an ICD-9 coded Developmental Delay Diagnosis after a Single Exposure to 
Surgery and Anesthesia in TX and NY
Hazard ratios (HR) for diagnosis of a developmental delay are displayed for exposed vs. 

matched unexposed children. The number (n) of exposed children in each age at exposure 

group is also displayed. Panel A shows hazard ratios for children who had any of the four 

procedures of interest vs. unexposed children. Panels B, C, D, and E show hazard ratios for 

children who had pyloromyotomy, inguinal hernia repair, circumcision, and tonsillectomy 

and/or adenoidectomy respectively, compared to unexposed children.
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Figure 4. Hazard of an ICD-9 coded Attention Deficit Hyperactivity Disorder Diagnosis after a 
Single Exposure to Surgery and Anesthesia in TX and NY
Hazard ratios (HR) for diagnosis of an attention deficit hyperactivity disorder are displayed 

for exposed vs. matched unexposed children. The number (n) of exposed children in each 

age at exposure group is also displayed. Panel A shows hazard ratios for children who had 

any of the four procedures of interest vs. unexposed children. Panels B, C, D, and E show 

hazard ratios for children who had pyloromyotomy, inguinal hernia repair, circumcision, and 

tonsillectomy and/or adenoidectomy respectively, compared to unexposed children.
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Table 2

Incidence Rate of Each Type of Mental Disorder at Initial Diagnosis

Unexposed Exposed

Diagnoses per 100 person-years Diagnoses per 100 person-years

Schizophrenia 0 0.002

Bipolar Disorder 0.018 0.029

Depression 0.041 0.046

Anxiety Disorder 0.122 0.132

Conduct Disorder 0.45 0.557

Autism 0.079 0.101

Attention Deficit and Hyperactivity Disorder 1.016 1.271

Intellectual Disability 0.01 0.012

Developmental Delay 1.488 1.897

Miscellaneous 0.775 0.922

Any Mental Disorder Diagnosis* 3.915 4.869

*
Children may have more than one mental disorder at the time of diagnosis
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