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Summary

Introduction—The anaesthetic dose causing neurotoxicity in animals has been evaluated, but the 

relationship between duration of volatile anaesthetic (VA) exposure and neurodevelopment in 

children remains unclear.

Methods—Data were obtained from the Western Australian Pregnancy Cohort (Raine) Study, 

with language (Clinical Evaluation of Language Fundamentals: Receptive [CELF-R] and 

Expressive [CELF-E] and Total [CELF-T]) and cognition (Coloured Progressive Matrices [CPM]) 

assessed at age 10. Medical records were reviewed, and children divided into quartiles based on 

total VA exposure duration before age 3. The association between test score and exposure duration 

quartile was evaluated using linear regression, adjusting for demographics and comorbidity.

Results—Of 1622 children with available test scores, 148 had documented VA exposure and 

were split into the following quartiles: ≤25, >25 to ≤35, >35 to ≤60 and >60 minutes. Compared to 

unexposed children, CELF-T scores for children in the first and second quartiles did not differ, but 

those in the third and fourth quartiles had significantly lower scores ( [3rd quartile – Unexposed] 

−5.3; 95% confidence interval [CI], (−10.2 – −0.4), [4th quartile – Unexposed] −6.2; 95% CI, 

(−11.6 – −0.9). CELF-E showed similar findings, but significant differences were not found in 

CELF-R or CPM at any quartile.

Discussion—Children with exposures ≤35 minutes did not differ from unexposed children, but 

those with exposures >35 minutes had lower total and expressive language scores. It remains 

unclear if this is a dose-response relationship, or if children requiring longer exposures for longer 

surgeries have other clinical reasons for lower scores.

Keywords
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Introduction

In animal models, the exposure of developing brains to N-methyl-D-aspartate antagonists 

(such as nitrous oxide and ketamine) and γ-amino butyric acid agonists (such as 

benzodiazepines, propofol, and volatile anaesthetics) lead to dose-dependent neuroapoptosis 

and neurodegenerative changes, with long term cognitive deficits observed in adulthood.1–10 

The animal studies in rodents have used various combinations of intravenous (IV) and 

volatile anaesthetic (VA) agents at differing doses.11 While there has been heterogeneity in 

these studies, the pre-clinical data overall supports a dose response relationship, with higher 

doses, longer durations, increased number of different agents, and multiple discrete 

anaesthetic exposures associated with higher levels of histological damage and worse 

functional deficits.
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Compared to the hundreds of published preclinical studies, there are relatively few clinical 

studies of neurotoxicity. Of the published clinical studies, several have found an increased 

risk of neurodevelopmental deficit associated with exposure to surgery and anaesthesia, but 

few have specifically assessed a dose response.12–17 The effect of specific durations of 

anaesthetic exposure has been explored in two studies assessing learning disability and 

academic achievement, with both reporting an association between longer durations of 

anaesthetic exposure and an increased risk of neurodevelopmental deficits.18,19

Neither study however has used neuropsychological testing, which may be more sensitive 

than other measures of neurodevelopmental function. We previously found an association 

between surgery and anaesthesia and long-term neuropsychological deficits in language and 

cognition.20 Using the same patient cohort, the present study builds upon this by further 

evaluating the association between the total duration of VA exposure before age 3 years and 

neuropsychological test scores at age 10 years.

Methods

This study was approved by the Columbia University Institutional Review Board, with 

approval for data collection and storage at each age by Ethics Committees at King Edward 

Memorial Hospital, Princess Margaret Hospital, and the University of Western Australia, 

and medical record review by the University of Western Australia.

Data Source

Raine Cohort Data—Data was obtained from the Raine Study, an established birth cohort 

in Perth, Western Australia, consisting of 2,868 children born from 1989 to 1992. As part of 

the study, detailed demographic and medical data were collected prenatally and at birth from 

medical records and parental self-report. After birth, all children were assessed at 1, 2, 3, 5, 

8, 10, 13, 17, 20, and 22 years of age. Comprehensive neuropsychological testing was 

performed at age 10. During follow-up visits, parents completed questionnaires describing 

illnesses and medical problems, which were coded by research staff into International 

Classification of Diseases, 9th Revision (ICD-9) codes. Coding procedures have been 

previously described.21

Medical and Anaesthetic Record Review—All children in the Raine cohort with 

parent reported history of any procedure or admission to the hospital before age 5 years were 

identified. Medical and anaesthetic records for these children were requested from the 

Princess Margaret Hospital for Children and surrounding hospitals and outpatient surgical 

centres in Perth, Australia. Data extracted from the records were inputted into a database 

maintained by the Columbia University Data Coordinating Center.

Children with procedures requiring anaesthetic exposure before age 3 years based on either 

anaesthetic records or parental report were classified as being “exposed”. All surgical and 

anaesthetic exposures occurred between 1989 and 1995. Children with no parental report of 

a procedure and no available anaesthetic records before age 3 years were classified as 

“unexposed”. While an exact age of vulnerability to anaesthesia in children is unknown, 

exposure before 3 years old was used to define exposure status as it is the time of peak 
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synaptogenesis in various regions of the brain including the prefrontal cortex.22,23 For 

exposed children with available anaesthetic records, VA exposure in minutes from each 

procedure was quantified. Children with more than one anaesthetic exposure had the 

durations of VA from separate procedures summed together to calculate a total duration of 

exposure before age 3. The children with parental report of anaesthetic exposure where 

anaesthetic records could not be obtained were classified as “exposed with no anaesthetic 

record”.

Neuropsychological Tests—The outcomes included in this study were the 

neuropsychological tests previously found to be different between exposed and unexposed 

children.20 All assessments were performed at age 10 by trained research staff directly 

administering the tests. Language was evaluated with the Clinical Evaluation of Language 

Fundamentals (CELF), which is composed of individual scores for Receptive (CELF-R), or 

language comprehension ability, Expressive (CELF-E), or speaking language ability, as well 

as a Total (CELF-T) language.24,25 Cognition was assessed by Coloured Progressive 

Matrices (CPM) which is a test of nonverbal intelligence, with a specific focus on abstract 

reasoning.26

Comorbid Illness—Comorbid illness was quantified using the Johns Hopkins ACG Case-

Mix System, a method for predicting past and future healthcare utilization and costs.27 

ICD-9 codes from all follow-up visits up to and including age 10 were used evaluate medical 

resource use by each child and calculate Resource Utilization Band (RUB) scores. ICD-9 

codes for mental, behavioural, and neurodevelopmental disorders were excluded from the 

calculation of RUB scores as they were directly related to the outcomes of interest. For each 

child, RUB was coded as 0) No diagnoses, 1) Healthy, 2) Low, 3) Moderate, 4) High, and 5) 

Very High. Children with no diagnoses and presented for follow-up, as well as the healthy 

category were collapsed in the Low resource utilization category, and children in the High 

and Very High utilization groups were also combined. Coding of the RUB score was 

performed with the Johns Hopkins ACG version 10.0.1.

Statistical Analysis—Children with available anaesthetic records and neuropsychological 

outcomes were split into quartiles based on the total duration of exposure to VA for each 

child. Coding of the duration variable as categorical as opposed to continuous allowed for 

the ability to easily assess a non-linear relationship between anaesthesia duration and 

outcome measures. A multilevel categorical exposure group variable was created, which 

included levels for each of the four quartiles, in addition to the unexposed group and the 

exposed with no anaesthetic records group. Linear regression was used to calculate test score 

differences and 95% confidence intervals between the unexposed group and each individual 

exposure group. Multivariable linear regression was subsequently used to adjust for adjust 

for demographic and clinical covariates (sex, race, birth weight (<2500g), maternal school 

level and income) in addition to comorbidity as measured by the Johns Hopkins ACG 

system.
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Results

The Raine cohort consists of 2,868 children, with 1076 children having a history of a 

procedure or admission to a hospital before age 5 years. Available medical and anaesthetic 

records for these children were evaluated, and data for any procedures requiring anaesthesia 

before the age of 3 years was entered into our database. (Figure 1) Records for 348 

procedures with anaesthetics were identified, of which 337 were performed at PMH and 11 

were performed at other institutions. These procedures pertained to 234 children. Of these 

children, 184 had a prior parental report attesting to an exposure before age 3 based on the 

Raine database, while the remaining 50 had an anaesthetic record, but no associated parental 

report.

In addition to the children with available anaesthetic records, another 137 children were 

identified as being exposed to surgery and anaesthesia prior to age 3 based on parental 

report, but the associated records could not be obtained. These children were therefore 

classified as “exposed with no anaesthetic record”.

Duration of VA Exposure and Neuropsychological Test Score

A total of 148 children had anaesthetic record information as well as CELF and CPM scores 

available. These children were split into quartiles based on the total duration of VA 

exposure: 1st quartile: ≤25 minutes (n=36), 2nd quartile: >25 to ≤35 minutes (n=43), 3rd 

quartile: >35 to ≤60 minutes (n=38), and 4th quartile: >60 minutes (n=31). The numbers of 

patients in each quartile were unequal because some children at the quartile cut points had 

the same duration of exposure. The mean durations of exposure in each of the four quartiles 

were 18.9, 31.9, 49.9 and 161.9 minutes respectively. A total of 96 children were “exposed 

with no anaesthetic record” and had available test scores.

Compared to unexposed children, those who were exposed were found to have a higher 

percentage of boys. (Table 1) Children in the 4th quartile also had a higher percentage of low 

birth weight children compared to the other exposure groups, and higher resource utilization 

was also found in the 3rd and 4th exposure quartiles. All children in the 1st quartile had a 

single exposure, while 3 children (7%) in the 2nd quartile had two exposures. In the 3rd 

quartile, 2 children (5.3%) had two exposures, while 16 children (51.6%) in the 4th quartile 

had two or more exposures, with the number ranging from 2 to 23 exposures.

The neuropsychological test scores for each quartile were initially evaluated, with lower 

mean and median scores seen in the quartiles with longer exposure duration. (Figure 2) 

Linear regression was subsequently used to calculate the difference in test scores between 

unexposed children and those in each exposure group. After adjusting for demographics and 

comorbidity, children in the 1st and 2nd quartiles were found to have CELF-T scores that 

were similar to the unexposed children, (CELF-T: [1st quartile – Unexposed], −0.7; 95% 

confidence interval [CI], (−4.2 – 5.6) and [2nd quartile – Unexposed], −1.9; 95% CI, (−6.3 – 

2.6)). (Table 2) Children in the 3rd and 4th quartiles of exposure however had mean total 

language scores approximately 6 points lower than the unexposed children (CELF-T: [3rd 

quartile – Unexposed], −5.3; 95% CI, (−10.2 – −0.4) and [4th quartile – Unexposed], −6.2; 

95% CI, (−11.6 – −0.9)). Similar findings were seen with the CELF-E expressive language 
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scores, with no differences between unexposed and the 1st and 2nd quartiles (CELF-E: [1st 

quartile – Unexposed], 1; 95% CI, (−3.9 – 5.9) and [2nd quartile – Unexposed], and −1; 95% 

CI (−5.4 – 3.5)), but a significant difference in the 3rd and 4th quartiles (CELF-E: [3rd 

quartile – Unexposed], −6.1; 95% CI (−11 – −1.2) and [4th quartile – Unexposed], and 

(−6.3; 95% CI (−11.6 – −0.9)). After adjusting for covariates, significantly lower scores 

were not found with CELF-R or CPM scores in any exposure quartile.

For children who were exposed with no anaesthetic record available, after adjusting for 

covariates, compared with the unexposed children they had significantly lower scores in 

Receptive (CELF-R: [No Record – Unexposed], −3.7; 95% CI, (−7 – −0.4), Expressive 

(CELF-E: [No Record – Unexposed], −4.3; 95% CI, (−7.5 – −1.2), and Total language 

scores (CELF-T: [No Record – Unexposed], −4.2; 95% CI, (−7.3 – −1), as well as CPM 

scores (CPM: [No Record – Unexposed], −0.9; 95% CI (−1.7 – −0.1).

Types of Anaesthetics Used

In the 148 children exposed to VA, 99.3% had been exposed to nitrous oxide, 91.2% to 

halothane, 15.5% to isoflurane, and 12.8% to enflurane. While nearly all children received 

nitrous oxide and halothane, more children received isoflurane and enflurane in the 3rd and 

4th quartiles of exposure compared to those in the 1st and 2nd quartiles. Aside from VA, they 

also received other anaesthetic agents, with thiopental used in 35.8% of children, propofol in 

9.5%, benzodiazepines in 15.5%, pethidine in 53.4%, morphine in 11.5%, and fentanyl in 

6.8%.

Types of Procedures

Most procedures performed in children in the 1st and 2nd quartiles were otolaryngological 

and other minor procedures, including many children with myringotomies, as well as 

tonsillectomies. Those children were found to be similar to the unexposed children with 

regard to language and cognitive scores. The children with durations of exposures in the 3rd 

and 4th quartiles however have more varied types of surgical and diagnostic procedures. 

(Appendix Tables 1 to 4) The parent reported procedures in children exposed with no 

anaesthetic record include a variety of procedures from minor procedures to more complex 

procedures. (Appendix Table 5)

Discussion

Compared to the unexposed children in this cohort, those exposed to longer durations of VA 

before age 3 had mean CELF-R and CELF-T language scores at age 10 that were 

approximately 6 points, or 0.4 standard deviations lower than unexposed children, even after 

adjusting for underlying demographic and clinical differences. While the IQ test differs from 

the CELF test, as a reference point, lead levels of 10μg/dL are associated with drops in IQ of 

5.8 points, or 0.39 standard deviations, but the CDC recommends that public health actions 

are initiated at blood lead levels of 5μg/dL.28,29 These results suggest that children in this 

cohort who had surgery requiring >35 minutes of VA have significantly decreased language 

test scores during middle childhood. Wilder et al. also identified the duration for a 

potentially toxic anaesthetic exposure at >120 minutes, but our results show that shorter 
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exposures may also be associated with lower neuropsychological test scores.19 Possibilities 

for this discrepancy include differences in the patient populations or in the 

neurodevelopmental test sensitivity, as direct neuropsychological testing may be more 

sensitive than other tests.

It is however important to note that this is only an association, and could be due to patient 

comorbidity, with children requiring longer and more complex surgical procedures having 

other comorbid conditions that put them at higher baseline risk for neurodevelopmental 

deficits. Unfortunately, teasing out whether this is due to the anaesthetic dose or comorbid 

disease is difficult using observational studies. While we adjusted for comorbidity using the 

Johns Hopkins ACG Case-Mix System, this comorbidity score is designed to measure 

resource utilization, not specifically the increased risk of long-term neurodevelopmental 

deficit. As a result, while it will likely adjust for some of the difference in comorbidity 

between the exposed and unexposed children, there may be residual confounding due to 

medical comorbidity.

In order to determine the causal effect of anaesthetic exposure on neurodevelopmental 

deficit, clinical trials are essential. However, designing a clinical trial to evaluate different 

doses and durations of anaesthesia present ethical and logistical challenges, as it is difficult 

to randomise a child to get more or less anaesthesia for a particular procedure. Currently the 

General Anaesthesia compared to Spinal anaesthesia (GAS) study is the only ongoing 

randomised trial evaluating anaesthetic neurotoxicity, and assesses neuropsychological 

differences in children exposed to either sevoflurane, or a pure regional technique at under 6 

months of age. The interim results of the GAS study recently found that a mean exposure 

duration of 54 minutes of sevoflurane does not result in any measureable neuropsychological 

difference at age 2 years, with the final results of the study expected after the children are 

tested at age 5.30 It should however be recognized that the duration of exposure is not the 

only difference between the GAS study and other observational studies. The children in the 

GAS study were exposed to anaesthesia between the years 2007 and 2013, while in the 

study by Wilder et al., children were exposed from 1976 and 1986, and in the present Raine 

cohort, the children were exposed from 1989 and 1995. Pulse oximetry and standard 

anaesthetic monitoring was available for children in the Raine cohort, but the medications 

from both observational studies included halothane, enflurane, and isoflurane in conjunction 

with nitrous oxide and other IV agents, while the GAS study used sevoflurane only. The 

GAS study can isolate the effect of a short sevoflurane exposure, but it is possible that a 

single short exposure to a single anaesthetic agent may not be sufficient to cause a 

neurotoxic injury. Preclinical evidence has found neurotoxic effects in rodents after at least a 

1-hour exposure, and in non-human primates after a 5-hour exposure, so the impact of 

longer or multiple anaesthetic exposures in children, if any, is still unknown.31,32 

Combinations of anaesthetic agents, such as VA used in conjunction with IV agents and 

nitrous oxide may also cause more neuronal damage than sole agents and has been described 

in rodent and non-human primate models.2,7,33 The neurotoxic potency of different volatile 

anesthetics is also unclear with some animal studies showing that desflurane and isoflurane 

have a higher toxicity than sevoflurane, while others have found all three anesthetics to be 

equally toxic, and no studies comparing them in humans.34–36
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Based on the preclinical data and data from other observational studies, the total number of 

discrete exposures may also play a role.17,19 Our results however show that while the test 

scores for children in the 2nd and 3rd quartiles differed, the number of children with multiple 

exposures in those quartiles were similar. This study was not designed to specifically 

evaluate multiple exposures, but this suggests that there may be other factors such as the 

total duration of exposure or the comorbidity associated with needing multiple procedures 

that may contribute to lower scores in multiple exposure patients, independent of the number 

of discrete exposures.

In evaluating the children who were exposed but had no records available, we found an 

increased risk for all neuropsychological outcomes. While the differences were significant 

for all tests, the estimated test score differences were approximately the average of those 

seen in the four quartiles. The reason for significance was therefore likely not due to an 

increased effect in the children exposed with no records, but instead due to a larger sample 

size compared to the number of children in each individual quartile.

It is difficult to establish a dosage threshold beyond which neurotoxic injury occurs based on 

our results, but our findings still add to the general understanding of clinical anaesthetic 

neurotoxicity. Importantly, they provide some additional reassurance to parents and 

clinicians that short anaesthetic exposures (≤35 minutes) do to not appear to have 

detrimental long-term effects on sensitive neuropsychological tests of language. This lack of 

an effect with a short single exposure to anaesthesia is consistent with the PANDA study 

results, which also suggest that a short exposure for hernia repair does not result in a 

significant long-term deficit.30,37 Since the GAS and PANDA studies both only involve 

hernia patients, the results from the present study also suggest this lack of an effect may also 

be applicable to patients undergoing a variety of other minor surgical procedures, including 

myringotomies.

There are several limitations in our study, including the retrospective extraction of 

anaesthetic exposure data, demographic and clinical differences between the exposed and 

unexposed children, and the attrition of the cohort over time. The neuropsychological testing 

however was performed prospectively, and independent of the hypothesis currently being 

tested. Since the anaesthetic data were extracted from paper records from over 20 years ago, 

significant fluctuations in haemodynamics or other intraoperative vital signs were difficult to 

determine. Quantification of cumulative volatile anaesthetic dose (ie. MAC-hours), even 

though important in evaluating a dose-response effect, would have been relatively inaccurate 

since the documentation was on paper charts, and not electronic records.38 In addition, some 

anaesthetic records may have been missed, resulting in exposed children misclassified as 

unexposed, which may bias toward a null result due to potentially lower scores in the 

unexposed children.

Conclusion

Based on our results, it remains unclear if this is truly a dose-response relationship, or if 

children who require longer anaesthetic exposures for longer surgeries have other associated 

medical reasons for lower scores in language assessments. While we could not separate the 

effect of long anaesthetic exposure from the contribution of different clinical conditions, we 
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were able to further confirm the safety of a short anaesthetic exposure (≤35 minutes) using a 

cocktail of anaesthetic medications. Our results also suggest that in future studies of 

anaesthetic neurotoxicity, children with longer exposures to anaesthesia should be evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Children classified as exposed to anaesthesia in Raine cohort.
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Fig. 2. 
Box plots of neuropsychological outcomes and exposure groups. The þ represents the mean 

score of each exposure group.
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Table 2

Crude and adjusted differences in language and cognitive test scores between unexposed children and children 

in each exposure group.

Crude and adjusted differences in neuropsychological test scores in children in each exposure duration quartile compared with 
unexposed children

n Crude, difference (95% 
CI)

Adjusted for patient 
characteristics

Adjusted difference* (95% 
CI)

Adjusted for patient 
characteristics and RUB

Adjusted difference** (95% 
CI)

CELF Receptive

 Unexposed 1378 Reference Reference Reference

 First Quartile (≤25 min) 36 0.7 (−4.7 – 6) 0 (−5.2 – 5.1) 0.1 (−5.1 – 5.2)

 Second Quartile (>25 to ≤ 35 min) 43 −3.4 (−8.3 – 1.5) −2.8 (−7.5 – 1.8) −2.7 (−7.4 – 2)

 Third Quartile (>35 to ≤ 60 min) 38 −4.3 (−9.5 – 0.9) −4.8 (−9.9 – 0.2) −4.1 (−9.3 – 1.1)

 Fourth Quartile (>60 min) 31 −7.8 (−13.6 – −2.1) −6.6 (−12.1 – −1.1) −5.6 (−11.3 – 0.05)

 No Record 96 4.5 (−7.8 – −1.1) −3.9 (−7.2 – −0.6) −3.7 (−7 – −0.4)

CELF Expressive

 Unexposed 1378 Reference Reference Reference

 First Quartile (≤25 min) 36 1.7 (−3.3 – 6.8) 1 (−3.9 – 5.9) 1 (−3.9 – 5.9)

 Second Quartile (>25 to ≤ 35 min) 43 −1.3 (−5.9 – 3.4) −1 (−5.4 – 3.4) −1 (−5.4 – 3.5)

 Third Quartile (>35 to ≤ 60 min) 38 −5.9 (−10.8 – −1) −6.6 (−11.4 – −1.8) −6.1 (−11 – −1.2)

 Fourth Quartile (>60 min) 31 −8.3 (−13.7 – −2.9) −7.1 (−12.3 – −1.9) −6.3 (−11.6 – −0.9)

 No Record 96 −4.8 (−7.9 – −1.6) −4.3 (−7.5 – −1.2) 4.3 (−7.5 – −1.2)

CELF Total

 Unexposed 1378 Reference Reference Reference

 First Quartile (≤25 min) 36 1.4 (−3.7 – 6.5) 0.7 (−4.2 – 5.6) 0.7 (−4.2 – 5.6)

 Second Quartile (>25 to ≤ 35 min) 43 −2.4 (−7.1 – 2.2) −2 (−6.4 – 2.5) −1.9 (−6.3 – 2.6)

 Third Quartile (>35 to ≤ 60 min) 38 −5.3 (−10.3 – −0.4) −5.9 (−10.7 – −1.2) −5.3 (−10.2 –− 0.4)

 Fourth Quartile (>60 min) 31 −8.5 (−13.9 – −3) −7.2 (−12.4 – −2) −6.2 (−11.6 – −0.9)

 No Record 96 4.8 (−8 – −1.6) −4.3 (−7.4 – −1.1) 4.2 (−7.3 – −1)

CPM Total

 Unexposed 1378 Reference Reference Reference

 First Quartile (≤25min) 36 −0.2 (−1.4 – 1) −0.4 (−1.6 – 0.8) −0.4 (−1.6 – 0.8)

 Second Quartile (>25 to ≤ 35 min) 43 −0.7 (−1.8 – 0.4) −0.8 (−1.9 – 0.3) −0.7 (−1.8 – 0.4)

 Third Quartile (>35 to ≤ 60 min) 38 −0.9 (−2.1 – 0.3) −1.1 (−2.3 – 0.1) −0.9 (− −2.1 – 0.3)

 Fourth Quartile (>60 min) 31 −1.7 (−3 – −0.4) −1.5 (−2.7 – −0.2) −1.3 (−2.6 – 0.1)

 No Record 96 −1 (−1.7 – −0.2) −0.9 (−1.7 – −0.2) −0.9 (−1.7 – −0.1)

*
Adjusted for sex, race, birthweight (<2500g), maternal school level and income.

**
Adjusted for the above patient characteristics and comorbidity measured by resource utilization band (RUB)
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