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Abstract

Background: Whether exposure to a single general anaesthetic (GA) in early childhood causes long-term neuro-

developmental problems remains unclear.

Methods: PubMed/MEDLINE, Embase, CINAHL, Web of Science, and the Cochrane Library were searched from inception

to October 2019. Studies evaluating neurodevelopmental outcomes and prospectively enrolling children exposed to a

single GA procedure compared with unexposed children were identified. Outcomes common to at least three studies

were evaluated using random-effects meta-analyses.

Results: Full-scale intelligence quotient (FSIQ); the parentally reported Child Behavior Checklist (CBCL) total, externalising,

and internalising problems scores; and Behavior Rating Inventory of Executive Function (BRIEF) scores were assessed. Of

1644 children identified, 841 who had a single exposure to GA were evaluated. The CBCL problem scores were significantly

higher (i.e. worse) in exposed children: mean score difference (CBCL total: 2.3 [95% confidence interval {CI}: 1.0e3.7],

P¼0.001; CBCL externalising: 1.9 [95% CI: 0.7e3.1], P¼0.003; and CBCL internalising problems: 2.2 [95% CI: 0.9e3.5], P¼0.001).

Differences in BRIEF were not significant after multiple comparison adjustment. Full-scale intelligence quotient was not

affected by GA exposure. Secondary analyses evaluating the risk of these scores exceeding predetermined clinical

thresholds found that GA exposure was associated with increased risk of CBCL internalising behavioural deficit (risk ratio

[RR]: 1.47; 95% CI: 1.08e2.02; P¼0.016) and impaired BRIEF executive function (RR: 1.68; 95% CI: 1.23e2.30; P¼0.001).

Conclusions: Combining results of studies utilising prospectively collected outcomes showed that a single GA exposure

was associated with statistically significant increases in parent reports of behavioural problems with no difference in

general intelligence.
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Editor’s key points

� Whether a single exposure to general anaesthesia in

early childhood causes long-term neurodevelopmental

problems is unclear despite incriminating animal

evidence.

� A meta-analysis was performed of prospective studies

evaluating neurodevelopmental outcomes in children

exposed to a single general anaesthetic procedure

compared with unexposed children.

� Exposure to general anaesthesia was associated with

increases in parental reports of behavioural problems

with no difference in general intelligence.

� Further research is needed to evaluate the clinical sig-

nificance of these differences and to identify poten-

tially vulnerable children.
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Exposure of young animals to clinically utilised general

anaesthetic drugs produces neurodegeneration and later

problems with learning, memory, and behaviour.1 Clinical

studies have also evaluated long-term neurodevelopmental

outcomes in children exposed to anaesthesia.2e8 However,

there is significant variation in the studies with regard to

study design, patient populations, and neurodevelopmental

outcomes assessed, hampering their interpretation. This

heterogeneity stems from challenges, including inability to

randomise children needing surgery to a non-anaesthetic

control group, difficulty in accounting for underlying co-

morbid conditions in children needing surgery, and the need

to assess outcomes many years after the exposure. As a

result, most studies of anaesthetic neurotoxicity are obser-

vational and use pre-existing data sets.2e5 Prior meta-

analyses of these retrospective studies have reported

increased neurodevelopmental deficits in anaesthetic-

exposed children.9,10 However, the underlying studies

included outcomes that may not be the most sensitive for

evaluating neurodevelopment after anaesthetic exposure,

and often lacked clinical data regarding pre-exposure and

perioperative factors that could affect neurodevelopment.

This lack of clinical data is problematic, as children with

major congenital anomalies or intraoperative complications

may be included in the anaesthetic-exposed group, poten-

tially biasing the results and complicating interpretation of

these studies.

This systematic review and meta-analysis compares

long-term neurodevelopmental outcomes of children with

and without exposure to a single episode of general

anaesthesia during a predefined study period. Although

well-conducted RCTs typically provide effect estimates

that are less susceptible to bias than non-randomised

studies, the inclusion of observational studies that appro-

priately control for confounding may be beneficial.11 To

address the limitations of previously published meta-

analyses, only RCTs and non-randomised studies of chil-

dren who were prospectively enrolled and tested were

included. This was done because these studies were

designed to include the most sensitive outcomes for

evaluating neurodevelopment after anaesthesia exposure

and also allowed for review of clinical data in an attempt

to minimise confounding.
Methods

This study was approved by the Institutional Review Board at

Columbia University Vagelos Medical Center (New York, NY,

USA) as exempt from requiring written/informed consent. A

systematic review with a meta-analysis was performed

adhering to the Preferred Reporting Items for Systematic Re-

views and Meta-Analyses and Meta-analysis of Observational

Studies in Epidemiology checklists.12 The review protocol was

not registered in an online database.
Study design and search strategy

The systematic review was performed identifying all pub-

lished studies evaluating cognitive function after exposure to

general anaesthesia or surgery in children <18 yr old. The

criteria and search strategy searching PubMed/MEDLINE,

Embase, CINAHL, Web of Science, and the Cochrane Library

were published by Clausen and colleagues13 identifying 67

English language studies published before June 16, 2017. In the

present study, an update using the same search criteria save

for minor differences in formatting of search terms was per-

formed to identify any additional studies published from June

17, 2017 until October 16, 2019 (Supplementary Appendix 1).

This methodology of utilising results from a previously pub-

lished systematic review was performed to allow for a more

efficient review of new evidence.14
Study selection and data extraction

The population of interest was children exposed to a single

general anaesthetic during a predefined study period using

contemporary general anaesthetic medications and moni-

toring. Studies with children exposed predominantly to halo-

thane were excluded, as that medication is no longer available

in most anaesthetic practices. After broadly identifying all

studies evaluating cognitive function after exposure to general

anaesthesia or surgery in children, additional criteria were

applied to focus on relevant RCTs and non-randomised studies

with prospectively collected neurodevelopmental outcomes.

The following are the inclusion criteria:

(i) Studies must evaluate neurodevelopmental outcomes in

children exposed to a single general anaesthetic during a

defined study period comparedwith children unexposed to

general anaesthesia.

(ii) Neurodevelopmental outcomes must be prospectively

assessed in exposed and unexposed children who are at

least school-aged, defined in this study as 5 yr of age or

older, to allow for more accurate cognitive assessment.

The following are the exclusion criteria:

(i) Studies that only evaluated short-term perioperative

cognitive outcomes, such as delirium or anxiety, were not

included.

(ii) Studies focusing specifically on children with major

chronic conditions (congenital cardiac or other major

congenital condition, extreme prematurity, etc.) were

excluded. Children in these studies have significant clin-

ical heterogeneity and may have severe baseline medical

issues, complicating interpretation of these studies.

Studies that met these additional criteria were reviewed,

and all primary and secondary outcome data were considered.



509 duplicates removed

5271 articles excluded:
Animal studies, editorials,
reviews, or studies that
did not evaluate
neurodevelopmental
outcomes after exposure
to anaesthesia

Articles published from
june 17, 2017 to october
16, 2019
5802 articles identified:
680   from PubMed
163   from ovid
3550 from embase
172   from CINAHL
1066 from web of science
171   from cochrane

5293 articles screened

22 full-text articles
assessed for eligibility

68 studies reviewed:

Studies published before
june 16, 2017

67 studies from Clausen and
colleagues13 systematic review
and Stratmann and colleagues21

study

18 studies excluded:
Did not have prospective
neurodevelopmental outcomes,
prospectively assessed controls,
long-term outcomes, a
contemporary anaesthetic, or
primarily evaluated children with
major congenital or chronic
conditions

64 studies excluded:
Did not have prospective
neurodevelopmental outcomes,
prospectively assessed controls,
long-term outcomes, a
contemporary anaesthetic, or
primarily evaluated children with
major congenital or chronic
conditions

5 studies excluded:
Did not have outcomes that were
identical or directly comparable
with other studies

8 studies meeting criteria
for inclusion

3 studies with outcome
scores included in
meta-analysis

Fig 1. Diagram of the study selection process for the systematic review and meta-analysis.
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Any prospectively assessed neurodevelopmental outcome

that was measured by the same instruments and common to

at least three studies was included in the meta-analysis.

Although there is no lower limit of studies needed for a

meta-analysis, when only two studies are included, there is a

potential for increased risk of Type I error in the setting of

heterogeneity between studies.15 Two reviewers (CI and WMJ)

independently assessed titles, abstracts, and full texts for

eligibility using Covidence systematic review software (Veritas

Health Innovation, Melbourne, VIC, Australia). Conflicts were

resolved through consensus and, if necessary, consultation

with a third reviewer (DOW). The same reviewers extracted

the data from these studies.
Quality assessment and risk of bias

Critical appraisals were conducted using the Cochrane risk-of-

bias tool for RCTs and the Risk Of Bias In Non-randomised

Studies - of Interventions (ROBINS-I) for non-randomised

studies.16e18 Response options for the Cochrane risk-of-bias
instrument were ‘low’ or ‘high’, whereas response options

for the ROBINS-I were ‘low’, ‘moderate’, ‘serious’, or ‘critical’.

Two reviewers (CI and WMJ) independently assessed each

study, with conflicts resolved through consensus or, if neces-

sary, discussion with a third reviewer (GL).
Statistical analysis

The primary analysis evaluated all eligible neuro-

developmental outcome scores as continuous variables. The

consistency of outcome scores between studies was evaluated

by calculating Cochrane’s Q and I2 statistics for each outcome.

Each of the outcome scores was then evaluated using random-

effects models. An overall meta-analysis for each outcome

was performed by pooling summary data from any outcome

used in three or more studies. Publication bias could not be

evaluated because of the limited number of available

studies.19 All analyses were performed using Comprehensive

Meta-Analysis software, version 3 (Biostat, Englewood, NJ,

USA) and figures generated using GraphPad Prism version 8.1.0



Table 1 Neurodevelopmental outcomes evaluated in the eligible studies.

Measure Study

Sun and
colleagues
(PANDA)7

Warner and
colleagues
(MASK)8

McCann and
colleagues (GAS)6

Taghon and
colleagues22

Bakri and
colleagues23

Khochfe and
colleagues24

Warner and
colleagues
(OTB Study)25

Zhang and
colleagues26

*Stratmann and
colleagues21

BRIEF Global Executive Composite ✓ ✓ ✓

CBCL Externalizing score ✓ ✓ ✓

CBCL Internalizing score ✓ ✓ ✓

CBCL Total Problems ✓ ✓ ✓ ✓

CPT-II number commissions ✓ ✓

DKEFS Trail Making Test condition 1 ✓ ✓

DKEFS Trail Making Test condition 2 ✓ ✓

DKEFS Trail Making Test condition 3 ✓ ✓

DKEFS Trail Making Test condition 4 ✓ ✓

DKEFS Trail Making Test condition 5 ✓ ✓

Grooved Pegboard dominant hand ✓ ✓

Grooved Pegboard nondominant hand ✓ ✓

WASI Full Scale IQ ✓ ✓ ✓

WASI Matrix Reasoning ✓ ✓

WASI Vocabulary ✓ ✓

ABAS-II General Adaptive Composite score ✓ ✓

NEPSY-II Speeded naming ✓ ✓

NEPSY-II Word Generation ✓ ✓

ABAS-II Conceptual Composite score ✓

ABAS-II Practical Composite score ✓

ABAS-II Social Composite score ✓

CVLT-C Total Trials 1-5 (Verbal memory) ✓

NEPSY-II Comprehension of instructions ✓

NEPSY-II Delayed Memory for Faces ✓

NEPSY-II Memory for Faces ✓

WASI Block design ✓

WASI Performance IQ ✓ ✓

WASI Similarities ✓

WASI Verbal IQ ✓ ✓

WISC-IV Coding (Processing Speed) ✓

WISC-IV Digit Span ✓

Beery: Motor Coordination ✓

Beery: Visual Motor Integration ✓

Beery: Visual perception ✓

Boston Naming Test ✓

CBCL ADHD Problems ✓

CLDQ Math Scale ✓

CLDQ Reading Scale ✓

CPT-II Detectability ✓

CPT-II Hit Reaction Time ✓

CPT-II Hit Reaction Time std error ✓

CPT-II number omissions ✓

CPT-II Variability ✓

CTOPP: Rapid Naming Composite ✓

Continued
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3
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Table 1 Continued

Measure Study

Sun and
colleagues
(PANDA)7

Warner and
colleagues
(MASK)8

McCann and
colleagues (GAS)6

Taghon and
colleagues22

Bakri and
colleagues23

Khochfe and
colleagues24

Warner and
colleagues
(OTB Study)25

Zhang and
colleagues26

*Stratmann and
colleagues21

DKEFS Expressive language composite ✓

DKEFS Tower test Total Achievement Score ✓

DKEFS Verbal Fluency: Category fluency ✓

Grooved Pegboard Fine motor composite ✓

Judgment of Line Orientation ✓

Visual-spatial abilities composite ✓

WASI Matrix Vocab ✓

WCST: Perseverative errors ✓

WCST: Perseverative responses ✓

WRAML-2 Attention/concentration Index ✓

WRAML-2 Delayed verbal recall composite ✓

WRAML-2 Design Memory subtest ✓

WRAML-2 Design Recognition subtest ✓

WRAML-2 Story Memory Delay Recall ✓

WRAML-2 Story Memory Recognition ✓

WRAML-2 Verbal Learning Delay Recall ✓

WRAML-2 Verbal learning Recognition ✓

WRAML-2 Verbal memory index ✓

WRAML-2 Verbal recognition composite ✓

CMS Numbers ✓

CMS Word Lists I ✓

CMS Word Lists II ✓

NEPSY-II Affect Recognition ✓

NEPSY-II Auditory Attention ✓

NEPSY-II Design Copy ✓

NEPSY-II Fingertip tapping repetitions ✓

NEPSY-II Fingertip tapping sequences ✓

NEPSY-II Inhibition ✓

NEPSY-II Memory for Names ✓

NEPSY-II Sentence Repetition ✓

NEPSY-II Statue ✓

NEPSY-II Theory of Mind ✓

WIAT-II Numerical Composite ✓

WIAT-II Spelling ✓

WIAT-II Word reading ✓

WPPSI-III FSIQ ✓

WPPSI-III Performance IQ ✓

WPPSI-III Processing Speed score ✓

WPPSI-III Verbal IQ ✓

Go/no go task ✓

CBCL 1 1/2 - 5 years ✓

DSM 4th edition (3 point scale) ✓

Eyberg Child Behaviour Inventory ✓

OTB ✓

Continued
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(GraphPad Software, San Diego, CA, USA). For the primary

analysis, HolmeBonferroni adjustment was used for multiple

comparisons.20
Secondary analysis

A secondary analysis was performed evaluating the parentally

reported outcomes after dichotomising the scores using pre-

specified clinical cut-offs. For Child Behavior Checklist (CBCL)

Total Problems, Externalizing Problems, and Internalizing

Problems or Behavior Rating Inventory of Executive Function

(BRIEF), scores surpassing a threshold of >60 were >1 standard

deviation from the standardisedmean score and considered to

be a clinically significant deficit, as used in prior studies.7,8

Additional data were requested from study authors as neces-

sary to perform this analysis.
Sensitivity analysis

After a review of all published paediatric studies prospectively

evaluating cognitive function after exposure to general

anaesthesia, one identified study using included outcomes did

not independently report scores for children with single vs

multiple anaesthetic exposures.21 The authors were contacted

to obtain scores for the children with single exposures, but the

data could not be retrieved. The results from this study,

however, were included in a separate sensitivity analysis.
Subgroup analysis of parent-reported outcomes based
on blinding status

A criticism of studies using parentally reported outcome

measures is that knowledge of their children’s exposure to

general anaesthesia could bias parents to give their children

worse scores if parents believe that general anaesthesia is

detrimental. A subgroup analysis was therefore performed

using data from the General Anaesthesia or Awake-regional

Anaesthesia in Infancy (GAS) trial, in which about half the

parents reported being blinded from knowing whether their

child received general anaesthesia or regional anaesthesia.6 In

this analysis, the parentally reported outcome scores were

stratified by blinding status to determine if group differences

based on type of anaesthetic used were primarily reported by

unblinded parents, with blinded parents reporting no differ-

ence. These data were evaluated in multiple ways, including

as per protocol or intention to treat, and also used multiple

imputation as per the original GAS trial analysis.
Results

The systematic review identified 5293 studies published be-

tween June 17, 2017 and October 16, 2019 after removal of

duplicates. Of these, 22 studies evaluated neurodevelopmental

outcomes after exposure to general anaesthesia or surgery in

children. Clausen and colleagues13 performed an extensive

review, which excluded all animal studies. As a result, one

notable study by Stratmann and colleagues21 was missed,

likely because it included data from animals and humans.

With inclusion of that additional study, there was a total of 68

studies of neurodevelopmental outcomes after exposure to

general anaesthesia or surgery in children before June 16, 2017

and 22 studies from June 17, 2017 until October 16, 2019, for a

total of 90 studies of anaesthetic neurotoxicity (Fig. 1). After

applying additional inclusion and exclusion criteria to identify
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studies that assessed prospectively collected neuro-

developmental outcomes in children exposed to a contempo-

rary general anaesthetic, a total of eight studies

remained6e8,21e26 (Supplementary Table 1).
Outcomes evaluated

In reviewing the eight eligible studies, five outcome scores

were identified that were reported in at least three studies:

CBCL total problems, externalising problems, and internal-

izing problems scores; the BRIEF Global Executive Composite

score, and full-scale intelligence quotient (FSIQ) (Table 1). For

the FSIQ, two of the studies used the Wechsler Abbreviated

Scale of Intelligence (WASI) to assess FSIQ,7,8 whereas one

study used the Wechsler Preschool and Primary Scale of In-

telligence, Third Edition (WPPSI-III).6 For the BRIEF Global Ex-

ecutive Composite, one of the studies used the preschool

version.6 For the FSIQ and BRIEF, the scores used were

appropriate for the age of the study population. Given the

similarities between the FSIQ as measured by the WASI vs the

WPPSI-III, and Global Executive Composite score as measured

by the BRIEF vs the BRIEF preschool version, they were

considered to be the same instruments for the purposes of the

meta-analysis. In interpreting the parentally reported

outcome scores, higher scores represent worse behaviour

(CBCL externalising problems), increased emotional distress

(CBCL internalising problems), and more impaired executive

function (BRIEF Global Executive Composite).
Study characteristics

Three studies contributed data for the FSIQ, BRIEF, and CBCL

outcome scores. The GAS trial enrolled children scheduled for

inguinal hernia repair (mean age ~70 days), and randomised

them to receive either general anaesthesia with sevoflurane or

regional anaesthesia with spinal or caudal blocks with neu-

rodevelopmental evaluation at 5 yr of age.6 The two other

studies relied on an ‘ambi-directional’ observational

approach, with children old enough to undergo prospective

neuropsychological testing retrospectively identified as hav-

ing been exposed to surgery and anaesthesia at �3 yr of age.

The Pediatric Anesthesia Neurodevelopment Assessment

(PANDA) study7 included siblings discordant for exposure to

hernia surgery with neurodevelopmental evaluation at 8e15

yr of age, and the Mayo Anesthesia Safety in Kids (MASK)

study8 included children undergoing a variety of surgical

procedures with children singly ormultiply exposed to general

anaesthesia before age 3 yr propensity matched to unexposed

children with neurodevelopmental evaluation at 8e12 or

15e20 yr.

In all three studies, these outcomes were evaluated as

continuous variables and presented in each publication as

mean differences between exposed and unexposed children

with 95% confidence intervals (CIs) around those differ-

ences.6e8 For the GAS trial, the results were evaluated in

several different ways. For the purposes of this meta-analysis,

the results from the multiple imputation per protocol analysis

were used.6 For the MASK study, only data from children

singly exposed to anaesthesia were included.8
Risk of bias

All studies were at risk of bias with the GAS trial at risk

because of incomplete blinding and loss to follow up, whereas
the PANDA and MASK studies were at risk because of con-

founding and selection bias (Supplementary Tables 2 and 3).
Outcomes after general anaesthetic exposure

Of 1644 children included, outcome data were available for

837e841 children exposed to general anaesthesia and 799e803

children unexposed to general anaesthesia depending on the

outcome score (Fig. 2). Regarding heterogeneity in the out-

comes between studies, the FSIQ and CBCL scores were

consistent between all three studies, with I2¼0%, but sub-

stantial between-study heterogeneity amongst the BRIEF

scores with I2¼69% was seen. After pooling summary data

from all three studies, the difference in mean scores between

those exposed and unexposed to general anaesthesia wase0.2

(95% CI: e1.7 to 1.3), P¼0.79 for FSIQ; 2.3 (95% CI: 1.0e3.7),

P¼0.001 for CBCL total problems, 1.9 (95% CI: 0.7e3.1), P¼0.003

for CBCL externalising problems, and 2.2 (95% CI: 0.9e3.5),

P¼0.001 for CBCL internalising problems; and 2.6 (95% CI:

0.1e5.0), P¼0.036 for BRIEF scores. After adjustment for mul-

tiple comparisons, the differences in all CBCL scores remained

statistically significant, but the differences in BRIEF scores

were no longer significant.

In the secondary analysis, the increased risk of the score

exceeding a predetermined threshold for clinical deficit was

evaluated, with a single exposure associated with an increased

risk of subsequent CBCL internalising behavioural deficit (risk

ratio [RR]: 1.47; 95% CI: 1.08e2.02; P¼0.016) and impaired ex-

ecutive function (RR: 1.68; 95% CI: 1.23e2.30; P¼0.001) (Fig. 3).

In a sensitivity analysis, data from the Stratmann and

colleagues21 paper were added, which included 28 exposed

and 28 unexposed children. Of the exposed children, 64%

(n¼18) received a single anaesthetic. Inclusion of the FSIQ and

CBCL total scores from this study did not substantially alter

the primary results (Supplementary Fig. 1).
Parent-reported outcomes according to blinding status

In the GAS trial, blinding to treatment assignment was ach-

ieved in 51% (n¼256) of parents, whereas the remainder re-

ported knowing the type of anaesthetic their child received.

The proportion of blinded parents in the regional and general

anaesthesia groups was also similar, with parental blinding in

51% (n¼105) of children receiving regional anaesthesia and

49% (n¼118) of children receiving general anaesthesia. In

blinded parents, the general-anaesthetic-exposed children

had mean CBCL scores that were between 0.4 and 2.5 points

higher, and BRIEF scores that were 1.3e1.6 points higher than

the mean scores of children with a regional anaesthetic

(Table 2). In unblinded parents, the general-anaesthetic-

exposed children had mean CBCL scores that were between

0.5 and 1.8 points higher, and BRIEF scores that were 2.2e2.9

points higher than the mean scores of children with a regional

anaesthetic.
Discussion

We evaluated all prospectively assessed neurodevelopmental

outcome data from prospectively designed studies comparing

general-anaesthetic-exposed children with children not

exposed to general anaesthesia up to October 2019. Studies

included children exposed to anaesthesia at under 1 yr of age6

and under 3 yr of age.7,8 Compared with children who did not

receive general anaesthesia, children exposed to a single



Full-scale intelligence quotient and parentally assessed outcomes
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Fig 2. Full-scale intelligence quotient and parent-reported outcome scores in children with a single exposure to general anaesthesia vs no

exposure to general anaesthesia. BRIEF, Behavior Rating Inventory of Executive Function; CBCL, Child Behavior Checklist; CI, confidence

interval; FSIQ, full-scale intelligence quotient; GAS, General Anaesthesia or Awake-regional Anaesthesia in Infancy; MASK, Mayo Anes-

thesia Safety in Kids; PANDA, Pediatric Anesthesia Neurodevelopment Assessment; WASI, Wechsler Abbreviated Scale of Intelligence;

WPPSI-III, Wechsler Preschool and Primary Scale of Intelligence, Third Edition.
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general anaesthetic had mean score differences in CBCL and

BRIEF from 1.9 to 2.6 points worse than those in unexposed

children, which, in secondary analyses, corresponded to a 47%

increased risk of an internalising behavioural deficit and a 68%

increased risk of impaired executive function. No significant

differences in FSIQ were found.

Parent reports of behaviour and executive function are

standard and useful components of clinical neuropsychologi-

cal evaluations, as behaviour or emotional issues may not

manifest in the structured setting of a neuropsychological

assessment, but are evident in other settings, such as home or

school.27 The finding of more problems in children exposed to

general anaesthesia is consistent with studies of non-human

primates exposed to anaesthetics that reported behavioural

problems after early anaesthetic exposure.28 It is also
consistent with some retrospective analyses suggesting that

children exposed to anaesthesia may bemore likely to develop

later behavioural problems, such as attention deficit hyper-

activity disorder.3,29e31 Thus, measures of behaviourmay be of

particular interest in the search for a potential phenotype

associated with anaesthesia exposure. One criticism of parent

reports is that if parents know that their child was exposed to

general anaesthesia, they may be biased towards reporting

more problems. The results of the GAS trial, an RCT with

blinding to treatment assignment maintained for about half of

participants, provide insight into this possibility. If bias was

the factor causing more problems to be reported in

anaesthetic-exposed children, then worse scores might pri-

marily be seen in unblinded parents, with blinded parents

reporting no difference. Although the small sample size



Risk of clinically significant deficit following single exposure
Exposed Unexposed

CBCL total

Cochrane’s Q=0.19 df=2 P=0.91 I2=0%
Test for overall difference z=1.51 P=0.13
CBCL externalising

Cochrane’s Q=5.04 df=2 P=0.08 I2=60%
Test for overall difference z=1.75 P=0.08

CBCL internalising

Cochrane’s Q=1.24 df=2 P=0.54 I2=0%
Test for overall difference z=2.41 P=0.016

BRIEF

PANDA7

MASK8

GAS6

Overall

PANDA7

MASK8

GAS6

Overall

PANDA7

MASK8

GAS6

Overall

PANDA7

MASK8

GAS6

Overall

101
380
356
837

101
380
356
837

102
380
356
838

104
380
356
840

15
43
32
90

11
45
24
80

21
61
44

126

16
78
53

147

14.9
11.3
9.0

10.8

10.9
11.8
6.7
9.6

20.6
16.1
12.4
15.0

15.4
20.5
14.9
17.5

101
411
287
799

101
411
287
799

102
411
287
800

104
411
287
802

12
30
21
63

8
13
16
37

10
48
28
86

10
41
29
80

11.9
7.3
7.3
7.9

7.9
3.2
5.6
4.6

9.8
11.7
9.8

10.8

9.6
10.0
10.1
10.0

27.4
21.7
50.8
100

23.3
29.0
47.7
100

20.3
27.4
52.2
100

17.7
24.6
57.7
100

Study
Total

n
Deficit

n
Deficit

(%)
Total

n
Deficit

n
Deficit

(%)
Weight

(%)
Risk ratio
(95% CI)

1.25 (0.62 to 2.54)
1.55 (0.70 to 3.43)
1.29 (0.77 to 2.17)
1.33 (0.92 to 1.93)

1.38 (0.58 to 3.28)
3.74 (1.72 to 8.14)
1.27 (0.69 to 2.34)
1.84 (0.93 to 3.64)

2.10 (1.04 to 4.23)
1.38 (0.75 to 2.53)
1.33 (0.86 to 2.06)
1.47 (1.08 to 2.02)

1.60 (0.76 to 3.36)
2.08 (1.11 to 3.90)
1.56 (1.03 to 2.35)
1.68 (1.23 to 2.30)

Cochrane’s Q=0.584 df=2 P=0.58 I2=0%
Test for overall difference z=3.26 P=0.001

0 1 2 3 4 5 6 7 8
Risk ratio (95% CI)

Fig 3. Clinically significant deficit in parent-reported outcome scores in children with a single exposure to general anaesthesia vs no

exposure to general anaesthesia. BRIEF, Behavior Rating Inventory of Executive Function; CBCL, Child Behavior Checklist; CI, confidence

interval; GAS, General Anaesthesia or Awake-regional Anaesthesia in Infancy; MASK, Mayo Anesthesia Safety in Kids; PANDA, Pediatric

Anesthesia Neurodevelopment Assessment.
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precluded a formal analysis, there was little evidence that

blinding status was consistently associated with differences

between parent-reported scores in general and regional

anaesthesia groups, as similar results were seen in both

groups.

The clinical relevance of these score differences (~0.2

standard deviations or 2 points on CBCL and BRIEF) identified

in children undergoing short single procedures is unclear,

particularly on an individual level. However, on a broader

scale, if these worse behavioural scores are actually caused by

anaesthesia, given that 500 000 to 1 million children are

exposed to anaesthesia in early childhood each year in the

USA alone, these differences may have increased importance

on a population level.32,33 To further evaluate the clinical sig-

nificance of these score differences, we evaluated the per-

centage of children crossing a predetermined clinical

threshold for deficit. A single general anaesthetic exposure

significantly increased the risk of developing internalising

behavioural problems by 47% and impaired executive function

by 68%. Whether these score differences represent a shift for

the entire population of general-anaesthetic-exposed children

or only a small group of vulnerable children is unclear. If an

entire normal distribution is shifted to the right by 0.2 stan-

dard deviations, the percentage of children with scores above

1 standard deviation from the mean (equivalent to >60 on the
CBCL or BRIEF) would increase by approximately 34%. This is

similar to the increased risk found in this study, and therefore

could suggest that all children were affected. However, given

the uncertainty around these estimates, it is also possible that

this shift in scores represents a more severe impact on a

vulnerable group of children in combination with some chil-

dren who were unaffected.

A limitation of this analysis is the heterogeneity amongst

the included studies in design, control condition examined,

and analytical methods used. The age at evaluation also

differed, with children from the GAS study evaluated at age 5

yr, whereas children from the MASK and PANDA studies were

evaluated at 8e20 yr of age. Although meta-analyses

commonly include studies with methodological differences,

heterogeneity poses a threat to the validity of combining the

results of these studies. Heterogeneity was also seen between

studies in BRIEF scores despite consistency in FSIQ and CBCL

scores. Another limitation is that children were characterised

as being exposed to general anaesthesia based on exposure

during the assessment period defined in each study. Although

balanced between exposed and unexposed groups, some

children in all of these studies were exposed to general

anaesthesia after the study assessment period, which could

bias against finding differences if these later exposures

affected neurodevelopment.



Table 2 Comparison of general anaesthetic vs regional anaesthetic groups stratified by blinding status.

GA group RA group Difference in GAeRA (95% CI)*

N Mean (SD) n Mean (SD)

Blinded parents
CBCL total
PP multiple imputation 132 47 (12.6) 100 45.4 (11.9) 2.1 (e1.1 to 5.4)
PP complete case 129 46.9 (12.2) 97 45.4 (11.4) 2 (e1.2 to 5.1)
ITT multiple imputation 132 47 (12.6) 124 45.7 (12.6) 1.8 (e1.4 to 4.9)
ITT complete case 129 46.9 (12.2) 120 45.7 (12) 1.6 (e1.5 to 4.6)

CBCL externalising
PP multiple imputation 132 45.6 (11.8) 100 45.1 (11.3) 0.8 (e2.2 to 3.9)
PP complete case 129 45.5 (11.5) 97 45 (10.9) 0.7 (e2.4 to 3.7)
ITT multiple imputation 132 45.6 (11.8) 124 45.2 (11.9) 0.5 (e2.4 to 3.5)
ITT complete case 129 45.5 (11.5) 120 45.2 (11.4) 0.4 (e2.5 to 3.3)

CBCL internalising
PP multiple imputation 132 48.5 (12.8) 100 46.5 (12.4) 2.5 (e0.9 to 5.9)
PP complete case 129 48.4 (12.4) 97 46.5 (11.9) 2.4 (e0.9 to 5.7)
ITT multiple imputation 132 48.5 (12.8) 124 46.7 (12.8) 2.3 (e0.9 to 5.5)
ITT complete case 129 48.4 (12.4) 120 46.7 (12.2) 2.2 (e1 to 5.3)

BRIEF
PP multiple imputation 132 51.1 (14.4) 100 49.9 (14.4) 1.5 (e2.3 to 5.3)
PP complete case 116 51 (12.5) 90 49.5 (12.5) 1.6 (e1.9 to 5.1)
ITT multiple imputation 132 51.1 (14.4) 124 50 (14.5) 1.3 (e2.3 to 4.9)
ITT complete case 116 51 (12.5) 112 49.8 (13) 1.3 (e2.1 to 4.7)

Unblinded parents
CBCL total
PP multiple imputation 118 46 (12.7) 105 44.2 (12.3) 1.1 (e2.2 to 4.4)
PP complete case 116 45.9 (12.5) 104 44.1 (12.2) 1 (e2.3 to 4.3)
ITT multiple imputation 118 46 (12.7) 131 44.6 (12.5) 0.7 (e2.4 to 3.9)
ITT complete case 116 45.9 (12.5) 129 44.5 (12.3) 0.7 (e2.4 to 3.8)

CBCL externalising
PP multiple imputation 118 45.7 (12.5) 105 43.3 (10.8) 1.8 (e1.3 to 4.9)
PP complete case 116 45.6 (12.3) 104 43.3 (10.7) 1.7 (e1.4 to 4.8)
ITT multiple imputation 118 45.7 (12.5) 131 43.9 (11.8) 1.2 (e1.8 to 4.2)
ITT complete case 116 45.6 (12.3) 129 43.9 (11.6) 1.1 (e1.8 to 4.1)

CBCL internalising
PP multiple imputation 118 47.4 (12.6) 105 46.1 (12.9) 0.5 (e2.9 to 3.9)
PP complete case 116 47.3 (12.4) 104 46.1 (12.9) 0.5 (e2.9 to 3.9)
ITT multiple imputation 118 47.4 (12.6) 131 46.1 (12.9) 0.6 (e2.5 to 3.8)
ITT complete case 116 47.3 (12.4) 129 46 (12.7) 0.7 (e2.5 to 3.8)

BRIEF
PP multiple imputation 118 50.5 (14.6) 105 47.3 (13.5) 2.5 (e1.2 to 6.3)
PP complete case 107 51 (14.1) 95 47.3 (13) 2.9 (e0.9 to 6.7)
ITT multiple imputation 118 50.5 (14.6) 131 47.6 (13.3) 2.2 (e1.3 to 5.7)
ITT complete case 107 51 (14.1) 119 47.8 (12.7) 2.6 (e1 to 6.1)

*Adjusted for gestational age at birth and country. BRIEF, Behavior Rating Inventory of Executive Function; CBCL, Child Behavior Checklist; ITT, intention-
to-treat analysis of data; PP, as per-protocol analysis of data.
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Conclusions

Combining the results of studies utilising common prospec-

tively collected outcomes shows that a single exposure to

general anaesthesia in early childhood was associated with

statistically significant increases in parent reports of behav-

ioural problems, but no difference in general intelligence.

Although there was heterogeneity in study methodology,

interestingly, mean score differences for behavioural prob-

lems in the included studies were strikingly similar. Further

research is needed to evaluate the clinical significance of these

differences and to identify potentially vulnerable children.

The limitations of this analysis mean that these are provi-

sional conclusions that require further research for

confirmation.
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