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eMethods: Extended description of neurodevelopmental outcomes and statistical analysis
Educational outcomes

Standardized national tests of educational performance against set curricula are administered at 5 ages or ‘Key Stages’ (KS) in the UK. Test scores are correlated with cognitive ability63 and are a mixture of low-stakes tests that do not affect future educational opportunity and high-stakes tests that allow progression to next stage of education. Performance in English, mathematics and science for KS2 (age 7-11y), KS3 (age 11-14y) and KS4 (age 14-16y) was assessed using linked data from the UK National Pupil Database (NPD). At KS2 and KS3 we analyzed subject-specific test scores. At KS4 we analyzed total points scores and whether children achieved the highest grade, A*, or A, B or C in English and mathematics General Certificate of Secondary Education (GCSE) or equivalent examinations, or ‘two good passes’ (C grade or better) in science GCSE or equivalent examinations. Percentile distributions of KS scores are shown in eFigure 1. KS scores may be missing from ALSPAC where children are in private schools (4.3% of pupils), migrate away from England or where linkage using name, date of birth and postcode was inadequate. Following other studies of educational attainment9,15,17, sensitivity analyses tested the association between general anesthetic exposure and being below testing level and thus not entered into KS2 or KS3 examinations, as well as the number of entries into GCSE or equivalent examinations at KS4 level. 

Children with Special Educational Needs (SEN) require educational support which is different from or additional to that normally available to children of the same age in school. These children may have greater difficulty in learning than their peers or a disability which prevents them using the facilities provided in mainstream schools. In an exploratory analysis of educational performance, we determined SEN rates by exposure group. 

Cognitive function

General cognitive ability was assessed by a psychology team in clinics at median age 8.6y using the Wechsler Intelligence Scale for Children (3rd edition; WISC-III) UK global intelligence quotient (IQ) score49. This comprised five verbal subtests (information, similarities, arithmetic, vocabulary and comprehension) and five performance subtests (picture completion, coding, picture arrangement, block design and object assembly). To minimize fatigue, a short form was employed where alternate items were used in all but the coding subtest, which was administered in full. In sensitivity analyses, we examined linguistic development using the WISC verbal IQ, and re-tested associations at median age 15.3y using the Wechsler Abbreviated Scale of Intelligence (WASI) estimate of IQ52. 

Selective attention and attentional control/switching were assessed by trained psychologists in clinics at median age 8.6y using the ‘sky search’ and ‘opposite worlds’ tasks from the Test of Everyday Attention for Children50. In a first trial of the sky search task, participants were required to circle pairs of identical spacecraft from an array of visually similar distractors as quickly as possible. In a second trial, the test was repeated with an array containing only identical pairs of spacecraft. Test scores were adjusted for motor performance by subtracting the average time to find each pair in second trials from the average time in seconds taken to find each pair of spaceships in first trials. The opposite worlds task used a path constructed from the numbers ‘1’ and ‘2’. In control trials, children were required to correctly state the digits as quickly as possible whilst the examiner moved their finger along the path. In opposite world trials, children were required to inhibit the prepotent response and correctly state “one” when presented ‘2’, and “two” when presented with ‘1’. Test scores were calculated by subtracting the mean time in seconds taken to complete control trials from the mean time in seconds taken to complete opposite worlds trials i.e. reflecting the degree to which performance was impaired under the opposite worlds condition. 

Working memory was assessed by trained psychologists in clinics at median age 10.6y by the ‘counting span’ task51 in which children were asked to count the number of red dots on a computer screen displaying red and blue dots. After each set of screens, children were asked to recall the number of red dots seen on each screen in the order in which screens were presented. Working memory span scores were calculated as the number of correctly recalled sets weighted by the number of screens within each set. 

Motor ability

Motor ability was assessed using three subtests of the Movement Assessment Battery for Children, which were administered by trained assessors in clinics at median age 7.5y53. The methods are described in detail by Taylor, Emond, Lingam, Golding 64 and scores were dichotomized as follows after Taylor et al. 54:

· Heel-to-toe walking (assessing dynamic balance): <15 successful steps (fail); 

· Bean bag throwing into a box (assessing ball skills): 0-3 accurate throws (fail) based on poor performance being below one standard deviation (SD) from the mean; 

· Time required to place pegs into a board using the preferred hand (assessing manual dexterity): ≥23 seconds (fail) based on poor performance being below median average; 

· Peg board using the non-preferred hand: ≥26 seconds (fail). 

Social and behavioral outcomes

The strengths and difficulties questionnaire (SDQ)55 was completed by mothers or class teachers at median ages 6.8y, 8.6y and 11.2y. It comprised 4 problem subscales (child hyperactivity, conduct problems, emotional symptoms and peer problems) which were summated to derive a total behavioral difficulties score. The SDQ score can be used as a screening tool, but also as part of clinical assessment, as a treatment outcome measure and as a research tool65. SDQ score validity and reliability are well established65. The total score was dichotomized to highest tertile (most behavioral problems) versus middle and lowest tertiles (fewest behavioral problems), after Wiles et al. 56. 

The Skuse social cognition scale57 was employed to measure child socio-cognitive dysfunction i.e. deficits in skills that facilitate interpreting and responding to social cues and underlie interpersonal interaction66. Socio-cognitive deficits are associated with general aspects of cognitive/language development and are implicated in internalizing, conduct and autistic spectrum disorders. The test score was calculated from a maternal questionnaire administered at median age 7.6y. Higher scores indicate more deficits. 

The Child’s Communication Checklist (CCC)38 was administered through maternal questionnaires at median age 9.6y. CCC subscales assessed communication ability in terms of intelligibility and fluency, syntax, inappropriate initiation, coherence, stereotyped conversation, use of conversational context and conversational rapport. A composite score reflecting pragmatic competence in social communication was formed by summing these subscales. Since scores at least 2 SD (16 points) below the mean (151 points) are thought to reflect clinically significant impairments58, with increased risk of disorders such as autism, or communication problems in children for whom language has not been a major concern. Therefore the composite score was dichotomized to impaired (96-134) versus unimpaired (135-162) social communication. 

Reading and language skills
All linguistic outcomes were measured in clinics by trained psychologists and speech therapists. Reading was first assessed at median age 7.5y with the basic reading subtest of the Wechsler Objective Reading Dimensions59. The test score measures decoding and word recognition and was calculated as the number of single words correctly read aloud from a series of pictures and words of increasing difficulty. Reading was reassessed at median age 9.8y by asking children to read aloud real (e.g. ‘huge’, ‘native’) and non-real words (e.g. ‘duter’, ‘amazive’), producing separate test scores for the number of correct real and non-real word responses. In sensitivity analyses, we re-tested associations at median age 13.8y using the Test of Word Reading Efficiency (TOWRE) short test of word and non-word reading competence62. 

Spelling ability was assessed at median ages 7.5y and 9.8y. Children were asked to spell words spoken by the examiner in order of increasing difficulty. The test score at median age 7.5y was graded to take account of correct spellings as well as the spelling strategy used for incorrect spellings. The test score at median age 9.8y simply represents the number of correct responses. 

Phonological awareness was assessed with a phoneme deletion task or ‘Auditory Analysis Test’60 at median age 7.5y. In order of increasing difficulty, children were asked to repeat words aloud, then repeat them again with specific phonemes removed (e.g. removing the /b/ from the word ‘block’ to produce ‘lock’). The phoneme deletion test score represents the number of correct responses. 

Linguistic development was further assessed at median age 8.6y using listening comprehension and oral expression subtests of the Wechsler Objective Language Dimensions (WOLD)61. The listening comprehension subtest comprises receptive vocabulary (assessed by picture pointing) and passage comprehension. The oral expression subtest assesses children's use of non‐imitative expressive language. 
Statistical analyses
Parametric descriptive statistics are reported where histograms and standardized normal probability plots demonstrated a normal distribution. Two-tailed hypothesis testing was used for all statistical tests. Analyses were prespecified and approved by the ALSPAC ALEC on 1st May 2018 unless otherwise stated and performed using STATA version 15.1 (StataCorp, College Station, TX, USA).

Missing data are a common issue in birth cohorts with prolonged follow-up such as ALSPAC. The missing data rates are shown in eTable 2. Across the 79 variables used in our analyses, 635 (4.7 %) children had no missing values, 3,387 (25.2 %) had 1-10 missing, 3,117 (23.2 %) had 11-to-20 missing and 6,294 (46.9 %) had >20 missing. Therefore, multivariate multiple imputation was used to impute missing values in 100 stacked datasets with the aim of reducing the bias and imprecision in neurotoxic effect estimates which may specifically arise from missing data35. This approach creates 100 copies of the data, each having missing values imputed with an appropriate level of randomness by chained equations as follows: binary logistic regression for binary variables; ordinal logistic regression for ordinal variables; multinomial logistic regression for categorical variables, negative binomial regression for count variables; and linear regression for continuous variables. The final imputation model included all covariates used as potential confounders in fully adjusted models and/or those covariates which predicted missingness, outcome variables and the exposure variable. The factors which most strongly predicted missingness (p<0.05) in regression analyses were: gender, ethnicity, birth month, maternal and paternal education and socio-economic group, marital and housing status, household income, free school meal eligibility, non-routine fetal anomaly testing, smoking, alcohol and diabetic disorders in pregnancy, maternal age at delivery, parity, mode of delivery, perinatal infections, postnatal course, hospital admissions in childhood, child cigarette smoke exposure and bullying. Neurotoxic effect estimates were obtained from multiply imputed data by averaging estimates across the 100 imputed datasets using Rubin’s rules to account for the uncertainty in imputed values67. Distributions of observed data (i.e. with no imputation for missing data) and imputed data (i.e. mean distributions across all 100 datasets) were similar (eTable 3). 

To simplify interpretation, continuous outcomes were z-scored (i.e. standardized to a mean of 0 and SD of 1) based on the mean (µ) and SD (σ) of the all individuals in the study sample. For each value of a given continuous outcome (x), we calculated its z-score (z) as z=(x-μ)/σ. Where possible, outcome scores were also dichotomized into clinically meaningful categories as described above and analyzed in parallel. Associations between general anesthetic exposure and neurodevelopmental outcomes were quantified using the appropriate regression models: linear regression for standardized outcome scores; binary logistic regression for dichotomized or binary outcomes. For continuous outcomes, regression coefficients (β) represent a change of β × 1 SD in outcome score in the single or multiple general anesthesia group versus the unexposed group. Minimum clinically meaningful effect sizes were not defined prior to data access. Dichotomized or binary outcomes are presented as odds ratios. For each outcome, neurotoxic effects were (a) adjusted for age of outcome assessment and (b) fully adjusted for all confounders in complete case and multiply imputed datasets. Potential confounders selected for inclusion in multivariable confounder-adjusted models were age of outcome assessment and those significant at the 5% level in univariate analyses (eTable 4). 
The present study performs hypothesis testing on a large number of neurodevelopmental outcomes. As the number of hypotheses tested increases, the proportion of type I errors (incorrectly rejecting the null hypothesis i.e. false positives) can also be expected to increase36. One can then define a ‘false discovery rate’ (FDR) as the ratio of the number of false positive results to the number of total positive results arising from multiple hypothesis testing. We used the Krieger (less conservative) and Simes (more conservative) ‘FDR procedures’37 to minimise the FDR in the present study. These procedures calculate corrected critical p-value thresholds (that account for multiple hypothesis testing) which can replace the standard uncorrected critical p-value thresholds of p<0.05, p<0.01 and p<0.001. We compared the p-values generated by individual hypothesis tests with these corrected critical p-value thresholds. Individual null hypotheses were rejected where the corresponding p-value were greater than the corrected critical p-value threshold. 
Analyses of children undergoing grommet insertion or adenotonsillectomy confer the greatest risk of confounding by indication in our study. To investigate whether our results could be attributed to poor neurodevelopmental outcome (unrelated to anesthesia) within this group, we compared the confounder-adjusted, multiply imputed coefficients from the primary analysis with those from two post hoc analyses: (a) restricting the exposed group to non-otorhinolaryngology procedures (i.e. excluding children who underwent otorhinolaryngology procedures by 4y of age); (b) restricting the exposed group to children undergoing one-or-more otorhinolaryngology procedures (i.e. excluding children exposed only to non-otorhinolaryngology procedures by 4y of age). We conducted these analyses for the Child’s Communication Checklist score since this was a strong association in the present study, and since the continuous score was likely to offer the most statistical power in these restricted datasets. The results are presented in eTable 6. 

eTable 1
General anesthesia exposure information in the Avon Longitudinal Study of Parents and Children (ALSPAC)

	Questionnaire/clinic question
	ALSPAC data source (median age, y)
	Age of exposure set to age of clinic or questionnaire completion (%) 

	Included as age of exposure could be determined before 4y of age

	Adenoidectomy and/or tonsillectomy
	KL (4.8), KN (5.8), KQ (6.8), F7 (7.4), KS (8.6), F9 (9.8), F11 (11.6), KW (11.7)
	60.3

	Circumcision
	KB (0.5), KD (1.5), KQ (6.8)
	100.0

	Grommet insertion
	KF (2.5), KJ (3.5), KL (4.8), KN (5.8), KQ (6.8), F7 (7.4), KS (8.6), F9 (9.8), F11 (11.6), KW (11.7)
	35.2

	Hernia repair
	KB (0.5), KD (1.5), KF (2.5), KJ (3.5), KL (4.8), KN (5.8), KQ (6.8), KS (8.6), KW (11.7)
	100.0

	Dental surgery
	KK (4.5), KM (5.4), KP (6.4), KL (4.8), KN (5.8), KQ (6.8), CCB (7.6), KS (8.6), CCH (10.7), KW (11.7)
	62.4

	Any otorhinolaryngology surgery
	F7 (7.4), F9 (9.8), F11 (11.6)
	2.3

	Other otorhinolaryngology surgery
	F7 (7.4), F9 (9.8), F11 (11.6)
	33.3

	Strabismus surgery
	KF (2.5), KJ (3.5), KL (4.8), KN (5.8), KQ (6.8), KS (8.6), KW (11.7)
	100.0

	Unclassified surgery
	KB (0.5), KD (1.5), KF (2.5), KJ (3.5), KL (4.8), KN (5.8), KQ (6.8), KS (8.6), KW (11.7)
	100.0

	Excluded as age of exposure could not be determined before 4y of age

	Appendicectomy*
	KL (4.8), KN (5.8), KQ (6.8), KS (8.6), KW (11.7)
	100.0

	Fracture fixation (within last 5y)*
	TF3 (15.3), YPB (23.5)
	100.0

	Gynecological surgery*
	YPA (21.9)
	100.0

	Ophthalmic surgery*
	KM (5.4), F7 (7.4)
	100.0

	Urological surgery*
	PUB1 (8.1)
	100.0


Source and timing of information regarding general anesthetic exposure in the Avon Longitudinal Study of Parents and Children (ALSPAC). First column: types of surgery included, or excluded on the basis of indeterminate exposure status, from the present study. Middle column: ALSPAC codes for the questionnaire or clinic at which exposure data were ascertained, with child age at questionnaire/clinic in brackets for those unfamiliar with ALSPAC. Last column: If the timing of surgery was neither sought by ALSPAC nor reported by participants, age of exposure was set to the child’s age at the time of clinic or questionnaire completion. This column reports the percentage of reported exposures where age of exposure was approximated using the child age at the time of questionnaires/clinics. *Children in these surgical categories who underwent no other general anesthesia by age 4y were dropped from analyses as the timing of questionnaire/clinic sampling and absence of any information on the timing of general anesthesia made it impossible to classify their exposure status. 

eTable 2
Characteristics and missing data rates for children with no, one or multiple general anesthetic exposures by age 4y

	Covariates
	No GA
	Single GA
	Multiple GA
	N (%) missing

	
	N
	Statistic
	N
	Statistic
	N
	Statistic
	No GA
	Single GA
	Multiple GA

	Demographic

	Female gender***, %
	6,154
	50.8
	424
	38.2
	58
	27.4
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Non-white ethnicity, %
	588
	4.9
	62
	5.6
	12
	5.7
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Non-English first language, %
	78
	0.7
	9
	0.8
	<5
	-
	 1270 (10.5)
	 37 (3.3)
	 5 (2.4)

	Birth year, %
	
	
	
	
	
	
	 29 (0.2)
	 0 (0.0)
	 0 (0.0)

	1991
	5,060
	41.9
	480
	43.2
	90
	42.5
	
	
	

	1992
	6,950
	57.5
	624
	56.2
	121
	57.1
	
	
	

	1993
	72
	0.6
	6
	0.5
	<5
	-
	
	
	

	Birth month, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Sep-Dec
	4,506
	37.2
	400
	36
	73
	34.4
	
	
	

	Jan-Apr
	2,895
	23.9
	274
	24.7
	59
	27.8
	
	
	

	May-Aug
	4,710
	38.9
	436
	39.3
	80
	37.7
	
	
	

	Left hand dominant, %
	1,018
	11.6
	104
	10.4
	29
	14.8
	 3337 (27.6)
	 106 (9.5)
	 16 (7.5)

	Socio-economic status

	Maternal occupation*, %
	
	
	
	
	
	
	 2229 (18.4)
	 85 (7.7)
	 28 (13.2)

	Managers and senior officials
	707
	7.2
	73
	7.1
	20
	10.9
	
	
	

	Professional occupations
	880
	8.9
	120
	11.7
	12
	6.5
	
	
	

	Associate professional and technical occupations
	1,587
	16.1
	190
	18.5
	30
	16.3
	
	
	

	Administrative and secretarial occupations
	2,933
	29.7
	283
	27.6
	55
	29.9
	
	
	

	Skilled trades occupations
	323
	3.3
	36
	3.5
	10
	5.4
	
	
	

	Personal service occupations
	1,126
	11.4
	105
	10.2
	17
	9.2
	
	
	

	Sales and customer service occupations
	1,026
	10.4
	96
	9.4
	20
	10.9
	
	
	

	Process, plant and machine operatives
	266
	2.7
	20
	2.0
	<5
	-
	
	
	

	Elementary occupations
	1,034
	10.5
	102
	10.0
	17
	9.2
	
	
	

	Paternal occupation, %
	
	
	
	
	
	
	 1901 (15.7)
	 51 (4.6)
	 20 (9.4)

	Managers and senior officials
	1,658
	16.2
	181
	17.1
	33
	17.2
	
	
	

	Professional occupations
	1,442
	14.1
	173
	16.3
	25
	13
	
	
	

	Associate professional and technical occupations
	1,338
	13.1
	147
	13.9
	35
	18.2
	
	
	

	Administrative and secretarial occupations
	448
	4.4
	47
	4.4
	10
	5.2
	
	
	

	Skilled trades occupations
	2,919
	28.6
	289
	27.3
	44
	22.9
	
	
	

	Personal service occupations
	94
	0.9
	6
	0.6
	<5
	-
	
	
	

	Sales and customer service occupations
	214
	2.1
	21
	2.0
	<5
	-
	
	
	

	Process, plant and machine operatives
	1,288
	12.6
	100
	9.4
	22
	11.5
	
	
	

	Elementary occupations
	809
	7.9
	95
	9.0
	17
	8.9
	
	
	

	Maternal education***, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	None/CSE
	2,320
	19.2
	180
	16.2
	32
	15.1
	
	
	

	Vocational
	1,076
	8.9
	99
	8.9
	13
	6.1
	
	
	

	O level
	5,301
	43.8
	402
	36.2
	99
	46.7
	
	
	

	A level
	2,185
	18
	272
	24.5
	49
	23.1
	
	
	

	Degree+
	1,229
	10.1
	157
	14.1
	19
	9.0
	
	
	

	Paternal education***, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	None/CSE
	4,736
	39.1
	320
	28.8
	60
	28.3
	
	
	

	Vocational
	906
	7.5
	73
	6.6
	16
	7.5
	
	
	

	O level
	2,123
	17.5
	239
	21.5
	55
	25.9
	
	
	

	A level
	2,687
	22.2
	260
	23.4
	55
	25.9
	
	
	

	Degree+
	1,659
	13.7
	218
	19.6
	26
	12.3
	
	
	

	Housing tenure, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Own outright
	281
	2.3
	28
	2.5
	<5
	-
	
	
	

	Being bought/mortgaged
	8,676
	71.6
	814
	73.3
	157
	74.1
	
	
	

	Private rented
	815
	6.7
	55
	5.0
	15
	7.1
	
	
	

	Council/Housing Association rented
	1,941
	16.0
	182
	16.4
	34
	16.0
	
	
	

	Other
	398
	3.3
	31
	2.8
	<5
	-
	
	
	

	Household income (£/week), %
	
	
	
	
	
	
	 3484 (28.8)
	 98 (8.8)
	 15 (7.1)

	<100
	760
	8.8
	92
	9.1
	16
	8.1
	
	
	

	100-199
	1,512
	17.5
	179
	17.7
	38
	19.3
	
	
	

	200-299
	2,301
	26.7
	273
	27.0
	52
	26.4
	
	
	

	300-399
	1,803
	20.9
	229
	22.6
	38
	19.3
	
	
	

	400+
	2,251
	26.1
	239
	23.6
	53
	26.9
	
	
	

	Married, %
	9,093
	75.1
	856
	77.1
	164
	77.4
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Eligible for free school meals, %
	1,040
	11.6
	87
	10.3
	14
	8.6
	 3135 (25.9)
	 263 (23.7)
	 50 (23.6)

	Health in childhood

	Hospital admissions***, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	None
	8,445
	69.7
	278
	25
	33
	15.6
	
	
	

	1
	2,496
	20.6
	389
	35.0
	63
	29.7
	
	
	

	2
	728
	6.0
	216
	19.5
	49
	23.1
	
	
	

	3
	261
	2.2
	116
	10.5
	34
	16.0
	
	
	

	4+
	181
	1.5
	111
	10.0
	33
	15.6
	
	
	

	High depression symptoms***, %
	317
	4.8
	46
	5.7
	19
	11.4
	 5441 (44.9)
	 301 (27.1)
	 46 (21.7)

	Non-febrile convulsions***, %
	795
	6.6
	142
	12.8
	30
	14.2
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Childhood experiences and schooling

	Traumatic life events***, Med (IQR)
	9228
	2 (1-3)
	1057
	3 (2-3)
	193
	3 (2-3)
	 2883 (23.8)
	 53 (4.8)
	 19 (9.0)

	Bullied***, %
	
	
	
	
	
	
	 3223 (26.6)
	 80 (7.2)
	 12 (5.7)

	No
	2,820
	31.7
	282
	27.4
	48
	24.0
	
	
	

	Somewhat
	3,992
	44.9
	472
	45.8
	93
	46.5
	
	
	

	Certainly
	2,076
	23.4
	276
	26.8
	59
	29.5
	
	
	

	Fixed-term or permanent exclusion, %
	314
	4.5
	37
	4.4
	10
	6.0
	 5129 (42.3)
	 268 (24.1)
	 46 (21.7)

	KS2 school type, %
	
	
	
	
	
	
	 2966 (24.5)
	 237 (21.4)
	 44 (20.8)

	Community
	5,790
	63.3
	547
	62.7
	92
	54.8
	
	
	

	Voluntary aided
	909
	9.9
	96
	11.0
	21
	12.5
	
	
	

	Voluntary controlled
	2,021
	22.1
	177
	20.3
	40
	23.8
	
	
	

	Foundation
	37
	0.4
	<5
	-
	<5
	-
	
	
	

	Community Special
	39
	0.4
	6
	0.7
	<5
	-
	
	
	

	Other Independent
	349
	3.8
	43
	4.9
	11
	6.5
	
	
	

	Toxic exposures

	Pregnancy smoking (cigarettes/day), %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	0
	9,705
	80.1
	873
	78.6
	171
	80.7
	
	
	

	1-9
	895
	7.4
	102
	9.2
	18
	8.5
	
	
	

	10-19
	1,059
	8.7
	98
	8.8
	12
	5.7
	
	
	

	20+
	452
	3.7
	37
	3.3
	11
	5.2
	
	
	

	Weekly child smoke exposure, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	None
	8,035
	66.3
	678
	61.1
	136
	64.2
	
	
	

	1st quintile (lowest 25 %)
	1,351
	11.2
	143
	12.9
	24
	11.3
	
	
	

	2nd quintile
	729
	6.0
	95
	8.6
	11
	5.2
	
	
	

	3rd quintile
	1,189
	9.8
	125
	11.3
	22
	10.4
	
	
	

	4th quintile (highest 25 %)
	807
	6.7
	69
	6.2
	19
	9.0
	
	
	

	Pregnancy alcohol (glasses), %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Never
	7,069
	58.4
	603
	54.3
	121
	57.1
	
	
	

	<1/week
	2,670
	22.0
	265
	23.9
	50
	23.6
	
	
	

	1+/week
	2,024
	16.7
	207
	18.6
	39
	18.4
	
	
	

	1+/day or alcoholism
	348
	2.9
	35
	3.2
	<5
	-
	
	
	

	Labor analgesia, %
	
	
	
	
	
	
	 2009 (16.6)
	 72 (6.5)
	 31 (14.6)

	Did not labor
	88
	0.9
	15
	1.4
	<5
	-
	
	
	

	None
	859
	8.5
	90
	8.7
	15
	8.3
	
	
	

	Entonox
	5,963
	59.0
	615
	59.2
	96
	53.0
	
	
	

	Systemic opioid
	164
	1.6
	13
	1.3
	<5
	-
	
	
	

	Systemic benzodiazepine
	40
	0.4
	<5
	-
	<5
	-
	
	
	

	Neuraxial block
	2,988
	29.6
	301
	29.0
	64
	35.4
	
	
	

	In utero or childhood drug exposure, %
	
	
	
	
	
	
	 4946 (40.8)
	 379 (34.1)
	 70 (33.0)

	None
	3,850
	53.7
	390
	53.4
	84
	59.2
	
	
	

	Opioid
	3,113
	43.4
	314
	43.0
	54
	38.0
	
	
	

	Sedative or anti-epileptic drug
	202
	2.8
	27
	3.7
	<5
	-
	
	
	

	Maternal factors in childhood

	Cognition, %
	
	
	
	
	
	
	 9440 (77.9)
	 775 (69.8)
	 137 (64.6)

	1st quintile (bottom 20 %)
	795
	29.8
	96
	28.7
	24
	32.0
	
	
	

	2nd quintile
	551
	20.6
	68
	20.3
	15
	20.0
	
	
	

	3rd quintile
	524
	19.6
	63
	18.8
	10
	13.3
	
	
	

	4th quintile
	452
	16.9
	64
	19.1
	16
	21.3
	
	
	

	5th quintile (top 20 %)
	349
	13.1
	44
	13.1
	10
	13.3
	
	
	

	Depressed mood, %
	1,574
	14.4
	152
	14.0
	27
	13.6
	 1204 (9.9)
	 24 (2.2)
	 14 (6.6)

	Anxiety, %
	1,357
	12.5
	131
	12.1
	32
	16.2
	 1216 (10.0)
	 24 (2.2)
	 14 (6.6)

	Alcoholism, %
	336
	4.3
	39
	4.1
	12
	6.6
	 4221 (34.9)
	 162 (14.6)
	 29 (13.7)

	Illicit drug use, %
	929
	33.4
	113
	34.0
	16
	27.6
	 9328 (77.0)
	 778 (70.1)
	 154 (72.6)

	Maternal health in pregnancy

	Age at delivery (y)***, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	<24
	2,928
	24.2
	218
	19.6
	38
	17.9
	
	
	

	25-29
	4,946
	40.8
	425
	38.3
	89
	42.0
	
	
	

	30-34
	3,080
	25.4
	364
	32.8
	67
	31.6
	
	
	

	35+
	1,157
	9.6
	103
	9.3
	18
	8.5
	
	
	

	Self-rated health***, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Always well
	758
	6.3
	64
	5.8
	14
	6.6
	
	
	

	Rarely or sometimes unwell
	7,789
	64.3
	641
	57.7
	120
	56.6
	
	
	

	Often or always unwell
	3,564
	29.4
	405
	36.5
	78
	36.8
	
	
	

	Hypertensive disorders, %
	
	
	
	
	
	
	 1837 (15.2)
	 69 (6.2)
	 21 (9.9)

	None
	8,099
	78.8
	812
	78.0
	153
	80.1
	
	
	

	Pre-existing hypertension
	318
	3.1
	36
	3.5
	6
	3.1
	
	
	

	Pregnancy-induced hypertension
	1,593
	15.5
	161
	15.5
	25
	13.1
	
	
	

	Pre-eclampsia
	257
	2.5
	32
	3.1
	7
	3.7
	
	
	

	Eclampsia
	7
	0.1
	<5
	-
	<5
	-
	
	
	

	Diabetic disorders, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	None
	9,587
	79.2
	841
	75.8
	161
	75.9
	
	
	

	Glycosuria
	2,514
	20.8
	267
	24.1
	51
	24.1
	
	
	

	Pre-existing or gestational diabetes
	10
	0.1
	<5
	-
	<5
	-
	
	
	

	Hospitalization*, %
	8,094
	66.8
	736
	66.3
	158
	74.5
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Vaginal bleeding, hemorrhage or blood transfusion, %
	2,683
	24.2
	276
	25.4
	58
	29.3
	 1045 (8.6)
	 24 (2.2)
	 14 (6.6)

	Urinary tract infection, %
	1,633
	14.8
	167
	15.4
	31
	15.8
	 1077 (8.9)
	 24 (2.2)
	 16 (7.5)

	Maternal parity, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	0
	6,409
	52.9
	502
	45.2
	100
	47.2
	
	
	

	1
	3,621
	29.9
	389
	35.0
	66
	31.1
	
	
	

	2
	1,462
	12.1
	153
	13.8
	36
	17.0
	
	
	

	3+
	619
	5.1
	66
	5.9
	10
	4.7
	
	
	

	Neonatal condition and course

	Non-routine screening for fetal abnormalities**, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	No tests
	2,878
	23.8
	240
	21.6
	50
	23.6
	
	
	

	Tested
	8,415
	69.5
	755
	68.0
	137
	64.6
	
	
	

	Abnormal test
	818
	6.8
	115
	10.4
	25
	11.8
	
	
	

	Gestation (weeks)***, Med (IQR)
	12111
	40 (39-41) 
	1110
	40 (38-40)
	212
	40 (39-40) 
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Birthweight (g)*, Med (IQR)
	12111
	3400 
(3120-3710)
	1110
	3400 
(3030-3720)
	212
	3400 
(3040-3760)
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Head circumference (cm), Med (IQR)
	8607
	34.8 
(33.9-35.7)
	822
	34.9 
(33.9-35.7)
	146
	34.8 
(33.8-35.9)
	 3504 (28.9)
	 288 (25.9)
	 66 (31.1)

	Placental weight (g), Med (IQR)
	5382
	620 
(530-720)
	562
	639 
(522-720)
	94
	600 
(485-700)
	 6729 (55.6)
	 548 (49.4)
	 118 (55.7)

	Resuscitation at birth, %
	
	
	
	
	
	
	 5683 (46.9)
	 465 (41.9)
	 90 (42.5)

	None
	3,570
	55.5
	340
	52.7
	69
	56.6
	
	
	

	Facial oxygen, suction and assisted ventilation
	1,991
	31.0
	221
	34.3
	33
	27.0
	
	
	

	Chest compressions or intubation
	867
	13.5
	84
	13.0
	20
	16.4
	
	
	

	Apgar score at 5 minutes*, Med (IQR)
	6289
	10 (9-10)
	628
	10 (9-10)
	120
	10 (9-10)
	 5822 (48.1)
	 482 (43.4)
	 92 (43.4)

	Postnatal course***, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Normal
	10,373
	85.6
	891
	80.3
	158
	74.5
	
	
	

	Prolonged stay or transitional care ward
	952
	7.9
	79
	7.1
	18
	8.5
	
	
	

	Same/other hospital SCBU
	786
	6.5
	140
	12.6
	36
	17.0
	
	
	

	Intrapartum monitoring, %
	
	
	
	
	
	
	 5406 (44.6)
	 426 (38.4)
	 79 (37.3)

	Routine
	2,035
	30.4
	228
	33.3
	44
	33.1
	
	
	

	Continuous CTG or FSE
	957
	14.3
	96
	14.0
	18
	13.5
	
	
	

	Abnormal FH or fetal blood pH
	3,713
	55.4
	360
	52.6
	71
	53.4
	
	
	

	Abnormal placenta or cord**, %
	1,537
	24.4
	135
	21.4
	16
	13.2
	 5808 (48.0)
	 480 (43.2)
	 91 (42.9)

	Non-breast/bottle fed at 24 hours***, %
	527
	8.4
	91
	14.6
	27
	22.5
	 5829 (48.1)
	 485 (43.7)
	 92 (43.4)

	Neonatal jaundice***, %
	4,625
	38.2
	516
	46.5
	102
	48.1
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Maternal/neonatal pyrexia or antibiotics, %
	4,082
	60.9
	408
	59.6
	83
	62.4
	 5405 (44.6)
	 426 (38.4)
	 79 (37.3)

	Obstetric factors

	Multiple gestation***, %
	327
	2.7
	44
	4.0
	13
	6.1
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Prenatal dexamethasone, %
	<5
	-
	<5
	-
	<5
	-
	 5406 (44.6)
	 426 (38.4)
	 79 (37.3)

	Vasopressors, %
	325
	4.8
	43
	6.3
	8
	6.0
	 5406 (44.6)
	 426 (38.4)
	 79 (37.3)

	Induction of labor**, %
	
	
	
	
	
	
	 5521 (45.6)
	 441 (39.7)
	 79 (37.3)

	No labor
	514
	7.8
	84
	12.6
	11
	8.3
	
	
	

	Spontaneous
	4,785
	72.6
	461
	68.9
	83
	62.4
	
	
	

	ARM or pharmacological
	1,291
	19.6
	124
	18.5
	39
	29.3
	
	
	

	Prolonged/obstructed 1st and/or 2nd stage of labor, %
	782
	11.7
	63
	9.2
	14
	10.5
	 5406 (44.6)
	 426 (38.4)
	 79 (37.3)

	Cord prolapse, %
	14
	0.2
	<5
	-
	<5
	-
	 5406 (44.6)
	 426 (38.4)
	 79 (37.3)

	Cord around neck, %
	1,541
	23.0
	142
	20.8
	26
	19.5
	 5407 (44.6)
	 426 (38.4)
	 79 (37.3)

	Meconium, %
	1,126
	16.8
	100
	14.6
	19
	14.3
	 5406 (44.6)
	 426 (38.4)
	 79 (37.3)

	Mode of delivery, %
	
	
	
	
	
	
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)

	Spontaneous or assisted vaginal
	9,798
	80.9
	868
	78.2
	160
	75.5
	
	
	

	Instrumental vaginal
	1,146
	9.5
	104
	9.4
	24
	11.3
	
	
	

	Caesarian section
	1,167
	9.6
	138
	12.4
	28
	13.2
	
	
	

	General anesthetic in labor or delivery
	656
	5.4
	67
	6.0
	14
	6.6
	 0 (0.0)
	 0 (0.0)
	 0 (0.0)


Statistically significant differences between groups: *p<0.05; **p<0.01; ***p<0.001. ARM: artificial rupture of membranes; CSE: Certificate of Secondary Education; CTG: cardiotocograph; FH: fetal heart; FSE: fetal scalp electrode; GA: general anesthesia; IQR: interquartile range; KS2: key stage 2; Med: median; SCBU: special care baby unit. Small counts are presented as <5 children to prevent child identification. 

eTable 3
Distributions of observed and imputed neurodevelopmental outcome data

	Imputed variable
	Median age (y)
	% data imputed
	Distribution

Mean [SD] for continuous variables, % for categorical variables

	
	
	
	Observed data
	
	Imputed data
	

	Educational outcomes

	KS2 English grade
	11.2
	47.4
	0.0
	[1.0]
	0.0
	[1.0]

	KS2 Mathematics grade
	11.2
	47.8
	0.0
	[1.0]
	0.0
	[1.0]

	KS2 Science grade
	11.2
	47.7
	0.0
	[1.0]
	0.0
	[1.0]

	Non-entry to KS2 exams
	11.2
	24.6
	
	
	
	

	Yes
	
	
	2.7
	
	5.1
	

	No
	
	
	97.3
	
	94.9
	

	KS3 English grade
	14.1
	48.8
	0.0
	[1.0]
	0.0
	[1.0]

	KS3 Mathematics grade
	14.1
	48.8
	0.0
	[1.0]
	0.0
	[1.0]

	KS3 Science grade
	14.1
	48.6
	0.0
	[1.0]
	0.0
	[1.0]

	Non-entry to KS3 exams
	14.1
	33.8
	
	
	
	

	Yes
	
	
	2.7
	
	2.6
	

	No
	
	
	97.3
	
	97.4
	

	KS4 total points score
	15.4
	27.2
	0.0
	[1.0]
	0.0
	[1.0]

	Number of KS4 exam entries
	15.4
	26.8
	0.0
	[1.0]
	0.0
	[1.0]

	KS4 English A*-C grade
	15.4
	27.2
	
	
	
	

	Yes
	
	
	69.9
	
	70.1
	

	No
	
	
	30.1
	
	29.9
	

	KS4 mathematics A*-C grade
	15.4
	27.2
	
	
	
	

	Yes
	
	
	58.0
	
	59.5
	

	No
	
	
	42.0
	
	40.5
	

	KS4 science 2 ‘good’ passes
	15.4
	27.2
	
	
	
	

	Yes
	
	
	55.1
	
	56.8
	

	No
	
	
	44.9
	
	43.2
	

	Cognitive function

	WISC global IQ score
	8.6
	52.9
	0.0
	[1.0]
	-0.2
	[1.0]

	WISC verbal IQ score
	8.6
	52.7
	0.0
	[1.0]
	-0.2
	[1.0]

	Sky search performance score
	8.6
	53.9
	0.0
	[1.0]
	0.0
	[1.0]

	Opposite worlds performance score
	8.6
	53.7
	0.0
	[1.0]
	0.0
	[1.0]

	Counting span performance score
	10.6
	54.7
	0.0
	[1.0]
	-0.1
	[1.0]

	WASI global IQ score
	15.3
	68.5
	0.0
	[1.0]
	-0.2
	[1.0]

	Motor ability

	Heel-to-toe walking task score
	7.5
	52.8
	0.0
	[1.0]
	-0.1
	[1.0]

	Heel-to-toe walking task
	7.5
	52.8
	
	
	
	

	Failure
	
	
	51.3
	
	46.8
	

	Pass
	
	
	48.7
	
	53.2
	

	Preferred hand peg placing task time taken
	7.5
	54.0
	0.0
	[1.0]
	0.1
	[1.0]

	Preferred hand peg placing 
	7.5
	54.0
	
	
	
	

	Failure
	
	
	55.5
	
	52.4
	

	Pass
	
	
	44.5
	
	47.6
	

	Non-preferred hand peg placing task time taken
	7.5
	54.0
	0.0
	[1.0]
	0.1
	[1.0]

	Non-preferred hand peg placing 
	7.5
	54.0
	
	
	
	

	Failure
	
	
	55.5
	
	52.4
	

	Pass
	
	
	44.5
	
	47.6
	

	Bean bag throwing task score
	7.5
	52.7
	0.0
	[1.0]
	0.0
	[1.0]

	Bean bag throwing task
	7.5
	52.7
	
	
	
	

	Failure
	
	
	86.2
	
	85.3
	

	Pass
	
	
	13.8
	
	14.7
	

	Social and behavioral outcomes

	SDQ score
	6.8
	46.6
	0.0
	[1.0]
	0.1
	[1.0]

	SDQ score
	6.8
	46.6
	
	
	
	

	Worst tertile
	
	
	28.5
	
	31.2
	

	Top/middle tertiles
	
	
	71.5
	
	68.8
	

	Skuse socio-cognitive dysfunction score
	7.6
	48.2
	0.0
	[1.0]
	0.0
	[1.0]

	SDQ score
	8.6
	30.2
	0.0
	[1.0]
	0.2
	[1.0]

	SDQ score
	8.6
	30.2
	
	
	
	

	Worst tertile
	
	
	31.1
	
	34.3
	

	Top/middle tertiles
	
	
	68.9
	
	65.7
	

	CCC score
	9.6
	49.2
	0.0
	[1.0]
	-0.1
	[1.0]

	CCC score
	9.6
	49.2
	
	
	
	

	Impairment
	
	
	4.1
	
	4.6
	

	No impairment
	
	
	95.9
	
	95.4
	

	SDQ score
	11.2
	28.3
	0.0
	[1.0]
	0.0
	[1.0]

	SDQ score
	11.2
	28.3
	
	
	
	

	Worst tertile
	
	
	31.2
	
	32.5
	

	Top/middle tertiles
	
	
	68.8
	
	67.5
	

	Reading and language skills

	Basic reading performance score
	7.5
	47.5
	0.0
	[1.0]
	-0.3
	[1.0]

	Spelling performance score
	7.5
	48.2
	0.0
	[1.0]
	-0.2
	[1.0]

	Phoneme deletion task performance score
	7.5
	47.6
	0.0
	[1.0]
	-0.2
	[1.0]

	WOLD comprehension task performance score
	8.6
	52.7
	0.0
	[1.0]
	-0.2
	[1.0]

	WOLD verbal expression task performance score
	8.6
	52.8
	0.0
	[1.0]
	-0.2
	[1.0]

	Real word reading performance score
	9.8
	50.9
	0.0
	[1.0]
	-0.2
	[1.0]

	Non-real word reading performance score
	9.8
	51.0
	0.0
	[1.0]
	-0.1
	[1.0]

	Spelling performance score
	9.8
	51.0
	0.0
	[1.0]
	-0.2
	[1.0]

	TOWRE word reading performance score
	13.8
	64.6
	0.0
	[1.0]
	-0.2
	[1.0]

	TOWRE non-word reading performance score
	13.8
	64.7
	0.0
	[1.0]
	-0.1
	[1.0]


Distributions of observed datasets (i.e. with no imputation for missing data) and imputed datasets (i.e. mean distributions across all 100 datasets). Continuous outcomes are standardized to a mean of 0 and standard deviation of 1 as per our statistical analysis. CCC: Child’s Communication Checklist; IQ: intelligence quotient; KS2: key stage 2; KS3: key stage 3; KS4: key stage 4; SDQ: strengths and difficulties questionnaire; TOWRE: Test of Word Reading Efficiency; WASI: Wechsler Abbreviated Scale of Intelligence; WISC: Wechsler Intelligence Scale for Children; WOLD: Wechsler Objective Language Dimensions.

eTable 4
Univariate associations of potential confounders with example outcomes in different domains of neurodevelopment

	Developmental domain
	Motor 
	Cognitive 
	Linguistic
	Social and behavioral 
	Educational

	Example outcome
	Heel-to-toe walking task score
	Opposite worlds performance score
	Basic reading performance score
	CCC score
	KS3 science grade

	Potential confounders
	Coef.
	95% CI
	Coef.
	95% CI
	Coef.
	95% CI
	Coef.
	95% CI
	Coef.
	95% CI

	Female
	1.3***
	[1.2, 1.4]
	0.9***
	[0.8, 0.9]
	1.3***
	[1.2, 1.4]
	1.2***
	[1.2, 1.3]
	1.0
	[1.0, 1.1]

	Maternal education
	
	
	
	
	
	
	
	
	
	

	None
	-
	-
	-
	-
	-
	-
	-
	-
	
	

	Vocational
	1.0
	[0.9, 1.1]
	0.9
	[0.8, 1.0]
	1.2***
	[1.1, 1.3]
	1.1*
	[1.0, 1.3]
	1.3***
	[1.2, 1.4]

	O level
	1.1**
	[1.0, 1.2]
	0.8***
	[0.8, 0.9]
	1.5***
	[1.4, 1.7]
	1.3***
	[1.2, 1.4]
	1.7***
	[1.6, 1.8]

	A level
	1.2***
	[1.1, 1.3]
	0.8***
	[0.7, 0.9]
	1.8***
	[1.6, 1.9]
	1.6***
	[1.5, 1.7]
	2.5***
	[2.3, 2.7]

	Degree+
	1.4***
	[1.2, 1.5]
	0.7***
	[0.6, 0.8]
	2.4***
	[2.2, 2.6]
	1.9***
	[1.7, 2.0]
	3.9***
	[3.6, 4.3]

	Paternal education
	
	
	
	
	
	
	
	
	
	

	None
	-
	-
	-
	-
	-
	-
	-
	-
	
	

	Vocational
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]
	1.1
	[1.0, 1.2]
	1.2**
	[1.1, 1.3]
	1.3***
	[1.2, 1.4]

	O level
	1.1
	[1.0, 1.1]
	0.9*
	[0.9, 1.0]
	1.3***
	[1.2, 1.4]
	1.2***
	[1.1, 1.3]
	1.6***
	[1.5, 1.7]

	A level
	1.1**
	[1.0, 1.2]
	0.8***
	[0.8, 0.9]
	1.3***
	[1.2, 1.4]
	1.4***
	[1.3, 1.5]
	1.8***
	[1.7, 1.9]

	Degree+
	1.3***
	[1.2, 1.4]
	0.7***
	[0.7, 0.8]
	1.9***
	[1.8, 2.0]
	1.6***
	[1.5, 1.7]
	3.4***
	[3.2, 3.7]

	Childhood non-febrile convulsions
	0.9*
	[0.8, 1.0]
	1.1*
	[1.0, 1.2]
	0.9*
	[0.8, 1.0]
	0.9***
	[0.8, 0.9]
	1.0
	[0.9, 1.1]

	Number of traumatic life events
	1.0
	[1.0, 1.0]
	1.0
	[1.0, 1.0]
	1.0
	[1.0, 1.0]
	0.9***
	[0.9, 1.0]
	1.0***
	[1.0, 1.1]

	Maternal age at delivery (y)
	
	
	
	
	
	
	
	
	
	

	<24
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	25-29
	1.0
	[0.9, 1.1]
	0.9*
	[0.9, 1.0]
	1.2***
	[1.1, 1.3]
	1.3***
	[1.2, 1.4]
	1.5***
	[1.4, 1.5]

	30-34
	1.1
	[1.0, 1.2]
	0.8***
	[0.8, 0.9]
	1.4***
	[1.3, 1.5]
	1.5***
	[1.4, 1.6]
	1.8***
	[1.7, 1.9]

	35+
	1.1**
	[1.0, 1.2]
	0.9**
	[0.8, 0.9]
	1.4***
	[1.3, 1.5]
	1.5***
	[1.4, 1.6]
	1.9***
	[1.7, 2.1]

	Maternal hospital admissions in pregnancy
	1.0
	[0.9, 1.0]
	1.0
	[1.0, 1.1]
	1.0
	[0.9, 1.0]
	0.9*
	[0.9, 1.0]
	0.9***
	[0.9, 1.0]

	Maternal self-rated health in pregnancy
	
	
	
	
	
	
	
	
	
	

	Always well
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Rarely / sometimes unwell
	1.0
	[0.9, 1.1]
	0.9**
	[0.8, 0.9]
	1.1
	[1.0, 1.2]
	0.9*
	[0.8, 1.0]
	1.1
	[1.0, 1.2]

	Often / always unwell
	1.0
	[0.9, 1.1]
	0.9*
	[0.8, 1.0]
	1.0
	[0.9, 1.1]
	0.8***
	[0.7, 0.9]
	1.1
	[1.0, 1.2]

	Non-routine fetal anomaly testing
	
	
	
	
	
	
	
	
	
	

	Not tested
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Tested
	1.0
	[1.0, 1.1]
	1.0
	[0.9, 1.0]
	1.1**
	[1.0, 1.2]
	1.1***
	[1.0, 1.2]
	1.3***
	[1.2, 1.3]

	Abnormal test
	0.9
	[0.8, 1.0]
	1.0
	[0.9, 1.1]
	1.1
	[0.9, 1.2]
	1.0
	[0.9, 1.2]
	1.1
	[1.0, 1.2]

	Postnatal course
	
	
	
	
	
	
	
	
	
	

	Routine
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Prolonged stay or transitional care ward
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]
	0.9*
	[0.8, 1.0]
	1.0
	[0.9, 1.1]

	Same/other hospital SCBU
	0.8***
	[0.7, 0. 9]
	1.1*
	[1.0, 1.2]
	0.8***
	[0.8, 0.9]
	0.8***
	[0.7, 0.8]
	0.9**
	[0.8, 1.0]

	Abnormal placenta or cord
	1.0
	[1.0, 1.1]
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.0]
	0.9*
	[0.9, 1.0]

	Non-breast or bottle feeding at 24 hours
	0.9*
	[0.8, 1.0]
	1.0
	[0.9, 1.2]
	0.9
	[0.8, 1.0]
	0.9*
	[0.8, 1.0]
	0.9
	[0.8, 1.1]

	Neonatal jaundice
	1.0
	[0.9, 1.0]
	1.0
	[1.0, 1.1]
	1.0
	[0.9, 1.0]
	1.0
	[0.9, 1.0]
	1.1***
	[1.1, 1.2]

	Gestation at delivery (weeks)
	1.1***
	[1.0, 1.1]
	1.0
	[1.0, 1.0]
	1.0**
	[1.0, 1.0]
	1.0*
	[1.0, 1.0]
	1.0
	[1.0, 1.0]

	Birthweight (g)
	1.0***
	[1.0, 1.0]
	1.0***
	[1.0, 1.0]
	1.0***
	[1.0, 1.0]
	1.0***
	[1.0, 1.0]
	1.0***
	[1.0, 1.0]

	Apgar score at 5 min
	1.0
	[1.0, 1.0]
	1.0
	[1.0, 1.1]
	1.0
	[1.0, 1.1]
	1.1**
	[1.0, 1.1]
	1.1**
	[1.0, 1.1]

	Induction of labor
	
	
	
	
	
	
	
	
	
	

	Did not labor
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Spontaneous
	1.0
	[0.9, 1.1]
	1.1
	[1.0, 1.3]
	1.0
	[0.9, 1.1]
	1.0
	[0.8, 1.1]
	1.0
	[0.9, 1.1]

	ARM or pharmacological
	1.0
	[0.9, 1.2]
	1.1
	[1.0, 1.3]
	1.0
	[0.8, 1.1]
	0.9
	[0.8, 1.1]
	1.0
	[0.8, 1.1]

	Multiple gestation
	0.8**
	[0.7, 0.9]
	1.2**
	[1.1, 1.4]
	0.8***
	[0.7, 0.9]
	1.0
	[0.9, 1.2]
	0.8**
	[0.7, 0.9]


Univariate associations between potential confounders and example outcomes from different neurodevelopmental domains using available case data. Coefficients and 95% confidence intervals are presented in standard deviation units. ARM: artificial rupture of membranes; CCC: Child’s Communication Checklist; CI: confidence interval; Coef: regression coefficient; KS3: key stage 3; *p<0.05; **p<0.01; ***p<0.001.

eTable 5
Age- and confounder-adjusted associations between general anesthesia before age 4y and neurodevelopmental outcomes in older childhood

	Neurodevelopmental metric
	Median age (y)


	Age-adjusted models
	Fully adjusted models

	
	
	Complete case


	Multiply imputed 
(N=13, 433)
	Complete case


	Multiply imputed 
(N=13, 433)

	
	
	N
	Coef.
	95% CI
	Coef.
	95% CI
	Coef.
	95% CI
	Coef.
	95% CI

	Educational outcomes

	KS2 English grade (N=3324)

	Unexposed
	11.2
	2957
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	308
	-0.1*
	[-0.3, -0.0]
	0.0
	[-0.1, 0.0]
	-0.1*
	[-0.2, -0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	59
	-0.3*
	[-0.6, -0.1]
	-0.2
	[-0.3, 0.0]
	-0.1
	[-0.4, 0.1]
	-0.1
	[-0.3, 0.1]

	KS2 Mathematics grade (N=3308)

	Unexposed
	11.2
	2945
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	305
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.1, 0.1]
	-0.1
	[-0.2, 0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	58
	0.0
	[-0.3, 0.2]
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.2, 0.2]
	-0.1
	[-0.3, 0.0]

	KS2 Science grade (N=3301)

	Unexposed
	11.2
	2937
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	306
	-0.1
	[-0.2, 0.0]
	0.0
	[-0.1, 0.1]
	-0.1*
	[-0.2, -0.0]
	-0.1
	[-0.2, 0.0]

	Multiple GA
	
	58
	-0.1
	[-0.4, 0.1]
	-0.1
	[-0.3, 0.1]
	-0.1
	[-0.3, 0.2]
	-0.1
	[-0.3, 0.0]

	Non-entry to KS2 exams† (N=5383)

	Unexposed
	11.2
	4805
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	488
	1.3
	[0.8, 2.2]
	1.2
	[0.8, 1.7]
	1.3
	[0.7, 2.1]
	1.2
	[0.8, 1.7]

	Multiple GA
	
	90
	2.1
	[0.8, 5.3]
	1.9
	[1.0, 3.6]
	2.0
	[0.8, 5.2]
	1.8
	[0.9, 3.6]

	KS3 English grade (N=3254)

	Unexposed
	14.1
	2901
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	299
	0.0
	[-0.1, 0.1]
	0.0
	[-0.0, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	54
	-0.2
	[-0.4, 0.1]
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.3, 0.2]
	0.0
	[-0.2, 0.1]

	KS3 Mathematics grade (N=3248)

	Unexposed
	14.1
	2891
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	301
	0.0
	[-0.1, 0.1]
	0.1*
	[0.0, 0.2]
	0.0
	[-0.2, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	56
	-0.1
	[-0.4, 0.1]
	0.0
	[-0.2, 0.2]
	-0.1
	[-0.3, 0.1]
	-0.1
	[-0.2, 0.1]

	KS3 Science grade (N=3261)

	Unexposed
	14.1
	2902
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	302
	0.0
	[-0.1, 0.1]
	0.1*
	[0.0, 0.2]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	57
	-0.1
	[-0.4, 0.1]
	0.0
	[-0.2, 0.2]
	-0.1
	[-0.3, 0.1]
	-0.1
	[-0.2, 0.1]

	Non-entry to KS3 exams† (N=8897)

	Unexposed
	14.1
	8013
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	743
	0.9
	[0.5, 1.4]
	0.9
	[0.5, 1.4]
	0.8
	[0.5, 1.3]
	0.8
	[0.5, 1.4]

	Multiple GA
	
	141
	1.3
	[0.5, 3.2]
	1.2
	[0.5, 2.8]
	1.0
	[0.4, 2.6]
	1.0
	[0.4, 2.4]

	KS4 English A*-C grade† (N=5226)

	Unexposed
	15.4
	4674
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	469
	1.1
	[0.9, 1.4]
	1.2*
	[1.0, 1.4]
	1.1
	[0.9, 1.4]
	1.1
	[0.9, 1.3]

	Multiple GA
	
	83
	1.0
	[0.6, 1.6]
	1.1
	[0.8, 1.6]
	1.0
	[0.6, 1.6]
	1.1
	[0.8, 1.6]

	KS4 mathematics A*-C grade† (N=4777)

	Unexposed
	15.4
	4203
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	483
	0.9
	[0.8, 1.1]
	1.1
	[1.0, 1.3]
	0.9
	[0.7, 1.1]
	1.0
	[0.8, 1.1]

	Multiple GA
	
	91
	1.2
	[0.8, 1.9]
	1.2
	[0.9, 1.6]
	1.2
	[0.8, 1.9]
	1.1
	[0.8, 1.6]

	KS4 science 2 ‘good’ passes† (N=4560)

	Unexposed
	15.4
	4024
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	455
	1.0
	[0.8, 1.2]
	1.2**
	[1.1, 1.4]
	1.0
	[0.8, 1.2]
	1.0
	[0.9, 1.2]

	Multiple GA
	
	81
	1.0
	[0.6, 1.6]
	1.2
	[0.9, 1.7]
	0.9
	[0.6, 1.5]
	1.1
	[0.8, 1.6]

	KS4 total points score (N=9778)

	Unexposed
	15.4
	8792
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	830
	0.1
	[-0.0, 0.1]
	0.1*
	[0.0, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	156
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.2, 0.1]
	-0.1
	[-0.2, 0.1]
	-0.1
	[-0.2, 0.1]

	Number of KS4 exam entries (N=9831)

	Unexposed
	15.4
	8841
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	833
	0.0
	[-0.0, 0.1]
	0.0
	[-0.0, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	157
	-0.1
	[-0.3, 0.0]
	-0.1
	[-0.2, 0.1]
	-0.1
	[-0.3, 0.0]
	-0.1
	[-0.2, 0.1]

	Cognitive function

	WISC global IQ score (N=5851)

	Unexposed
	8.6
	5073
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	648
	0.0
	[-0.1, 0.1]
	0.1*
	[0.0, 0.2]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	130
	-0.2
	[-0.3, 0.0]
	0.0
	[-0.2, 0.1]
	-0.1
	[-0.3, 0.1]
	0.0
	[-0.2, 0.1]

	WISC verbal IQ score (N=5875)

	Unexposed
	8.6
	5093
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	651
	0.1*
	[0.0, 0.2]
	0.1***
	[0.1, 0.2]
	0.1
	[-0.0, 0.1]
	0.0
	[-0.0, 0.1]

	Multiple GA
	
	131
	-0.1
	[-0.3, 0.1]
	0.0
	[-0.1, 0.2]
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.2, 0.1]

	Sky search performance score (attention) (N=6195)

	Unexposed
	8.6
	5402
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	655
	1.1
	[1.0, 1.2]
	1.1
	[1.0, 1.2]
	1.0
	[1.0, 1.1]
	1.0
	[1.0, 1.1]

	Multiple GA
	
	138
	1.3**
	[1.1, 1.5]
	1.2*
	[1.0, 1.4]
	1.1
	[0.9, 1.3]
	1.1
	[0.9, 1.3]

	Opposite worlds performance score (attention) (N=6220)

	Unexposed
	8.6
	5432
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	650
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]
	1.0
	[0.9, 1.1]

	Multiple GA
	
	138
	1.3**
	[1.1, 1.5]
	1.2*
	[1.0, 1.4]
	1.2*
	[1.0, 1.4]
	1.2
	[1.0, 1.3]

	Counting span performance score (working memory) (N=5554)

	Unexposed
	10.6
	4824
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	610
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.0]

	Multiple GA
	
	120
	-0.1
	[-0.2, 0.1]
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.2, 0.1]
	-0.1
	[-0.2, 0.1]

	WASI global IQ score (N=3880)

	Unexposed
	15.3
	3368
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	431
	0.1
	[-0.0, 0.2]
	0.1**
	[0.0, 0.2]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	81
	0.0
	[-0.2, 0.2]
	0.1
	[-0.1, 0.3]
	0.0
	[-0.2, 0.2]
	0.0
	[-0.1, 0.2]

	Motor ability

	Heel-to-toe walking task score (dynamic balance) (N=3466)

	Unexposed
	7.5
	3029
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	359
	-0.2***
	[-0.3, -0.1]
	-0.1**
	[-0.2, -0.0]
	-0.1*
	[-0.2, -0.0]
	-0.1*
	[-0.2, -0.0]

	Multiple GA
	
	78
	-0.3*
	[-0.5, -0.1]
	-0.4***
	[-0.5, -0.2]
	-0.2
	[-0.4, 0.0]
	-0.3***
	[-0.5, -0.1]

	Heel-to-toe walking task failure† (dynamic balance) (N=6338)

	Unexposed
	7.5
	5575
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	632
	1.2*
	[1.0, 1.4]
	1.1
	[1.0, 1.3]
	1.1
	[1.0, 1.3]
	1.1
	[0.9, 1.3]

	Multiple GA
	
	131
	1.2
	[0.9, 1.7]
	1.2
	[0.9, 1.7]
	1.0
	[0.7, 1.5]
	1.1
	[0.8, 1.5]

	Preferred hand peg placing task time taken (manual dexterity) (N=3451)

	Unexposed
	7.5
	3012
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	359
	0.1
	[-0.0, 0.2]
	0.1**
	[0.1, 0.2]
	0.0
	[-0.1, 0.2]
	0.1*
	[0.0, 0.2]

	Multiple GA
	
	80
	0.2
	[-0.0, 0.4]
	0.4***
	[0.2, 0.5]
	0.1
	[-0.1, 0.3]
	0.3***
	[0.1, 0.4]

	Preferred hand peg placing task failure† (manual dexterity) (N=3451)

	Unexposed
	7.5
	3012
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	359
	1.1
	[0.8, 1.3]
	1.1
	[0.9, 1.3]
	1.0
	[0.8, 1.2]
	1.0
	[0.9, 1.2]

	Multiple GA
	
	80
	1.2
	[0.8, 1.9]
	1.4*
	[1.0, 1.9]
	1.0
	[0.7, 1.6]
	1.2
	[0.9, 1.7]

	Non-preferred hand peg placing task time taken (manual dexterity) (N=3373)

	Unexposed
	7.5
	2952
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	343
	0.1*
	[0.0, 0.2]
	0.1**
	[0.1, 0.2]
	0.1
	[-0.0, 0.2]
	0.1**
	[0.0, 0.2]

	Multiple GA
	
	78
	0.1
	[-0.2, 0.3]
	0.3***
	[0.1, 0.5]
	0.0
	[-0.2, 0.2]
	0.2**
	[0.1, 0.4]

	Non-preferred hand peg placing task failure† (manual dexterity) (N=3372)

	Unexposed
	7.5
	2951
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	343
	1.3*
	[1.0, 1.6]
	1.2**
	[1.1, 1.4]
	1.2
	[1.0, 1.5]
	1.2*
	[1.0, 1.4]

	Multiple GA
	
	78
	1.3
	[0.8, 2.1]
	1.3
	[0.9, 1.8]
	1.2
	[0.8, 1.9]
	1.2
	[0.8, 1.6]

	Bean bag throwing task score (ball skills) (N=3355)

	Unexposed
	7.5
	2921
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	354
	-0.1
	[-0.2, 0.0]
	-0.1
	[-0.2, 0.0]
	-0.1*
	[-0.2, -0.0]
	-0.1*
	[-0.2, -0.0]

	Multiple GA
	
	80
	0.0
	[-0.2, 0.2]
	-0.1
	[-0.3, 0.1]
	-0.1
	[-0.3, 0.1]
	-0.2
	[-0.3, 0.0]

	Bean bag throwing task failure† (ball skills) (N=3646)

	Unexposed
	7.5
	3177
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	383
	1.2
	[0.9, 1.6]
	1.2
	[1.0, 1.5]
	1.3
	[1.0, 1.7]
	1.3*
	[1.0, 1.5]

	Multiple GA
	
	86
	0.7
	[0.3, 1.4]
	1.2
	[0.8, 2.0]
	0.8
	[0.4, 1.6]
	1.4
	[0.9, 2.2]

	Social and behavioral outcomes

	SDQ score (behavioral difficulties) (N=7177)

	Unexposed
	6.8
	6245
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	783
	0.1*
	[0.0, 0.2]
	0.1**
	[0.0, 0.2]
	0.0
	[-0.0, 0.1]
	0.0
	[-0.0, 0.1]

	Multiple GA
	
	149
	0.3***
	[0.2, 0.5]
	0.3***
	[0.1, 0.5]
	0.2*
	[0.0, 0.4]
	0.2*
	[0.0, 0.3]

	SDQ worst tertile† (behavioral difficulties) (N=4159)

	Unexposed
	6.8
	3615
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	451
	1.3**
	[1.1, 1.7]
	1.2**
	[1.1, 1.5]
	1.2
	[1.0, 1.5]
	1.1
	[0.9, 1.3]

	Multiple GA
	
	93
	1.6*
	[1.0, 2.4]
	1.6**
	[1.2, 2.2]
	1.3
	[0.8, 2.0]
	1.3
	[0.9, 1.9]

	Skuse socio-cognitive dysfunction score (N=6824)

	Unexposed
	7.6
	5928
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	751
	0.1*
	[0.0, 0.2]
	0.1**
	[0.0, 0.2]
	0.0
	[-0.0, 0.1]
	0.1
	[-0.0, 0.1]

	Multiple GA
	
	145
	0.3***
	[0.2, 0.5]
	0.3***
	[0.1, 0.4]
	0.2*
	[0.0, 0.4]
	0.2*
	[0.0, 0.3]

	SDQ score (behavioral difficulties) (N=4695)

	Unexposed
	8.6
	4111
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	482
	0.1
	[-0.0, 0.2]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.0]

	Multiple GA
	
	102
	0.3***
	[0.1, 0.5]
	0.3***
	[0.2, 0.5]
	0.2*
	[0.0, 0.4]
	0.2**
	[0.1, 0.4]

	SDQ worst tertile† (behavioral difficulties) (N=8138)

	Unexposed
	8.6
	7129
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	841
	1.0
	[0.9, 1.2]
	1.0
	[0.8, 1.1]
	0.9
	[0.8, 1.1]
	0.9
	[0.8, 1.1]

	Multiple GA
	
	168
	1.6**
	[1.2, 2.2]
	1.4*
	[1.0, 1.9]
	1.3
	[1.0, 1.8]
	1.2
	[0.9, 1.7]

	CCC score (social communication) (N=3683)

	Unexposed
	9.6
	3192
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	403
	-0.1
	[-0.2, 0.0]
	-0.1***
	[-0.2, -0.1]
	0.0
	[-0.2, 0.1]
	-0.1**
	[-0.2, -0.0]

	Multiple GA
	
	88
	-0.4***
	[-0.6, -0.2]
	-0.5***
	[-0.6, -0.3]
	-0.3*
	[-0.5, -0.1]
	-0.4***
	[-0.5, -0.3]

	CCC impairment† (social communication) (N=6391)

	Unexposed
	9.6
	5546
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	705
	1.4
	[1.0, 2.0]
	1.6**
	[1.1, 2.2]
	1.3
	[0.9, 1.8]
	1.5*
	[1.1, 2.1]

	Multiple GA
	
	140
	4.4***
	[2.7, 7.2]
	4.3***
	[2.7, 6.7]
	3.3***
	[2.0, 5.5]
	3.6***
	[2.3, 5.8]

	SDQ score (behavioral difficulties) (N=8052)

	Unexposed
	11.2
	7042
	
	
	
	
	
	
	
	

	Single GA
	
	850
	0.1**
	[0.0, 0.2]
	0.1
	[-0.0, 0.1]
	0.0
	[-0.0, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	160
	0.3***
	[0.1, 0.4]
	0.2**
	[0.1, 0.4]
	0.2**
	[0.0, 0.3]
	0.1
	[-0.0, 0.3]

	SDQ worst tertile† (behavioral difficulties) (N=8052)

	Unexposed
	11.2
	7042
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	850
	1.2
	[1.0, 1.3]
	1.1
	[0.9, 1.3]
	1.1
	[0.9, 1.2]
	1.0
	[0.9, 1.2]

	Multiple GA
	
	160
	1.8***
	[1.3, 2.4]
	1.7***
	[1.2, 2.2]
	1.5*
	[1.1, 2.0]
	1.4*
	[1.0, 2.0]

	Reading and language skills

	Basic reading performance score (word recognition) (N=7057)

	Unexposed
	7.5
	6180
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	722
	-0.1
	[-0.1, 0.0]
	0.0
	[-0.1, 0.0]
	-0.1
	[-0.1, 0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	155
	-0.3***
	[-0.4, -0.1]
	-0.2**
	[-0.4, -0.0]
	-0.2*
	[-0.3, -0.0]
	-0.2*
	[-0.3, -0.0]

	Spelling performance score (spelling ability) (N=6959)

	Unexposed
	7.5
	6096
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	712
	0.0
	[-0.1, 0.0]
	0.0
	[-0.1, 0.0]
	0.0
	[-0.1, 0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	151
	-0.3***
	[-0.5, -0.1]
	-0.2**
	[-0.4, -0.1]
	-0.2**
	[-0.4, -0.1]
	-0.2**
	[-0.4, -0.1]

	Phoneme deletion task performance score (phonological awareness) (N=3859)

	Unexposed
	7.5
	3358
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	409
	-0.1
	[-0.2, 0.0]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.0]

	Multiple GA
	
	92
	-0.1
	[-0.3, 0.1]
	-0.1
	[-0.2, 0.1]
	-0.1
	[-0.3, 0.1]
	-0.1
	[-0.2, 0.1]

	WOLD comprehension task performance score (verbal comprehension) (N=5868)

	Unexposed
	8.6
	5085
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	649
	0.0
	[-0.0, 0.1]
	0.1
	[-0.0, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	134
	-0.2*
	[-0.4, -0.0]
	-0.1
	[-0.2, 0.1]
	-0.2*
	[-0.4, -0.0]
	-0.1
	[-0.3, 0.0]

	WOLD verbal expression task performance score (verbal expression) (N=3440)

	Unexposed
	8.6
	2976
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	383
	0.0
	[-0.1, 0.1]
	0.0
	[-0.0, 0.1]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]

	Multiple GA
	
	81
	0.0
	[-0.3, 0.2]
	0.0
	[-0.2, 0.1]
	0.0
	[-0.2, 0.2]
	-0.1
	[-0.2, 0.1]

	Real word reading performance score (word recognition) (N=5989)

	Unexposed
	9.8
	5179
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	674
	-0.1
	[-0.1, 0.0]
	0.0
	[-0.1, 0.1]
	-0.1
	[-0.1, 0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	136
	-0.2*
	[-0.3, -0.0]
	-0.1
	[-0.3, 0.0]
	-0.1
	[-0.3, 0.0]
	-0.1
	[-0.3, 0.0]

	Non-real word reading performance score (decoding ability) (N=6583)

	Unexposed
	9.8
	5725
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	707
	0.0
	[-0.1, 0.0]
	0.0
	[-0.1, 0.1]
	-0.1
	[-0.1, 0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	151
	-0.2
	[-0.3, 0.0]
	-0.1
	[-0.3, 0.0]
	-0.1
	[-0.3, 0.0]
	-0.1
	[-0.3, 0.0]

	Spelling performance score (spelling ability) (N=3657)

	Unexposed
	9.8
	3166
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	406
	-0.1
	[-0.2, 0.0]
	0.0
	[-0.1, 0.1]
	0.0
	[-0.1, 0.1]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	85
	-0.3*
	[-0.5, -0.0]
	-0.2**
	[-0.4, -0.0]
	-0.2*
	[-0.4, -0.0]
	-0.2*
	[-0.3, -0.0]

	TOWRE word reading performance score (word recognition) (N=4369)

	Unexposed
	13.8
	3797
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	489
	-0.1**
	[-0.2, -0.1]
	-0.1
	[-0.2, 0.0]
	-0.2***
	[-0.2, -0.1]
	-0.1**
	[-0.2, -0.0]

	Multiple GA
	
	83
	0.0
	[-0.3, 0.2]
	-0.1
	[-0.3, 0.1]
	0.0
	[-0.2, 0.2]
	-0.1
	[-0.3, 0.1]

	TOWRE non-word reading performance score (decoding ability) (N=4360)

	Unexposed
	13.8
	3790
	-
	-
	-
	-
	-
	-
	-
	-

	Single GA
	
	487
	0.0
	[-0.1, 0.0]
	0.0
	[-0.1, 0.1]
	-0.1
	[-0.2, 0.0]
	-0.1
	[-0.1, 0.0]

	Multiple GA
	
	83
	-0.1
	[-0.3, 0.2]
	-0.1
	[-0.2, 0.1]
	0.0
	[-0.3, 0.2]
	-0.1
	[-0.3, 0.1]


Age- and confounder-adjusted associations between GA exposure by age 4y and neurodevelopmental outcomes in older childhood from complete case and multiply imputed analyses. Age-adjusted and fully adjusted complete case analyses were performed on the same sample of children. The regression coefficient β represents a change of β × 1 SD in outcome score in the single GA or multiple GA group versus the no GA group, or odds ratios for dichotomized outcomes when indicated by †. Statistical significance is indicated by: *p<0.05; **p<0.01; ***p<0.001. The multiply imputed analyses were all conducted on N=13,433 children: 12,111 unexposed, 1,110 singly exposed and 212 multiply exposed. CCC: Child’s Communication Checklist; Coef: regression coefficient; CI: confidence intervals; GA: general anesthetic; IQ: intelligence quotient; KS2: key stage 2; KS3: key stage 3; KS4: key stage 4; SDQ: strengths and difficulties questionnaire; TOWRE: Test of Word Reading Efficiency; WASI: Wechsler Abbreviated Scale of Intelligence; WISC: Wechsler Intelligence Scale for Children; WOLD: Wechsler Objective Language Dimensions.


eTable 6
Associations between general anesthesia before age 4y and Child’s Communication Checklist scores in children undergoing otorhinolaryngology procedures
	
	Full dataset (primary analysis)
	Excluding children undergoing otorhinolaryngology surgery
	Including only children undergoing otorhinolaryngology surgery

	
	N
	Coef. 
(SD units)
	95% CI
	p
	N
	Coef. 
(SD units)
	95% CI
	p
	N
	Coef. 
(SD units)
	95% CI
	p

	Unexposed
	3192
	-
	-
	-
	3192
	-
	-
	-
	3192
	-
	-
	-

	Single GA
	403
	-0.1
	[-0.2,-0.0]
	0.001
	313
	-0.1
	[-0.1,0.0]
	0.257
	90
	-0.2
	[-0.4, -0.1]
	<0.001

	Multiple GA
	88
	-0.4
	[-0.5,-0.3]
	<0.001
	24
	-0.4*
	[-0.7,-0.1]
	0.009
	64
	-0.4
	[-0.6, -0.2]
	<0.001


Confounder-adjusted associations between GA exposure by age 4y and Child’s Communication Checklist score in multiply imputed analyses. To investigate the potential for confounding by indication in children undergoing otorhinolaryngology procedures, we compared coefficients in the following subgroups: unexposed versus exposed to any surgical procedure in the full dataset (left column); unexposed versus exposed to any non-otorhinolaryngology procedure in a restricted dataset (middle column); unexposed versus exposed to one-or-more otorhinolaryngology procedures in a restricted dataset (right column). The regression coefficient β represents a change of β × 1 SD in score in the single GA or multiple GA group versus the no GA group. Coef: regression coefficient; CI: confidence intervals; GA: general anesthetic.
eFigure 1
Percentile distributions of standardized national tests of educational performance
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Percentile distributions of grades achieved by ALSPAC children for KS2 (age 7-11y), KS3 (age 11-14y) and KS4 (age 14-16y). Left hand panels are in terms of test scores; right hand panels are in terms of the standardized test scores (in SD units) used in our analysis. For context: 62.0 and 62.7 % of children sitting KS4 English GCSE examinations in England achieved an A*, A, B or C grade in 2007 and 2008, respectively68. 55.3 and 56.4 % of children sitting KS4 mathematics GCSE examinations in England achieved an A*, A, B or C grade in 2007 and 2008, respectively. ALSPAC: Avon Longitudinal Study of Parents and Children; GCSE: General Certificate of Secondary Education; KS: Key Stage. 

eFigure 2
Selected neurodevelopmental outcomes predicted by confounder-adjusted models
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Comparison of the distributions (mean ± SD; boxes represent range) of predicted neurodevelopmental outcomes between exposure groups. Values were predicted from confounder-adjusted linear regression models before being back-transformed from standardized scores to raw scores. Distributions are presented only for outcomes with statistical evidence of anesthetic-induced neurotoxicity. Statistical significance after correcting for type I errors associated with multiple testing is indicated by *p<0.05; **p<0.01; ***p<0.001. CCC: Child’s Communication Checklist; GA: general anesthetic; SDQ: strengths and difficulties questionnaire; TOWRE: Test of Word Reading Efficiency. 
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