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Abstract

Background: The positive association between caesarean section (CS) and autism spec-

trum disorder (ASD) may be attributed to preterm delivery. However, due to lack of stat-

istical power, no previous study thoroughly examined this association across gestational

age. Moreover, most studies did not differentiate between emergency and planned CS.

Methods: Using population-based registries of four Nordic countries and Western

Australia, our study population included 4 987 390 singletons surviving their first year of

life, which included 671 646 CS deliveries and 31 073 ASD children. We used logistic re-

gression to estimate odds ratios (OR) and their 95% confidence intervals (CI) for CS,

adjusted for gestational age, site, maternal age and birth year. Stratified analyses were

conducted by both gestational age subgroups and by week of gestation. We compared

emergency versus planned CS to investigate their potential difference in the risk of ASD.
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Results: Compared with vaginal delivery, the overall adjusted OR for ASD in CS delivery

was 1.26 (95% CI 1.22–1.30). Stratified ORs were 1.25 (1.15–1.37), 1.16 (1.09–1.23), 1.34

(1.28–1.40) and 1.17 (1.04–1.30) for subgroups of gestational weeks 26–36, 37–38, 39–41 and

42–44, respectively. CS was significantly associated with risk of ASD for each week of gesta-

tion, from week 36 to 42, consistently across study sites (OR ranged 1.16–1.38). There was

no statistically significant difference between emergency and planned CS in the risk of ASD.

Conclusion: Across the five countries, emergency or planned CS is consistently associ-

ated with a modest increased risk of ASD from gestational weeks 36 to 42 when com-

pared with vaginal delivery.

Key words: Autism, emergency caesarean section, planned caesarean section, gestational age, epidemiology,

population based

Introduction

There has been a 20-fold increase in the diagnosis of aut-

ism spectrum disorder (ASD) since the 1980s1–5 and it is

believed that both genetic and environmental risk factors

are important contributors.6,7 Over a similar time period

there has been an increasing trend in deliveries by caesar-

ean section (CS). In some populations close to half of all

births are delivered by CSs.8,9 In a US study, the popula-

tion attributable fraction for ASD in relation to CS was

estimated to be 7% for children born in 2000, higher than

that for preterm birth or small for gestational age.10 It is

therefore of major aetiological, clinical and public health

interest to examine the relation between ASD and CS.

A positive association between CS and ASD has been

shown in several earlier studies, but the results have varied in

effect size.11–15 A recent meta-analysis reported that delivery

by CS was associated with a 23% increased risk of ASD

when compared with vaginal delivery.16 One possible explan-

ation for the impact of CS on ASD is the fact that planned CS

is normally scheduled weeks before the full 40-week gesta-

tion, to avoid spontaneous labour.17 It is also possible that

the last few weeks before term are important for brain devel-

opment.18 Thus deliveries before the full term might increase

the risk of ASD, a hypothesis which is supported by previous

studies of gestational age risk of ASD.3,4,10,19–21 Another as-

pect is the underlying indications leading to CS, which can

vary by gestational age.22 Since the underlying maternal or

fetal indications leading to emergency CS may be important

independent risk factors of ASD, the magnitude of the inde-

pendent risks of emergency CS for ASD may also vary by ges-

tational age.22 We made a substantial search among the

studies included in the most recent meta-analysis16 and

among all the studies cited in our study, to find any studies

that investigated the association of CS and ASD stratified by

gestational age. Although many of the studies included gesta-

tional age14,23–29 as a confounder, only one study reported

the adjusted OR of emergency CS and planned CS among

non-preterm births, in the appendix.11

The rate of planned CS in singleton pregnancies has

increased substantially in recent years.8,20,30–33 As mater-

nal and clinician preferences may play a greater role in

planned than in emergency CS,34 outcomes due to the CS

procedure itself in planned CS deliveries at or near term

may be less confounded by underlying medical indication

in comparison with emergency (non-planned) CS at similar

gestational ages. However, none of the mentioned studies

had sufficient sample size to assess across gestational age

the risk of ASD among children delivered by CS compared

with children born after vaginal delivery, and most of them

Key Messages

• Caesarean section (CS) is associated with a modest increased risk of autism when compared with vaginal delivery.

• Compared with vaginal delivery, CS is consistently associated with an increased risk of autism throughout all gesta-

tional weeks 36–42.

• Thus, the observed risk during this gestational period cannot be attributed to effects of preterm birth for children de-

livered by CS.

• There were no differences in the risk of autism between planned and emergency CS.

430 International Journal of Epidemiology, 2017, Vol. 46, No. 2



did not differentiate between emergency and planned

CS.3,4,10,19–21

The aim of our study was to test the association be-

tween CS and ASD, overall and by type of CS, while taking

gestational age into account and using the largest prospect-

ive, population-based sample of ASD to date. We hypothe-

sized that the relation between CS and ASD may vary

between gestational ages and between planned and emer-

gency CS, where CS conducted near or at full term has

lower risk than CS conducted preterm, and planned CS has

a lower risk than emergency CS.

Methods

The study uses data from the International Collaboration

for Autism Registry Epidemiology (iCARE).35 Access to

these data is managed using the ViPAR software36 that en-

ables the pooled analysis of prospectively measured multi-

national population-based data relating to ASD. Ethics

committee approval, with waiver for informed consent,

was obtained by each site.

Study population

The study population includes all singletons surviving their

first year of living in: Norway and Sweden 1984–2004;

Denmark 1997–2004; Finland 1987–2004; and the non-

Aboriginal population in Western Australia (WA) 1984–

99. Multiple births are highly correlated with ASD risk as

well as with both preterm birth and CS, which could intro-

duce bias.37 Excluding multiple births also reduces the risk

of dependencies in the data which could affect the variance

estimates. The final study sample size was not based on

any statistical criterion but used all eligible national birth

cohorts in the participating countries as made available by

the ICARE collaboration, one of the largest available data-

bases for population-based autism research.

ASD outcome, CS, gestational age and covariate

information

Children were followed from birth to reported diagnosis of

ASD or end of follow-up, which ever came first; through

2004 in WA, 2006 in Norway and 2009 in Denmark,

Finland and Sweden. Denmark, Finland and Sweden pro-

vided ASD diagnoses from medical registries. ASD diag-

noses from Norway and WA were derived from

government-maintained service/benefits registries. Case

identification, registry reporting procedures, details on the

validity of case status and harmonization of diagnostic

codes across sites have been described elsewhere.23 Paternal

and maternal age, gestational age, sex, birth year and mode

of birth delivery were obtained from birth or civil registries.

For all countries in the study, throughout the births cohort

in this study, mode of delivery was classified as vaginal or

CS, with CS being further classified as planned, emergency

or unspecified. A planned CS is a CS planned before the

onset of labour. Emergency CS is performed either before

the onset of labour (due to medical or pregnancy complica-

tions) or complications in labour. Availability of data on

mode of delivery and type of CS (planned, emergency or

unspecified) is presented in the online appendix (ST 1A,

available as Supplementary data at IJE online).

The date of last menstrual period (LMP) is commonly

used in Nordic countries to estimate gestation age, and LMP

is corrected when there is a discrepancy with the ultrasound

examination. Rules for estimating gestational age, however,

often differ at maternity hospitals from national guidelines

and the year when ultrasound examination was introduced

varied between countries. In Denmark, ultrasound-based

pregnancy dating was used to determine gestational age for

93% of those born in 1995 and 2000.38 In Sweden since

1990, early second-trimester ultrasound examination is rou-

tinely offered, and more than 95% of women accepted this

offer; otherwise the date of LMP is used.24 In Finland, the

LMP estimates are only corrected if they differ 6 7 days

with the first- or second-trimester ultrasound examin-

ation.24 Ultrasound examination was introduced in 1967

and the 1980s in Norway and WA, respectively.25

Statistical analyses

Primary analyses

The primary analyses used a two-step approach. First, as

commonly used in earlier studies, we estimated the risk of

ASD when comparing births following any type of CS with

births following vaginal delivery, which facilitates com-

parisons with previous findings. The odds ratio (OR) of

ASD among births delivered by CS compared with vaginal

delivery was obtained by fitting ordinary logistic regression

models. We first estimated the OR for ASD overall, then in

gestational age subgroups: weeks 26–36 (preterm), weeks

37–38 (early term), weeks 39–41 (term) and weeks 42–44

(post-term) and finally by week of gestation, except for

weeks 26–30 for which data were too sparse for week-by-

week analysis. All models included sex, site, birth year

(1984–89,1990–94,1995–99 and 2000–04), categorized

maternal age (< 25, 25–29, 30–34, 35–39� 40 years) and

gestational age (by week or subgroup) as covariates, if not

otherwise specified.

The medical indications for women undergoing either

emergency or planned CS might be different. Thus, in the

second-step analysis we also estimated OR of ASD among

International Journal of Epidemiology, 2017, Vol. 46, No. 2 431

http://ije.oxfordjournals.org/lookup/suppl/doi:10.1093/ije/dyw336/-/DC1


births delivered by emergency CS compared with planned

CS (unspecified CS was excluded from this analysis). Due

to lack of data on CS type at some sites at different time

periods (ST 1A,) these analyses were restricted to birth co-

horts 1997–2004 for Denmark, 1984–99 for WA, 1988–

2004 for Norway and Sweden and 1990–2004 for Finland.

For the analysis of emergency versus planned CS, we re-

fitted the models adjusting for site, sex, birth year and cate-

gorized maternal age by week of gestation (weeks 26–30 as

a single subgroup).

Site comparisons

Site-specific ORs of ASD among births delivered by CS com-

pared with vaginal delivery were estimated by stratifying ges-

tational age subgroup, and each week of gestation. Site

heterogeneity and its influence on overall results were ad-

dressed by Cochran’s Q test and by verifying pooled results

through the use of leave-one-out approach, i.e. OR was esti-

mated by removing the indicated site being removed.

Subgroup and sensitivity analyses

ORs of ASD were estimated for CS in comparison with va-

ginal delivery in subgroups of gestational age (weeks

26–36, 37–38, 39–41 and 42–44) for male and female off-

spring, respectively. We repeated these analyses for autistic

disorder (AD) cases only. Due to low frequency in some

subgroups, analyses by week of gestation were not feasible.

As the likelihood of CS is much higher in women who

have had a CS in a previous pregnancy, we repeated the pri-

mary analyses restricting to firstborn children only. Since in-

formation on paternal age was not available for Finnish

births, the primary analyses did not include paternal age as a

covariate. In a set of sensitivity analyses, having excluded

Finland from the analysis dataset, we repeated the primary

analyses by gestational age subgroups after adding paternal

age (< 25, 25–29, 30–34, 35–39 and � 40 years) to the mod-

els together with the other model terms.

A logistic regression model assumes that all subjects

have been observed for the same length of time (i.e. equal

length of follow-up or risk time) or that the length of

follow-up does not affect the risk. If this assumption is vio-

lated, bias may be introduced. For this purpose, birth year

was included in all models. We also performed a sensitivity

analysis on data from Denmark, Finland and Sweden, as

these countries had information about the date of ASD

diagnosis. For the sensitivity analyses, comparing between

CS and vaginal delivery, we estimated the hazard ratios

(HR) of ASD across subgroups of gestational age based on

the hazard ratio obtained by fitting stratified Cox regres-

sion with age at diagnosis as the underlying time scale, ad-

justing for site, sex and maternal age group. To adjust for

calendar effects, we fitted the Cox regression with different

strata for each birth-year group.26

All statistical tests were performed using the two-sided

5% level of significance and corresponding two-sided 95%

CI’s. We did not adjust for multiplicity of statistical tests. It

was not possible to identify siblings in the data and correct

for possible sibling correlations in the analyses. Models’

goodness of fit was addressed by calculating the Pearson chi-

square test and the Hosmer–Lemeshow test. All statistical

analyses were performed using the R-software version 3.2.1.

Results

The study cohort included a total of 5 250 034 births. After

sequentially excluding 99 072 who were born very early

(< 26) or very late (> 44) weeks of gestational age,

146 619 multiple births and 16 957 who died before age of

1 year, 4 987 390 (95% of the total) remained in the final

data for analysis (ST 1B). Sweden contributed 41% of the

final data, Norway and Finland each contributed around

21% and Denmark and WA each contributed less than

10%. Of the final data, a total 4 315 744 (86.5%) children

were delivered by vaginal birth, 243 749 (4.9%) by

planned CS, 291 106 (5.9%) by emergency CS and

136 791 (2.7%) by unspecified CS. There were 31 073

(0.6%) children with ASD, of whom 10 418 children were

diagnosed with AD (0.2% of total). Study cohort distribu-

tions of births, ASD and AD cases, sex, birth year, parental

age and sites are shown in Table 1 by mode of delivery.

The vast majority of the deliveries (96.3%) were in gesta-

tional weeks 36–42 (ST 2, available as Supplementary data

at IJE online). The most frequently occurring

gestational age at delivery was 40 weeks for vaginal birth

(30.4%), 38 weeks for planned CS (34.6%), 39 weeks for

emergency CS (21.2%) and 38 weeks for unspecified CS

(24.4%). The absolute risk of ASD declined with increasing

gestational age: the risk of ASD declined from 1.42% at ges-

tational weeks 26–30 to 0.3% at gestational weeks 44 (ST

3, available as Supplementary data at IJE online). Overall,

birth deliveries by CS had a higher risk to develop ASD than

vaginal births, throughout gestational weeks 26–44.

Caesarean section versus vaginal delivery by

gestational ages

The upper part of Table 2 summarizes the results of the

primary analysis. Compared with vaginal delivery, CS was

associated with a statistically significant increased risk of

ASD, with and without adjustment of potential confound-

ers (site, birth year, sex and maternal age): crude

OR¼ 1.33 (95% CI 1.29–1.37) and adjusted OR¼1.32

(95% CI 1.28–1.36). Further adjustment by including
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gestational age as a covariate resulted in OR¼ 1.26 (95%

CI 1.22–1.30). As shown in Figure 1, the OR of ASD fol-

lowing CS was statistically significantly elevated across all

gestational age subgroups (26–36, 37–38, 39–41 and 42–

44 weeks of gestation). When the OR of ASD was esti-

mated by week of gestation we found a statistically signifi-

cant association between CS and ASD, starting from week

36 through week 42 (Figure 2).

Emergency versus planned CS

The risk of ASD was similar for emergency and planned

CS, both overall (OR¼ 0.99, 95% CI 0.92–1.06) and by

gestational week (Figure 3). Broadly similar OR patterns

were seen for ASD when comparing emergency CS with

vaginal delivery and planned CS with vaginal delivery

across gestational age (SF 1a and b, respectively, available

as Supplementary data at IJE online).

Site comparison: caesarean section versus

vaginal delivery by gestational ages

Between sites, there were broadly similar OR patterns for

ASD in children delivered by CS compared with children

delivered by vaginal delivery by gestational age group

(Figure 4; and ST 4, available as Supplementary data at IJE

online). In the 37–38 weeks gestational age group, only

Denmark had an OR point estimate less than 1. In the 39–

41 weeks gestational age group, all ORs were greater than

Table 1. Study cohort characteristics by mode of delivery: vaginal or caesarean section

Characteristic Vaginal delivery

Frequency (%)

Type of caesarean section All deliveries

Frequency (%)
Planned

Frequency (%)

Emergency

Frequency (%)

Unspecified

Frequency (%)

Number of singleton live births 4 315 744 243 749 291 106 136 791 4 987 390

ASD 25 750 (0.6) 1959 (0.8) 2274 (0.8) 1090 (0.8) 31 073 (0.6)

AD 8364 (0.2) 726 (0.3) 899 (0.3) 329 (0.2) 10 418 (0.2)

Male 2 201 829 (51.0) 126 614 (51.9) 158 305 (54.4) 72 432 (53.0) 2 559 180 (51.3)

Gestational age group, weeks

26–36 156 667 (3.6) 28 252 (11.6) 35 106 (12.1) 20 017 (14.6) 240 042 (4.8)

37–38 666 512 (15.4) 108 434 (44.5) 60 518 (20.8) 44 648 (32.6) 880 112 (17.6)

39–41 3 176 324 (73.6) 97 599 (40.0) 163 326 (56.1) 62 500 (45.7) 3 499 749 (70.2)

42–44 316 241 (7.3) 9464 (3.9) 32 156 (11.0) 9626 (7.0) 367 487 (7.4)

Site

Norway 924 475 (21.4) 38 518 (15.8) 65 691 (22.6) 23 713 (17.3) 1 052 397 (21.1)

Denmarka 417 399 (9.7) 26 129 (10.7) 50 952 (17.5) NA 494 480 (9.9)

Finland 891 684 (20.7) 60 386 (24.8) 62 981 (21.6) 33 496 (24.5) 1 048 547 (21.0)

Sweden 1 802 958 (41.8) 82 684 (33.9) 81 561 (28.0) 79 582 (58.2) 2 046 785 (41.0)

Western Australiaa 279 228 (6.5) 36 032 (14.8) 29 921 (10.3) NA 345 181 (6.9)

Birth year

1984–89 1 033 497 (23.9) 14 419 (5.9) 15 584 (5.4) 108 611 (79.4) 1 172 111 (23.5)

1990–94 1 089 289 (25.2) 66 235 (27.2) 69 122 (23.7) 18 673 (13.7) 1 243 319 (24.9)

1995–99 1 100 194 (25.5) 78 929 (32.4) 93 187 (32.0) 3861 (2.8) 1 276 171 (25.6)

2000–04 1 092 764 (25.3) 841 66 (34.5) 113 213 (38.9) 5646 (4.1) 1 295 789 (26.0)

Maternal age group, years

< 25 540 990 (12.5) 21 474 (8.8) 33 098 (11.4) 11 878 (8.7) 607 440 (12.2)

25–29 1 374 489 (31.8) 59 875 (24.6) 84 384 (29.0) 38 272 (28.0) 1 557 020 (31.2)

30–34 1 880 473 (43.6) 107 865 (44.3) 120 347 (41.3) 63 821 (46.7) 2 172 506 (43.6)

35–39 4 725 66 (10.9) 47 635 (19.5) 45 682 (15.7) 20 538 (15.0) 586 421 (11.8)

� 40 47 226 (1.1) 6900 (2.8) 7595 (2.6) 2282 (1.7) 64 003 (1.3)

Paternal age group, yearsb

<25 167 094 (3.9) 5 286 (2.2) 13 209 (4.5) 2780 (2.0) 188 369 (3.8)

25–29 703 734 (16.3) 27 848 (11.4) 49 584 (17) 17 458 (12.8) 798 624 (16.0)

30–34 1 677 060 (38.9) 81 806 (33.6) 98 347 (33.8) 53 507 (39.1) 1 910 720 (38.3)

35–39 697 362 (16.2) 50 717 (20.8) 48 436 (16.6) 24 634 (18.0) 821 149 (16.5)

� 40 178 810 (4.1) 17 706 (7.3) 18 549 (6.4) 4916 (3.6) 219 981 (4.4)

ASD, autistic spectrum disorder; AD, autistic disorder; NA, data not available.
aDenmark and Western Australia had no unspecified category for caesarean section.
bFinland had no information on paternal age. The sum of the frequencies does not add up to the total births.
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1. Although Norway had a somewhat higher OR point es-

timate in the gestational age group 39–41 weeks, the direc-

tion was consistent with other sites. In the per week of

gestation analysis, there was a statistically significant

higher risk of ASD in children born by CS at 36–42 weeks

of gestation, which was consistent across sites (SF 2, avail-

able as Supplementary data at IJE online). The heterogen-

eity (Cochrane Q) test results indicated no site

heterogeneity (all p-values> 0.9). We found no quantita-

tive differences in the estimated ORs of ASD among chil-

dren delivered by CS compared with vaginal delivery in the

site influence analysis (SF 3, available as Supplementary

data at IJE online).

Subgroup and sensitivity analyses

The OR of ASD among children delivered by CS compared

with vaginal delivery was similar for boys (OR¼ 1.25,

95% CI 1.20–1.29) and girls (OR¼ 1.30, 95% CI 1.22–

1.38). The gestational age group 39–41 weeks had the

highest point estimate of OR for both sexes (SF 4 and ST

5, available as Supplementary data at IJE online).

The results of the sensitivity analyses for ASD are given

in the lower part of Table 2. Restricting to firstborn chil-

dren, the OR for ASD of CS versus vaginal delivery was

estimated to be 1.22 (95% CI 1.15–1.30). Excluding

Finland and adding paternal age as a covariate, the OR for

ASD of CS versus vaginal delivery was 1.27 (95% CI 1.22–

1.31). The OR estimate only differed by the fourth decimal

when we excluded paternal age in this restricted cohort.

Using Cox regression models, the HR for ASD of CS versus

vaginal delivery was 1.27 (95% CI 1.23–1.31). Restricted

to the same date-of-diagnosis cohort (Denmark, Finland

and Sweden), the OR for ASD of CS versus vaginal deliv-

ery was 1.25 (95% CI 1.21–1.29).

The results of AD are summarized in ST 6–7 (available

as Supplementary data at IJE online). Without adjustment

for gestational age, the OR for AD of CS compared with

vaginal delivery was 1.42 (95% CI 1.35–1.49), and after

including gestational age (26–36, 37–38, 39–41 and 42–44

weeks) the OR was estimated as 1.34 (95% CI 1.27–1.41).

The results of all the sensitivity analyses [firstborn only,

including paternal age (Finland excluded) and Cox regres-

sion analysis] were similar and the estimated ORs and HRs

ranged from 1.31 tot 1.35. CS was significantly associated

with AD in all gestational age subgroups (26–36, 37–38,

39–41 and 42–44 weeks) (SF 5, available as

Supplementary data at IJE online).

For all analyses (ASD, AD and subgroups), the goodness-

of-fit analyses (Hosmer–Lemshow test) supported the as-

sumption of data following a binomial distribution.

Discussion

To date, this is the largest population-based study of asso-

ciation between caesarean section and the risk of ASD. We

included five million singletons in five countries (Norway,

Sweden, Denmark, Finland and Western Australia) with

Table 2. Odds ratios (OR) and hazard ratios (HR) with two-sided 95% confidence intervals (CI) of autism spectrum disorder

(ASD) among births delivered by caesarean section (CS) compared with vaginal delivery, considering different subgroups of

birth data

Analysis Vaginal births (ASD %) CS births (ASD %) OR (95% CI)

Primary analysis:

Crude estimate without adjustment 4 987 390 (0.6) 31 073 (0.8) 1.33 (1.29–1.37)

M1: without adjusting for gestational age 4 987 390 (0.6) 31 073 (0.8) 1.32 (1.28–1.36)

M2: adjusting for gestational age 4 987 390 (0.6) 31 073 (0.8) 1.26 (1.22–1.30)

Subgroup analysis:

M3: firstborn only 960 021 (0.7) 167 751 (0.8) 1.26 (1.22–1.30)

M4: including paternal age 3 423 186 (0.6) 515 657 (0.8) 1.27 (1.22–1.31)

M5: Cox regression (HR) 3 111 057 (0.8) 478 622 (1.0) 1.27 (1.23–1.31)

M6: logistic regression, restricted date-of-diagnosis cohort 3 111 057 (0.8) 478 622 (1.0) 1.25 (1.21–1.29)

M1: logistic regression models included site (Denmark, Finland, Norway, Sweden, Western Australia), sex, birth year (1984–89, 1990–94, 1995–99, 2000–04)

and maternal age (< 25, 25–29, 30–34, 35–39, � 40) as covariates.

M2: M1 þ gestational age in weeks group (26–36, 37–38, 39–41, 42–44).

M3: M2 but only included firstborn.

M4: M2 þ including paternal age (< 25, 25–29, 30–34, 35–39, � 40) as covariates, but excluded data from Finland due to missing information of paternal

age.

M5: stratified Cox regression models using birth years (1984–89, 1990–94, 1995–99, 2000–04) as strata, and with covariates site (Denmark, Finland, Norway,

Sweden), sex, birth year (1984–89, 1990–94, 1995–99, 2000–04), maternal age (< 25, 25–29, 30–34, 35–39, � 40) and gestational age (26–36, 37–38, 39–41,

42–44).

M6: Denmark, Finland and Sweden were included and used the same set of variables as M5.
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more than 31 000 prospectively ascertained cases of ASD.

Births delivered by CS had a moderately increased risk of

ASD when compared with vaginal delivery, consistently

from 36 weeks to 42 weeks of gestation. On average, a

26% higher risk of ASD was presented in all births from

week 36 to 42, representing 95% of the total number of

births or 90% of all CS births. There was no evidence for

differences in ASD risk between emergency CS and

planned CS, overall or by week of gestation. Similar over-

all risk patterns were observed for males and females and

Figure 1. Odds ratios and two-sided 95% confidence intervals of autism

spectrum disorder following Caesarean section compared with vaginal

delivery in gestational age subgroups (weeks 26–36, 37–38, 39–41, and

42–44). Each odds ratio was estimated from logistic regression adjust-

ing for site (Denmark, Finland, Norway, Sweden, Western Australia),

sex, birth year (1984–89, 1990-1994, 1995–99, and 2000-2004) and

maternal age (<25, 25–29, 30–34, 35–39, �40).

Figure 2. Odds ratios and two-sided 95% confidence intervals of autism

spectrum disorder following Caesarean section compared with vaginal

delivery by week of gestation (weeks 26–30 as one group). Each odds

ratio was estimated from logistic regression adjusting for site

(Denmark, Finland, Norway, Sweden, Western Australia), sex, birth

year (1984–89, 1990–1994, 1995–99, and 2000–2004) and maternal age

(<25, 25–29, 30–34, 35-39, �40).

Figure 3. Odds ratios and two-sided 95% confidence intervals of autism

spectrum disorder following emergency Caesarean section compared

with planned Caesarean section by week of gestation (weeks 26–30 as

one group). Each odd ratio was estimated from logistic regression

adjusting for site (Denmark, Finland, Norway, Sweden, Western

Australia), sex, birth year (1984–89, 1990–1994, 1995–99, and 2000–

2004) and maternal age (<25, 25–29, 30–34, 35–39, �40).

Figure 4. Odds ratios and two-sided 95% confidence intervals of autism

spectrum disorder following Caesarean section compared with vaginal

delivery in gestational age subgroups (weeks 26–36, 37–38, 39–41, and

42–44) for each site. WA: Western Australia. Each odds ratio was esti-

mated from ordinary logistic regression adjusting for sex, birth year

(1984–89, 1990-1994, 1995-99, and 2000–2004) and maternal age (<25,

25–29, 30–34, 35–39, �40).
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for AD specifically, and the patterns remained robust

across a variety of sensitivity analyses.

Differently from previous studies,11–16,27,28,39–42 and

made possible by the high statistical power, we were able

to precisely estimate the association between CS and ASD

in specific weeks of gestation, in subgroups of male and fe-

male offspring and for AD separately. Using a long study

period, including sites with different type of diagnostic

registries (medical registries versus government-maintained

service/benefits registries), varying incidence of CS and

ASD and differing medical practice (planned CS without

medical indication is more common in WA than Nordic

counties) strengthens the generalizability of our results.

Our results did not support our original hypotheses that

CS conducted at or near full term has lower risk than CS

conducted preterm, nor that emergency CS has a higher

risk of ASD than planned CS. Although the precision of

the risk estimates is lower for below 36 weeks of gestation

compared with 36–42 weeks, the point estimates for ASD

risk from CS below 36 weeks did not indicate any

increased risk. This could mean that CS alone before 36

weeks does not add any additional risk for ASD, beyond

the risks associated with the adverse medical indications

leading to CS or with fetal prematurity. In contrast, CS

may confer additional risk for ASD above risks associated

with factors leading to CS between 36 and 42 weeks of ges-

tation. Also, the risks from planned and emergency CS

were very similar even during weeks 36–42 of gestation,

indicating there might be induced risk from CS per se at or

near term. A previous meta-analysis was carried out to

examine the association between CS and ASD.16 When re-

stricted to the 13 studies which had adjusted for other

covariates (only nine of which were published after

199012–15,27,28,39–41 and only one of which39 had more

cases than our smallest site), a pooled OR of 1.23 (95% CI

1.07–1.40) was obtained.16 The pooled estimate is similar

in magnitude to our overall estimate but with considerably

lower precision.

In addition to the ‘before term’ hypothesis, there are

several other hypotheses regarding the potential relation-

ship between delivery by CS and ASD. In one study of first-

born children, the risk of ASD was 52% higher in infants

whose CS was performed under general anaesthesia than

among those who were delivered vaginally or born through

CS under regional anaesthesia.42 Neurotoxicity related to

neonatal exposure to general anaesthesia might be a contri-

buting factor. However, we found that the OR for ASD

following emergency CS (more likely to be performed

under general anaesthesia) was similar to the OR following

planned CS. Exposure to skin microbiota due to the CS

procedure29 and the beneficial effect of being born vagi-

nally (enhancing the immune system)43–45 are other

potential hypotheses. Last, there are indications that CS

may increase risk of immunological diseases since the child

is not exposed to the stress following a vaginal delivery,46

which normally would initiate positive changes in epigen-

etic expression.

Even though CS, planned or emergency, appears to be

associated with a complex mix of factors also associated

with ASD risk,47 we did not see a difference in risk of ASD

from planned versus emergency CS, even in near-term and

term deliveries. Similar to our results, a recent population-

based study11 reported that both elective (planned) CS and

emergency CS were associated with increased risk of ASD

also when adjusting for selected confounding factors. By

restricting the population to families with at least two sib-

lings they were able to further adjust for familial confound-

ing. When adjusting for familial confounding neither

emergency CS nor elective CS was associated with ASD,

indicating tha the association may not be directly causal

and implying that unknown familial factors might explain

the increased risk of both CS and ASD. However, bias

from residual confounding may still remain, e.g. confound-

ing by calendar time arising from changes in obstetric prac-

tice over time. In addition, mode of delivery in one

pregnancy influences mode of delivery in a subsequent

pregnancy, which cannot be controlled for in a sibling de-

sign. Assuming the unknown familial factors truly exist

and that they are not being influenced by the aforemen-

tioned potential biases, our results indicate that the ORs

associated with these familiar factors increase the risk of

CS and ASD consistently across gestational weeks 36 to

42. A similar pattern also appeared consistently across

study sites. Further work is needed to disentangle the con-

tributions to ASD risk arising from the underlying indica-

tions versus the procedure itself, in both planned and

emergency CS.

The major strength of this study is the large multina-

tional sample size with prospective follow-up. With ap-

proximately 5 million live-born singletons and 31 073 ASD

cases, our study is more than three times larger than the

previous meta-analyses16,48 and almost twice the size of

the recent Swedish study, thus providing higher statistical

power to conduct more detailed subgroup analyses. For in-

stance, in the gestational week-by-week analyses con-

ducted by each site alone (SF 2), all 95% CIs included 1.0

(with the only exception at gestational week 44 for

Norway) despite the consistent elevated ORs from gesta-

tional weeks 36 to 44 across sites. Our study also has limi-

tations: the follow-up period from birth to reported

diagnosis of ASD is too short for some of the birth years.

For example, in Norway the follow-up was until 2006, but

the last birth year included was 2004, i.e. the children were

2 years old and unlikely to be diagnosed with ASD. Since
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logistic regression is not able to directly adjust for the dif-

ferences in length of follow-up for different individuals due

to censoring, a bias may have been introduced. For this

reason we fitted Cox regression as a complementary

model. Even though we did not have information for all

types of censoring, e.g. date of emigration or date of death

of a child, this should not affect the results.

First, we only included children surviving their first year

of life, removing the possibility of early censoring due to

infant death, although the child death rates in the countries

in the study are among the lowest in the world. On the

other hand, the requirement of surviving the first year of

life might potentially induce selection bias (i.e. collider

stratification). However, ASD diagnosis before 1 year of

age is extremely rare, so such bias should be small. Second,

emigration out of the Nordic countries is very low. Third,

bias could be introduced if participants are lost to follow-

up due to reasons related to CS or gestational age. We see

no reason to suspect differences in follow-up due to CS, al-

though children born at early or late term could be at

slightly higher risk of censoring due to death or comorbid-

ity, hiding symptoms of autism. Nevertheless, the ORs from

logistic regression agreed very closely with the hazard ratios

from Cox regression. Also noteworthy is the varying re-

ported ASD frequency between countries. For example, the

prevalence of ASD is about one-fifth in Norway compared

with the other countries. One possible explanation is that

the diagnostic data from Norway were derived from

government-maintained service/benefits registries, whereas

other countries’ diagnostic data were from medical regis-

tries (with WA as an exception). Results from the leave-

one-out site influence analysis indicated that the different

type of diagnostic data did not influence the estimated ORs.

Our study also has similar limitations compared with

previous studies, in that we did not have access to the

underlying indication for CS nor sufficient information to

conduct sibling designed analysis. Although several poten-

tial confounders, e.g. parental psychiatric information, ma-

ternal diabetes, pre-eclampsia and socioeconomic status,

are available in each site, iCARE data do not contain such

information. Also, iCARE was purposely designed to focus

only on ASD and does not contain information on other

psychological developments, such as attention-deficit/

hyperactivity disorder (ADHD) or intellectual disability,

which have also been reported to be associated with

CS.15,49,50 As ultrasound dating of pregnancies was not uni-

versally used throughout the cohort, there may be some

(but not) large inaccuracy in gestational age. However, the

distribution of gestation periods at delivery (with the vast

majority delivered at term) is reassuring in this regard. Due

to the constraint of information available in the database,

our classification of CS (planned and emergency) might be

too simple. WHO recommended the 10-group classification

(also known as Robson’s classification) as a global standard

for assessing, monitoring and comparing CS rates interna-

tionally based on simple obstetric parameters (parity, previ-

ous CS, gestational age, onset of labour, fetal presentation

and number of fetuses). However, this classification still

does not explicitly record the underlying indication for

doing CS nor differentiation of elective (maternal request in

the absence of maternal or fetal indications) and emergency

CS. Finally, we could not take into account the date of

death or the date of immigration in the Cox regression ana-

lysis, since iCARE does not contain such information.

Conclusion

Across the five countries, birth delivery by CS, planned or

emergency, is consistently associated with a modest

increased risk of ASD from gestational weeks 36 to 42

when compared with vaginal delivery. These findings may

have important implications, especially given the rise in CS

around term for non-medical indications.
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