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IMPORTANCE The origins and development of autism spectrum disorder (ASD) remain

unresolved. No individual-level study has provided estimates of additive genetic, maternal,

and environmental effects in ASD across several countries.

OBJECTIVE To estimate the additive genetic, maternal, and environmental effects in ASD.

DESIGN, SETTING, AND PARTICIPANTS Population-based,multinational cohort study including

full birth cohorts of children fromDenmark, Finland, Sweden, Israel, andWestern Australia

born between January 1, 1998, and December 31, 2011, and followed up to age 16 years.

Data were analyzed from September 23, 2016 through February 4, 2018.

MAIN OUTCOMES ANDMEASURES Across 5 countries, models were fitted to estimate variance

components describing the total variance in risk for ASD occurrence owing to additive

genetics, maternal, and shared and nonshared environmental effects.

RESULTS The analytic sample included 2001 631 individuals, of whom 1027 546 (51.3%)

weremale. Among the entire sample, 22 156 were diagnosed with ASD. Themedian (95% CI)

ASD heritability was 80.8% (73.2%-85.5%) for country-specific point estimates, ranging from

50.9% (25.1%-75.6%) (Finland) to 86.8% (69.8%-100.0%) (Israel). For the Nordic countries

combined, heritability estimates ranged from 81.2% (73.9%-85.3%) to 82.7%

(79.1%-86.0%). Maternal effect was estimated to range from0.4% to 1.6%. Estimates of

genetic, maternal, and environmental effects for autistic disorder were similar with ASD.

CONCLUSIONS AND RELEVANCE Based on population data from 5 countries, the heritability of

ASDwas estimated to be approximately 80%, indicating that the variation in ASD occurrence

in the population is mostly owing to inherited genetic influences, with no support for

contribution frommaternal effects. The results suggest possible modest differences in the

sources of ASD risk between countries.
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A
utismspectrumdisorder (ASD) is aneurodevelopmen-

tal disorder characterized by impairments in social

interactionandcommunicationand thepresenceof re-

stricted interests and repetitive behaviors.1,2

Autism spectrum disorder has both genetic and environ-

mental origins. Research into the genetic origins of ASD has

consistently implicated common and rare inherited variation

(heritability). However, evidence shows that there are other,

noninherited, genetic influences that couldbeassociatedwith

variation in a trait.3 Given the prenatal origins of ASD, an im-

portant source of such genetic influences could be maternal

effects.4 The term maternal effects is used to describe the

association of a maternal phenotype with ASD in offspring

(ie, thenoninheritedgenetic influencesoriginating frommoth-

ers beyond what is inherited by the offspring). Maternal ef-

fectshavebeenassociatedwitha substantial proportionof the

variation in several traits associatedwith ASD, including pre-

term birth5 and intelligence quotient.6 Research on nonge-

netic origins has frequently pointed to a role for environmen-

tal exposuresunique todifferent familymembers (nonshared

environment), an example of which is cesarean delivery.7 In

contrast, contribution from environmental exposures that

make family members similar (ie, shared environment), has

been uncertain.8

A meta-analysis of twin studies estimated heritability to

be in the range of 64% to 91%,8 and 3 population-based stud-

ies from Sweden recently estimated the heritability of ASD to

be 83%,9 80%,4 and 66%.10 Among those earlier heritability

calculations from twin and family studies (eTable 1 in the

Supplement), a single study has estimatedmaternal effects,4

reportingmodest, if any, contribution toASD.Estimates of the

contribution of shared environment range from 7% to 35%,8

butmultiple studiesestimate thecontribution tobezero.4,9,11,12

Thus, although the origin and development of ASD has been

investigated for half a century, it remains controversial.

Thecurrentstudywasdesignedtorigorouslydeterminethe

contributionofvariousgenetic andnongeneticoriginshypoth-

esized for ASD.We aimed to estimate the heritability together

withmaternal effects and shared andnonshared environmen-

tal effects of ASD. To achieve this aim, we used what is to our

knowledge the largest-everdataset forpopulation-basedepide-

miologic autismresearch todate containing familydata from5

countries and generalized linear mixed models designed to

quantify the variation inASD liability owing to genetic and en-

vironmentaloriginsusinginformationaboutASDinfamilymem-

bersof varying levels of relatedness (eg, siblings, cousins).4We

aimedtoexaminetheconsistencyoftheseestimatesbycontrast-

ing the results across 5different countries. Datawere analyzed

for each country and in an individual-level pooled analysis for

Nordic countries tomaximize precision.

Methods

This studywasapprovedbytheDanishDataProtectionAgency,

the Danish National Board of Health, the institutional review

boards of theUniversity ofHaifa and theHelsinki Ethics Com-

mittee, the ethics committee of the Finnish National Insti-

tute forHealth andWelfare andhospital district of Southwest

Finland, the Swedish Ethical Review Board Stockholm, the

Department of Health Western Australia Human Research

Ethics Committee, and the Institutional Review Board of the

NewYork State Psychiatric Institute. Those bodieswaived the

need for informed consent because the study data were fully

deidentified.

Study Population

Thestudypopulationcomprisedall singleton livebirths inDen-

mark,Finland,Sweden, Israel, andWesternAustralia.ForDen-

mark, Sweden, Finland, and Western Australia, we included

all births between January 1, 1998, and December 31, 2007

(eAppendix 1 in the Supplement). For Israel, we included all

births between January 1, 2000, andDecember 31, 2011, from

offspring of an established cohort (eAppendix 2 in the

Supplement).13Multiple births were excluded because no in-

formation about zygosity was available. Individuals were

followed for a diagnosis of ASD frombirth up toDecember 31,

2014, in Sweden; December 31, 2013, in Denmark; December

31, 2012, in Finland; December 31, 2014, in Israel; and July 1,

2011, inWesternAustralia. Data on3-generational family link-

ages, allowing for the identification of parents, siblings, and

cousins, were available for all sites (eTable 2 in the Supple-

ment). Data were analyzed from September 23, 2016, to Feb-

ruary 4, 2018.

Outcome and Covariates Information

Outcomeandcovariate information (birthyear, sex)werepro-

videdbygovernment-maintainednational health registries.14

Different diagnostic systems were used across sites (eTable 2

in theSupplement) and thediagnostic codes forASDwerehar-

monized accordingly (eTable 3 in the Supplement). Data from

Israelwere only used for ASD analyses because autistic disor-

der (AD) diagnosiswas not available. Case ascertainment and

reliabilityandvalidityof registry-reporteddiagnoseshavebeen

published previously.15,16

Statistical Analysis

Analytic Samples and Statistical Models

Wechoseamultigenerational familydesignbecausethestrength

of genetically induced correlation for a given trait varies by the

degreeof relatednessbetween relatives,whichallowsadditive

Key Points

Question What are the etiological origins of autism spectrum

disorder?

Findings In a large population-basedmultinational cohort study

includingmore than 2million individuals, 22 156 of whomwere

diagnosed with ASD, the heritability of autism spectrum disorder

was estimated to be approximately 80%, with possible modest

differences in the sources of autism spectrum disorder risk

replicated across countries.

Meaning The variation in the occurrence of autism spectrum

disorder in the population is mostly owing to inherited genetic

influences, with no support for contribution frommaternal effects.
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genetic(heritability),maternal,andsharedenvironmentaleffects

tobeestimated.Aresidual term,whichiscommonly interpreted

as nonshared environmental effects, can also be estimated.17

Thus, nonshared environment will not be an estimate of non-

shared environmental effects only butwill also include contri-

butions from sources not explicitly represented by anymodel

parameters, including gene-environmental correlations and

part(s) of any gene-environmental interactions. We chose to

use the termnonsharedenvironment for this termtonotdiverge

fromearlierpublications in this field.Thedatapreparationand

modelingapproachhasbeendescribedindetailelsewhere4 (eAp-

pendix2 intheSupplement).Briefly,weusedthe3-generational

data sources to construct families that vary by genetic related-

ness and thereforeare informative for geneticmodeling.These

includedfull siblingsandcousins related throughtheirmothers

(maternalparallel cousins [mPCs]), or cousinsofother relation-

ships.Detailedexamples illustratinghowfamilieswerecreated

areprovided ineFigure 1 througheFigure5 in theSupplement.

Liability threshold models were fitted using the struc-

tured familydata todecompose thevariance in liability toASD

into additive genetic (A), maternal (M), and shared (C) and

nonshared (E) environmental components.Threenestedmod-

els were fitted: (1) the AE model: additive genetic (A) + non-

shared environment (E); (2) the ACE model: additive genetic

(A) + shared environment (C) + nonshared environment (E);

and (3) the ACME model: additive genetic (A) + shared envi-

ronment (C) + maternal effect (M) + nonshared environment

(E).Figure 1 andeTable4 in theSupplement showhowthedif-

ferent components of variance are derived fromdifferent cor-

relations between family members representing additive ge-

netic, sharedenvironment,andnonsharedenvironment.These

components can be derived from twins (monozygotic vs di-

zygotic); full siblings vs half siblings; and full siblings vs cous-

ins. The M component can only be derived from full siblings

vs mPCs vs cousins of other relationships and full siblings vs

maternal vs paternal half siblings. When involving half sib-

lings, correlation of shared environmental effect was set at 1

for maternal half siblings and 0 for paternal half siblings; an

assumptionbehindthisdecision is thatchildren livedwiththeir

mothers after a divorce and separation from the father, an as-

sumption frequentlymade in these typesofmodels; this is also

the rationale for excludinghalf siblings inour analytic sample.

Liability models using full siblings and cousins to estimate

A, C, and E have been used earlier and for other outcomes

(eg, skin cancer,18,19 M component on preterm birth5 and

preeclampsia,20,21 and comorbidity of 2 diseases).22To calcu-

late CIs, instead of relying on the assumption that estimates

follow an asymptotic normal distribution, we calculated

2-sided 95% CIs using profile likelihood methods.23

BecauseDenmark,Finland,andSwedensharesimilarhealth,

ascertainment, anddiagnostic systems, andbecauseof sample

sizeconsiderations, theprimarypooledanalysis focusedonthe

Danish,Finnish, andSwedishsamples.First,we fittedcountry-

specific models for Denmark, Finland, and Sweden. Then, a

model was fitted for the individual-level combined data from

Nordic countries. Next, we included 2 smaller samples from

Israel andWestern Australia. For each country, the categorical

covariatessex(malevs female)andbirthyearcohort (2006-2011

vs2000-2005forIsraeland2003-2007vs1998-2002forallother

countries) were included as fixed factors.

We used the ViPAR24 application running R statistical

software25version3.1.2 (RFoundation)onaLinuxRedHatver-

sion6.064-bit server (Hewlett Packard) or all calculations ex-

cept for Israel, for which we used R version 3.4.0 on a Linux/

GNU 64-bit server through Ubuntu 16.04 (Canonical Ltd).

Further details about the choice of statistical software and

analysis packages are provided in eAppendix 2 in the Supple-

ment.All tests of statistical hypothesesweredoneona2-sided

5% level of significance.

Sensitivity and Complementary Analyses

To delineate a more impaired subtype within ASD, we re-

peatedall analyses forAD, adiagnostic categorypresent in the

ninth and tenth revisions of the International Classification of

Figure 1. Variance Component Derivation FromCorrelations Between FamilyMembers
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Circles represent female and squares

represent male family members.

Curved arrows indicate family

relationships used in the calculations.

A indicates additive genetic effect;

C, shared environmental effect;

E, nonshared environmental effect;

M, maternal effect; andmPCs,

maternal parallel cousins.

a Half siblings were excluded from the

main analysis based on the

assumption on shared

environmental effect, which

assumes children always live with

their mother, and all 4 variance

components can be estimated with

full siblings and cousins (mPCs and

cousins of other relationships).

bTwins were excluded from the

present study owing to lack of

information about zygosity status.
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Diseases, Ninth Revision, Clinical Modification and the re-

vised third and the fourth edition of the Diagnostic and Sta-

tistical Manual of Mental Disorders. In addition, we per-

formed an extensive set of analyses to test the robustness of

our results. We performed 3 sensitivity analyses. For Finland

andWestern Australia, which had a small number of concor-

dance pairs, we refitted the ACEmodel using half siblings in-

stead of cousins. Because a lower prevalence could affect the

heritability estimates, we used data simulation reducing the

number of ASD cases in the Swedish analytic sample to

approximate prevalence rates in Finland and refitted the

ACEmodel. To illustrate themodel robustness,weplotted the

country-specific likelihoodfunctionsofadditivegenetic (A)and

shared environmental (C) effect for the ACE models. To test

the robustnessofour results, because theanalytic sampleused

for the statistical models did not include the entire study co-

hort,weperformedadditional analyses to ensure that theana-

lytic sample was representative of the study cohort. We also

compared age-specific outcomeascertainment and follow-up

pattern between countries by constructing country-specific

inverse Kaplan-Meier curves for ASD and AD assuming inde-

pendent censoring (eAppendix 3 in the Supplement).

Results

The analytic sample included 2001 631 children, of whom

1027 546 (51.3%) were male, from 680502 families followed

up to age 16 years. Of these, 22 156 (1.11%) childrenwere diag-

nosed with ASD (Denmark, 7580; Finland, 2968; Sweden,

10 563; Israel, 490; Western Australia, 555) (Table 1). Out-

come ascertainment information across sites can be found in

eTable 2 and eTable 3 in the Supplement, which provide in-

formation about the diagnostic codes used by the different

countries; eTable 9 provides information about the underly-

ing population from which we selected the analytic sample

used in the calculations.

Nordic Countries: Country-Specific and Combined Estimates

Country-specific point estimates of additive genetic effect

(narrow-sense heritability) ranged between 80.7% (95% CI,

74.1%-85.4%) (Denmark) and 84.1% (95% CI, 79.7%-88.1%)

(Sweden) for theAEmodel; 52.8%(95%CI, 29.7%-76.3%) (Fin-

land) and84.8% (95%CI, 76.2%-88.7%) (Sweden) for theACE

model; and 50.9% (95%CI, 25.1%-75.6%) (Finland) and 81.1%

(95% CI, 69.9%-86.7%) (Sweden) for the ACME model. The

heritabilityestimates for theNordicpooledsamplewere82.7%

(95%CI, 79.1%-86.0%) for theAE,82.2%(77.2%-85.9%) for the

ACE model, and 81.2% (95% CI, 73.9%-85.3%) for the ACME

model (Table 2; Figure 2).

Country-specificpointestimatesofmaternaleffects ranged

between 0.4% and 1.6% in the ACME model, and the Nordic

pooledsampleestimatewas0.5%,but inallmodels the2-sided

95%CIs included zero (Table 2; eFigure 12 in the Supplement).

Country-specific point estimates of shared environmen-

tal effects ranged between 0.0% (95% CI, 0.0%-4.6%) (Den-

Table 1. Outcomes and Characteristics of the Analytic Sample

Outcome

Countries

TotalDenmark Finland Sweden Israel Western Australia

Families, No.a 183 034 160 570 262 047 37 430 37 421 680 502

Children, No.b 528 052 472 959 753 125 131 147 116 348 2 001 631

Sex, No.

Male 270 844 241 909 388 126 67 237 59 430 1 027 546

Birth cohort

1998-2002 270 564 240 984 360 351 75 220c 57 822 974 085

2003-2007 257 488 231 975 392 774 55 927d 58 526 929 721

ASD cases, No. 7580 2968 10 563 490 555 22 156

AD cases, No. 2676 709 4303 NA 459 8147

Asperger syndrome, No. 1731 1044 3557 NA 7 6339

PDD-NOS 3173 1215 2703 NA 89 7180

Children, No.

Cousinse 467 836 404 410 652 803 113 851 109 550 1 748 450

mPCsf 119 257 104 218 168 524 25 052 28 899 445 950

Full siblingsg 355 099 330 948 518 762 106 893 80 394 1 392 096

ASD concordance pairs, No.

Cousins 99 10 121 4 2 236

mPCs 30 3 33 3 1 70

Full siblings 191 69 353 7 19 639

Abbreviations: AD, autistic disorder; ASD, autism spectrum disorder;

mPCs, maternal parallel cousins; NA, not available; PDD-NOS, pervasive

developmental disorder not otherwise specified.

a Data were organized in unit of family based on relatedness type in the

Methods section.

bOwing to data structure requirement by the statistical modeling, replicates

exist (eAppendix 2: Analytic Sample Ascertainment in the Supplement).

c Birth cohort 2000-2005.

dBirth cohort 2006-2011.

e Cousins are defined as children (cousins and full siblings) in the paired cousin

families.

f mPCs is defined as children (cousins and full siblings) in the families based on

maternal parallel cousin pairs.

g Full siblings are defined as full siblings from all 4 types of families defined

based on relatedness.
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mark) and 14.5% (95%CI, 4.5%-29.2%) (Denmark) in the ACE

model and 0.0% (95% CI, 0.0%-3.7%) (Sweden) and 14.0%

(95% CI, 0.0%-28.6%) (Finland) in the ACMEmodel. The es-

timates from the Nordic pooled sample ranged between

0.2% (95% CI, 0.0%-2.3%) for the ACE and 0.3% (95% CI,

0.0%-2.2%) for the ACMEmodel; CIs included zero (Table 2;

eFigure 12 in the Supplement).

Country-specific point estimates for nonshared environ-

mental effects ranged between 16.0% (95% CI, 11.9%-20.4%)

(Sweden) and 19.3% (95% CI, 14.6%-25.9%) (Denmark) in the

AE model; 15.1% (95% CI, 11.1%-21.1%) (Sweden) and 32.8%

(95% CI, 17.6%-51.1%) (Finland) in the ACEmodel; and 17.5%

(95% CI, 12.5%-22.5%) (Sweden); and 33.6% (95% CI, 17.6%-

53.9%) (Finland) for the ACME model. The Nordic pooled

sample estimates were 17.3% (95% CI, 14.0%-20.9%) for the

AE model; 17.7% (95% CI, 13.9%-26.5%) for the ACE model;

and 18.1% (95%CI, 14.1%-21.7%) for theACMEmodel (Table 2;

eFigure 13 in the Supplement).

Israel andWestern Australia

Owing to sample size limitations for Israel and Western Aus-

tralia, only the ACE model could be fitted for these 2 coun-

tries. Results for Israel for additive genetic effect (86.8%

[95% CI, 69.8%-100.0%]) were similar to those from Den-

mark andSweden,whereas results fromWesternAustralia re-

sembled those from Finland (additive genetic effect 53.8%

[28.5%, 74.3%]) (Table 3; eFigure 6 in the Supplement).

Sensitivity Analyses

BecauseFinland andWesternAustralia showed reducedheri-

tability estimates and an increased contribution from shared

environment to ASD compared with the remaining countries

(Table 2, eFigure 6 in the Supplement), we executed a series

of sensitivity analyses. Finland and Western Australia had a

small numberof concordant cousinpairs, andwe therefore re-

fitted theACEmodelusinghalf siblings insteadof cousins.The

Figure 2. Autism SpectrumDisorder (ASD): Estimated Shared

Environmental andMaternal Effect (2-Sided 95%CI)

for Denmark, Finland, Sweden, and Nordic Countries Combined
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All estimates are recalculated to fraction of variation explained. A indicates

additive genetic effect; C, shared environmental effect; E, nonshared

environmental effect; andM, maternal effect.

Table 2. Autism SpectrumDisorder: Estimated Variance Componentsa and Associated 2-Sided 95%CI

for Denmark, Finland, Sweden, and Nordic Countries Combinedb

Model and Population

Random Effects (95% CI)

Additive Genetic (A) Shared Environment (C) Maternal (M) Nonshared Environment (E)

Model 1: A + E

Country specific

Denmark 80.7 (74.1-85.4) NA NA 19.3 (14.6-25.9)

Finland 80.8 (73.2-85.5) NA NA 19.2 (14.5-26.8)

Sweden 84.1 (79.7-88.1) NA NA 16.0 (11.9-20.4)

Nordic countries
combined

82.7 (79.1-86.0) NA NA 17.3 (14.0-20.9)

Model 2: A + C + E

Country specific

Denmark 80.4 (71.3-86.8) 0.0 (0.0-4.6) NA 19.6 (12.9-25.3)

Finland 52.8 (29.7-76.3) 14.5 (4.5-29.2) NA 32.8 (17.6-51.1)

Sweden 84.8 (76.2-88.7) 0.1 (0.0-3.4) NA 15.1 (11.1-21.1)

Nordic countries
combined

82.2 (77.2-85.9) 0.2 (0.0-2.3) NA 17.7 (13.9-26.5)

Model 3: A + C + M + E

Country specific

Denmark 78.9 (65.4-84.3) 0.1 (0.0-4.8) 0.4 (0.0-6.9) 20.6 (14.6-26.5)

Finland 50.9 (25.1-75.6) 14.0 (0.0-28.6) 1.6
(0.0-13.4)

33.6 (17.6-53.9)

Sweden 81.1 (69.9-86.7) 0.0 (0.0-3.7) 1.4 (0.0-6.6) 17.5 (12.5-22.5)

Nordic countries
combined

81.2 (73.9-85.3) 0.3 (0.0-2.2) 0.5 (0.0-3.5) 18.1 (14.1-21.7)

Abbreviation: NA, not applicable.

a All estimates are recalculated to

fraction of variation explained, the

proportion of total variance

explained by each random effect

(eAppendix 2 in the Supplement).

bNordic countries combined are

Denmark, Finland, and Sweden.
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estimates from the ACE model for Finland andWestern Aus-

tralia using this approach were more similar to those ob-

served for the other countries. For example, for Finland, heri-

tability was estimated to 70.6%; shared environment

estimated,9.4%;andnonsharedenvironment,20.0%(eTable5

in the Supplement).

Usinga simulationapproach,we reduced theSwedishASD

prevalence to approximate the level inFinland (Sweden simu-

lation: 6.91 ASD cases per 1000 vs Finland, 6.89 cases per

1000).Theheritability estimate fromthis simulationwasmore

similar to that of Finland (simulation: 62.0% [95% CI, 54.1%-

70.9%] vs Finland above, 50.9% [95% CI, 25.1%-75.6%]), but

the shared environmental effect was 0.7% (95% CI, 0.0%-

6.8%) compared with Finland (14.0% [95% CI, 0.0%-28.6%])

(eTable 6 in the Supplement). Taken together, the sensitivity

analyses indicate that a randomunderascertainment of cases

may underestimate the true heritability and increase the

observed shared environment component. This is also re-

flected in the cumulative probability for diagnosis. Denmark

and Sweden both have similar increasing cumulative prob-

ability of ASD and AD up to age 16 years, whereas the ascer-

tainment in Western Australia and Finland is predominantly

at younger ages (ASD, eFigure 10 in the Supplement; AD,

eFigure 11 in the Supplement).

Complementary Analyses

Weestimated genetic and environmental contributions toAD

for Denmark, Finland, and Sweden. The Western Australian

sample was too small, and Israel reported ASD without sub-

types. Estimates of genetic, maternal, and environmental ef-

fectsweresimilarwithASD;additivegeneticeffect,ACEmodel:

84.6% (95% CI, 69.7%-88.7%) (Denmark), 72.7% (95% CI,

54.2%-81.0%) (Finland), 76.3% (95%CI, 62.3%-83.0%) (Swe-

den);maternal effects for theNordic combined sample, 0.6%

(95%CI,0.0%-4.9%), andnonsharedenvironmentACEmodel,

15.1% (95%CI, 10.6%-21.5%) (Denmark), 16.7%(95%CI, 13.0%-

24.5%) (Finland), 21.9% (95% CI, 16.0%-30.6%) (Sweden)

(eTable 7, eTable 8, eFigure 7, eFigure 14, andeFigure 15 in the

Supplement).

Demographicandclinical characteristicsof theanalytic co-

hort were representative of the corresponding populations

(Table 1 vs eTable 9 in the Supplement). By visual inspection,

(eFigure8andeFigure9 in theSupplement), therewerenodif-

ferences in ASD to AD rate (cases per 1000) between the co-

hort population and the analytic sample. Similarly, compari-

sons did not reveal any differences between siblings and

cousins with respect to parental age, interpregnancy inter-

val, parental education, or parental psychiatric history

(eTable 10 in the Supplement). In the analytic sample, com-

parisonsacrosscountriesshowedthatsiblingsandcousinswere

similarwith respect to sex ratio, ADproportion (percentage of

ASD), family size, and differences in age between sibling or

cousin pairs (eTable 11 in the Supplement).

All estimates of variance components were recalculated

to fractionof variation explained for comparison across coun-

tries, because anumberof rawestimateswere associatedwith

factors such as sample size and outcome rate (eTable 12 and

eTable 13 in the Supplement). The plotted likelihood func-

tions for the ACE model show the support in the data for es-

timating the variance components and the 2-sided 95% CIs

(eFigure 16 in the Supplement). Estimates of fixed para-

meters, sex, andbirth cohort for country-specific analyses and

country (Denmarkas reference) for the combinedanalyses are

reported for the ACEmodel, which is applicable for all coun-

tries (eTable 14 and eTable 15 in the Supplement).

Discussion

The present study evaluated the contribution of various ge-

netic and nongenetic factors to ASD risk. We estimated heri-

tability together with maternal effects and shared and non-

shared environment on ASD risk using population-based

datasets from 5 countries from what is to our knowledge the

largest family-baseddatabase for autism research todate. The

current study results provide the strongest evidence to our

knowledge to date that themajority of risk for ASD is fromge-

netic factors. Nonshared environmental factors also consis-

tentlycontribute to risk. In themodels thatcombineddata from

the 3 Nordic countries, the genetic factors explained at least

73.9 % of the variability in risk, and nonshared environment

atmost 26.5%basedon the lower andupper bounds of the re-

spective 95% CIs. These results are similar to those of recent

population-based cohorts4,9,10 as well as a recent meta-

analysis of twin studies,8 which estimated heritability in the

range of 64% to 91%.

When we estimated the maternal effect, however, its as-

sociation with variation in risk for ASD (and AD) was nonex-

istent orminimal. This corroborates a previous analysis of the

data from Sweden.4 The importance of this finding lies in the

insight it provides for understanding the risk factors associ-

ated with ASD. The absence of M effects indicates that there

is no strong evidence of a maternal effect, driven by genetic

factors sharedbetweensisters, associatedwith the riskofASD.

Proposed maternal risk factors for ASD such as obesity7,26,27

do notmap directly to components in the currentmodel. The

mechanisms through which such risk factors operate can be

better understood using other study designs and analytic ap-

proaches, including animal models and epidemiologic stud-

ies examining specific risk factors.

Table 3. Autism SpectrumDisorder: Estimated Variance Componentsa and Associated 2-Sided 95%CIs

for Israel andWestern Australia

Population

Random Effects (95% CI), % for Model 2: A + C + E

Additive Genetic (A) Shared Environment (C) Nonshared Environment (E)

Israel 86.8 (69.8-100.0) 0.1 (0.0-5.4) 13.1 (10.9-18.8)

Western Australia 53.8 (28.5-74.3) 25.2 (8.6-49.2) 21.0 (13.2-36.0)

a All estimates are recalculated to

fraction of variation explained, the

proportion of total variance

explained by each random effect

(eAppendix 2 in the Supplement).
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Like most studies,8,11 overall shared environmental fac-

tors contributedminimally to the risk of ASD.However, there

wasvariation intheresultsamongsamples.Althoughthe2 larg-

est samples (Denmark, Sweden) did not support shared envi-

ronmental influences, 2 other samples (Finland, Western

Australia)did. Somevariation isexpectedowing topopulation-

level differences.28Sharedenvironmental factors in this study

may reflect variables or processes that make members of the

same family similar beyond genetic factors. Indeed, studies

have suggested differences in genetic population structure

betweenFinlandand the rest of Europe,29,30which couldpar-

tially explain the increased shared environment and de-

creased heritability estimates for ASD in Finland. In addition,

the statistical models are sensitive to small sample sizes be-

cause they relyondifferences in the rateof concordant sibling-

cousin pairs to estimate the shared environment component,

asdemonstrated inoursensitivityanalyses.Biasowing tosmall

sample size, ascertainmentbias, orboth, could lead toelevated

estimates of shared environmental effect.

In the bulk of the analyses, results for AD and ASD were

similar: additive genetic effects accounted for the largest in-

fluence on liability, followed by contribution fromnonshared

environment, with little evidence for maternal or shared en-

vironmenteffects.Thepooledestimates forASDwere thesame

as for AD. Results for Israel were similar to those from Den-

mark andSweden,whereas results fromWesternAustralia re-

sembled those from Finland. We believe that these patterns

of resultsaddsupport to thehypothesis that severitymapsonto

the load of liability factors.4 Autistic disorder was part of the

9thand10th revisionsof the InternationalClassificationofDis-

eases and the revised 3rd and the 4th edition of theDiagnostic

andStatisticalManual ofMentalDisorders coding systemused

for diagnoses in this study but is not part of the currentDiag-

nostic and Statistical Manual of Mental Disorders, Fifth Edi-

tion, which does not separate ASD and AD.

The major strength of this study is the use of multiple

large population-based samples with individual-level data in

3-generation pedigrees. Our data were based on prospective

follow-upandhealthsystemswithequalaccess.Thisapproach,

followingall participants frombirthusingpopulation registers,

avoids bias owing to self-report and retrospective collection of

dataandreducesselectionbiasesowing todiseasestatusor fac-

tors suchasparental education. Inaddition toprovidingexcep-

tionalstatisticalpower, thestudydirectlyaddresses theconcern

of lackof replication in research findings31,32 replicating results

across 5 countries and health systems.

Most ASD heritability studies have used twins.8 Although

twins are important for etiological studies, also includingnon-

twinsiblingsprovidegreatergeneralizabilityandsimultaneously

improveprecision.A study fromSweden9,33used twins aswell

as full siblingsandmaternal andpaternalhalf siblings. Ina later

study,4withdataoverlappingwith thecurrentSwedishsample,

this approachwas extended to include cousins. In the current

study, we now also distinguishmaternal parallel cousins from

cousinsofotherrelationshipstoestimatematernaleffects.Twin

studies relyonveryspecific assumptionsaboutgenetic anden-

vironmentalcorrelations.Applyingdifferentstudydesignsmake

results lesssensitivetothesecrucialassumptions.Therearealso

different statistical techniques toestimate theunderlying (like-

lihood-based)models. Somestudies8,9,33usedstructural equa-

tionmodels,othersusedlikelihoodestimation4,5,20orcalculated

tetrachoriccorrelations.9,10Thesemethodsandapproachescome

with their own strengths and limitations, but taken together

theyprovideamorerobustdescriptionoftheunderlyingfactors.

Finally, therearealsoapproachesusinggeneticmarkers (single-

nucleotidepolymorphisms)toestimateheritability.10,34Although

thesemakeavaluablecontribution,currently theyprovideonly

a lowerbound forheritability.35Furthermore,multiple studies

have used questionnaire-based symptom checklists. Using

contemporary clinical diagnoses adds to generalizability and

helps to avoid biases that could be embedded in subclinical di-

agnoses. Finally,most previous heritability studies come from

a few countries (eTable 1 in the Supplement). Herein, we use a

study-replicationdesignwithdatafrom5largeandindependent

samples, addressinggeneralizabilityof results and the increas-

ing concern of bias and nonreproducibility of results from re-

search studies.31,35

Limitations

Ourstudyhasseveral limitations.Despite its largeoverall sample

size, theeffective sample size for individual countrieswas lim-

ited by the low prevalence of ASD.Misspecification is another

potential limitation. The first potentialmisspecification arises

fromthepossibleviolationof theassumptionof independence

betweengeneticandenvironment. If this correlation isnot spe-

cifically includedinthemodel, itscomponentswillmostlybe in-

corporated intotheestimateofgeneticvariancecomponent,po-

tentiallybiasingtheheritabilityestimate.Thedirectionofthebias

will depend on the sign of the covariance between genetic and

environmentalfactors.36Thesecondmisspecificationarisesfrom

plausiblegene-environment interactionsthatwerenotmodeled

andcouldalsobiastheheritabilityestimate.Thedirectionofbias

willdependonwhether theenvironmental component is famil-

ial andwhether the trait ismultifactorial.36Onepotential inter-

action, or subgroupdifference, is thedifference inhealth care–

seeking behavior between sister and sister and brother and

brother.Forexample, sistersmightbemore likely toshare infor-

mation andencourage early identification in their children. To

adjust for this, themodel shouldallowfordifferences in shared

environmenteffectsfordifferentparentalsiblingtypesorinclude

an interaction between shared environment and sibling type,

whichwould require an even larger sample size. Furthermore,

misspecificationof C andMwill cause anupwardbias of theM

componentbecausetheMeffect is theonlyeffect that is sibling-

typespecific (correlationofMisonlypresent in thesister-sister

pairandabsentinothersiblingpairs).Nevertheless,becausemost

of theMestimatesare close tozero (Table3), the riskofupward

bias shouldbeminimal.Anystudyusingdifferences inASDoc-

currencebetweensiblingpairswill relyontheassumptionof in-

dependentascertainment.Lackof independencewillmakepairs

moresimilar andmaytherefor inflate thecontribution fromthe

additivegeneticeffectaswell as sharedenvironment.Usingdif-

ferences in ASD variation betweenmonozygotic and dizygotic

twinscouldhavestrengthenedtheestimationofsharedenviron-

ment.However,becausewedidnothave informationaboutzy-

gosity status and because twins are well known to have an el-
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evated risk of being diagnosed with ASD15 we excluded twins

fromour calculations.

Conclusions

Based on population data from 5 countries, in what is to our

knowledge the largest study todate, theheritabilityofASDwas

estimated to be approximately 80%, indicating that the varia-

tion in ASD occurrence in the population is mostly owing to

inherited genetic influences, with no support for contribu-

tion frommaternal effects. The results suggest possiblemod-

est differences in the sources of ASD risk between countries.

The contributions of gene-environment interactions or corre-

lations between genes and environment to ASD risk are im-

portant unanswered questions.
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