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Social demographic change and autism

ABSTRACT

Parental age at child’s birth — which has increafedchildren born in the 1992-2000 birth
cohorts is strongly associated with an increasskdaf autism. By turning a social demographic
lens on the historical patterning of concordanceoragst twin pairs, we identify a central
mechanism for this associationde novo mutations -- deletions, insertions and duplicatiof
DNA in the germ cells that are not present in taeepts’ DNA. Along the way we show that a
demographic eye on the rising prevalence of autisres rise to three major discoveries. The
first is that social demographic change can yieddegic changes that at the population level
combine to contribute to the increased prevalericeuism. The second is that the estimated
heritability of autism has been dramatically ovatest. Third, we show that heritability estimates

can change over remarkably short periods of timeetduncreases in germ-cell mutations.
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INTRODUCTION

This article considers and provides a solutionato intriguing puzzle that involves
squaring the following four contradictory obsereas. The first observation is that in the
scientific community, autism is widely regardedh® the most genetic of all neuropsychiatric
disorders (Lamb et al. 2000). The second obsenvasidhat autism prevalence has increased
rapidly (roughly a ten-fold increase) over the pasir decades (Cohen et al. 2005). The third
observation is that fundamental changes in the hugeme pool are highly unlikely in one or
two generations and have never been observed pstyioThus, if autism is related to genes, it
seems axiomatic that the genetic foundation foriticeeased prevalence of autism rests on a
gene-environment interaction involving a changéhie environment. The fourth observation is
that molecular genetic research has identifiedytreetic basis for less than 15% of autism cases,
and no single known genetic cause explains mone 1h2% (Abrahams and Geschwind 2008;
Wang et al. 2009). A typical response to such dleidnight be to wait for the molecular genetic
research to catch up and identify a genetic catiaatsm. The evidence presented in this article
suggests instead we can start to square this aclonundrums by focusing our attention
towards a new, and profoundly different, observatiospecifically the observation of genetic
influence on autism througtte novo mutations arising from social demographic changere
the change of interest is increased parental age.

There is a strong relationship between parentlaag autism. The one study (King et al.
2009) that decomposes maternal and paternal agad-eonfounding cohort effects -- identifies
maternal age as riskier than paternal age (utditive California data deployed in this analysis).

Specifically, the categorical risks associated wataternal age over 40 years ranged from 1.27
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(95% CI1=0.95, 1.69) to 1.84 (95% CI=1.37, 2.47) #me risk associated with advanced paternal
age ranged 1.29 (95% CI=1.03, 1.6) to 1.71 (95%l @I, 2.08) over the study period reported
here. Over the same time, the proportion of childsern whose parents were age 35 or over at
birth increased rapidly: from 24.3% in 1992 to 36.2n 2000. This article proposes that the
relationship between advanced parental age andased autism risk arises at least in part from
de novo mutations, and uses a twin design to agisaspossibility*

To anticipate the main results of this article, fivst demonstrate that autism heritability
— defined in the narrow sense as the differenamircordance for autism between monozygotic
(M2Z) and dizygotic (DZ) twins -- is not as signidict as typically believed. This finding points
to the need to consider prenatal, social and enmismtal influences on autism risk. One social
factor — parental age at child’s birth — which hasreased substantially for children born over
the 1992-2000 birth cohorts is strongly associatgk an increased risk of autism. We identify a
central mechanism for this association de novo mutations -- deletions, insertions and
duplications of DNA in the germ-cells (sperm or ptftat are not present in the parents’ DNA.

Affecting the offspring’s DNA sequencde novo mutations may lead to genetic predisposition

Note that our twin design limits our inferenceswin births. While it is likely that the increased

risk for autism is associated with de novo mutatjoame cannot rule out an unobserved factor, for

example fertility treatments.
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to autism, yet do not require fundamental changethé human gene pobWe analyze the
temporal pattern of concordance for autism in tp#@irs over time and show that this pattern
reveals increasing genetic effects on autism. Ilyinae design and report findings of a critical
test that provides exceptionally detailed suppart the idea thatde novo mutations are
associated with autism. Along the way we show #habciological eye on the rising prevalence
of autism gives rise to three major discoveriese Tinst is that the estimated heritability of
autism — from family studies, where heritabilityferss to MZ-DZ difference in concordance --
has been dramatically overstated. Second, we shatvheritability estimates can change over
short periods of time due to the rising frequentgerm-cells mutations and there is evidence
that the heritability of autism is increasing. Thiwe show that social demographic change in
parents can yield genetic changes that at the ptpnllevel combine to contribute to the
increased prevalence of autism. In the discuss®mransider how a demographic lens, sensitive
to temporality, can shed new light on autism anchges therefore influence the direction of

subsequent research.

BACKGROUND

Autism is a developmental disorder that profoundtyits the ability of those with the

disease to communicate, to form and maintain seelations, and to respond to environmental

2 As one of our anonymous reviewers helpfully poiots, de novo mutations are genetic and
they may be heritable (in the sense that they negyassed on to children of the next generation)
but they are unlikely to be identified with genonassociation studies in so far as they are

independently arising mutations likely to involvevale variety of loci on the genome.
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stimuli. The incidence of autism in the United 8&afand elsewhere) has increased rapidly over
the past two to three decades. In California, wioeredata arise and where the most systematic
records have been kept, the number of autism dasesased 634% between 1987 and 2002
(California Department of Developmental Service®30 This is a striking increase. Equally
striking is the absence of consensus with respecauases for increased prevalence. In fact, with
the exception of being male and parental age -efadbng recognized to be associated with
increased risk — newer studies routinely repodifigs in tension with previous research.
Hundreds of studies have investigated hundredaabdrs believed to be associated with
both the incidence and increased prevalence ofrautin addition to genetic predisposition,
scholars have argued that prenatal conditionsetiisttcomplications, parental characteristics,
environmental toxins, and the availability of schand community resources could all
potentially be associated with the number of autsases (Grandjean and Landrigan 2006;
Kolevzon, Gross and Reichenberg 2007; Palmer et2@05; Reichenberg et al. 2006).
Covariates identified in previous work are exteasmanging from premature birth, breech birth,
and low Apgar score at five minutes to parentalratizristics, such as socioeconomic status,
education, age, race, occupation, and history lmzephrenia (Croen, Grether and Selvin 2002;
Larsson et al. 2005). At the community level, reses available for screening, increased service
availability, the density of pediatricians in a aoomity, environmental toxicity, the number of
students per school, and percentage of studerds/ieg a free lunch have been tied to rates of
autism (Lathe 2006; Palmer et al. 2005). Most eksthassociations are not causally related to
increased prevalence. Instead, a disproportionadg bf research seemingly confuses correlated

time series with cause producing an effloresceridaators associated with autism; a veritable
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laundry list of variables to consider. One reasmrtliis state of epidemiological confusion is that
autism, by virtue of increased prevalence, is aingpvarget; the composition of those with

autism changes over time, and hence our undersi@gnafi risk factors is also temporally

sensitive, dependent on the observation windowsgpadial context in which the study is based
(King et al. 2009). In this article we show howmmre nuanced understanding of temporal
dynamics leads to new insights.

In broad sweep, three ideas motivate most of tmeent accounts of the increased
prevalence of autism. The first account is thatraased prevalence arises from diagnostic
dynamics, driven by process of diagnostic changdstgution and drift (Shattuck 2006).
Support for this hypothesis arises from the faeit tharly on in the epidemic one could not
observe the classic SES-health gradient and th&nawspectrum disorders appeared to be a
diagnosis of choice for middle and upper class rmiarevhose children would be otherwise
diagnosed as mildly or severely retarded, a digsandes associated with increased stigma. King
and Bearman2009 estimate that roughly 25% of the increased pexwa@ of autism arises from
diagnostic change on the mental retardation (MR)way. Using a different estimation strategy
(Bishop et al. 2008) suggest that one-third of ¢hseload arises from diagnostic dynamics.
Consistent with this idea is the correspondingneléinat the real incidence of autism in the
population was previously under-reported to avh@gtigma associated with autism when it was
perceived to be a psychogenic rather than develofaheisorder.

The second account centers around environmentaistoin interaction with genetic
factors, none of which are well understood. Mdghe evidence for such a link is indirect. Base

metals that are clearly implicated in developmedisbrders are most commonly suspected, and
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at this writing, 272 candidate toxins have beenntified as potentially linked to autism
(Grandjean and Landrigan 2006). The environmentapact hypothesis remains robust
principally because the increase in autism casslasdconsistent with observed increase in
environmental degradation. Finally, there is cleadence that autism has a significant family
and genetic component net of gene-environmentaatens, though molecular genetic research
has identified a genetic basis for less than 15%lladutism cases, and no single known genetic
cause accounts for more than 1-2% of all casesaffeims and Geschwind 2008; Wang et al.
2009). The key support that autism is a genetiorder arises from the reported difference in
concordance rates for autism in identical and fratletwin pairs, and a high recurrence risk in
siblings.

There is no reason to believe that any one ofetliemmeworks is wrong and many
reasons to believe that the increased prevalencautism is the outcome of multiple self-
reinforcing processes that invoke all three of ¢hesre explanations. We can, however, make
progress by recognizing that the increase in regaatutism prevalence — at least that component
not arising from increased surveillance and asgen@ant — must be tied to a social change
process that invokes a biological mechanism aswsatiwith neuro-developmental processes.
This is the strategy undertaken in this articleemhwe consider twin, full-sibling, and half-
sibling concordance for autism over time in ordeuhderstand how social and genetic factors

intersect to induce the rising prevalence of autism

The Evidence for High Heritability of Autism
To date, the strongest evidence supporting thee tiolgt autism is a genetic disorder arises

from twin and family studies. Previous twin studas full syndrome autism have reported high
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pairwise concordance rates in identical (MZ) tw{86-96%) and low concordance rates in
fraternal (DZ) twin pairs (0-31%) (Bailey et al. 9% Folstein and Rutter 1977; Ritvo et al. 1985;
Steffenburg et al. 1989). Because MZ twins shaf®d.0f their genes while DZ twins share only
around 50%, a large difference between MZ and Diccoadance rates is regarded as strong
evidence for genetic influences. The recurrende ofsautism in siblings is reported to range
from 3-9%, much higher than the population ratel@fin 10,000 children (Baird and August
1985; Bolton et al. 1994; Piven et al. 1990; Rietal. 1989} Relatives of a child with autism
are also more likely to have broadly defined autsgractrum traits than controls (Szatmari et al.
2000).

One significant problem with these reports is tthey arise from small convenience
samples and/or referrals. Where recruitment ofspaito studies is based on such samples,
heritability estimates are biased upwards, sindes paore similar on unobserved characteristics
are more likely to be enrolled. In this case,¢baclusion that the concordance of full-spectrum
autism is much higher in MZ than DZ twins have emidrom studies with a total combined
population of 110 pairs. This is not a robust atf from which to make inference. Moreover,
the epidemiological patterns of autism do not canféo simple Mendelian expectations: most

autism cases are sporadic (i.e., with no historythiea family) and the pattern of observed

3 Other studies have used a population based samfgek at the concordance for more broadly
defined autistic spectrum disorders or autistictdrée.g., Hoekstra et al. 2007; Taniai et al.
2008). To our knowledge, no population-based sthidy been conducted on full syndrome

autism.
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concordance rates in identical twins, fraternahsyifull-siblings and relatives are inconsistent
with dominant, recessive, or X-linked transmissinadels (Skuse 2000). This suggests that the
genetic influence on autism is likely to be complex

One important idea that we explore in detail &t thlendelian inheritance is not likely to
be the core mechanisms for genetic influence. dstemns between multiple loci are much more
likely to be the underlying mechanisms (Abrahamd @eschwind 2008), and recent studies
suggest that the process is likely to be drivergégetic changes arising in part fra®@ novo
mutations of germcells. Recent studies conductedSelat et al.(2007), Jacquemont et al.
(2006), and others (deChristian et al. 2008; Kugtaal. 2008; Marshall et al. 2008; Morrow et
al. 2008; Szatmari et al. 2007; Weiss et al. 2@@)gestle novo mutations occurring in a wide
range of genomic locations contribute to autisndiragl support to the evidence that autism has
heterogeneous genetic causes. Consequently, s{audestatic) models of genetic inheritance
appear inadequate to account for autism.

From a social demographic perspective, this makesse. The autism research
community has long understood that parental agesignificant risk factor for autism. But the
age of parents is not something that “gets unders#in” by itself; so net of the impact of
parental age (and SES) on the probability of diagnand thus ascertainment — it follows that if
broad social changes associated with increasedfagarents is playing a role in the autism
epidemic that a dynamic multiple-locus model is enldtely to identify the operative mechanism
than the traditional Mendelian framework. This he tpossibility explored in this article where
we consider concordance of twin pairs over timel, l@veal how rising parental age, which leads

to greater probability ofle novo mutations, accounts for the changes in concordasecebserve

10
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over time. As discussed subsequently, we expleitfélet thaide novo mutations are rare events

to design a critical test of their role in the &gy of autism.

Concordance in Twins and Recurrence Risk in Sibling

Measures of genetic influence based on fragile iecap foundations are suspect. In
order to generate robust estimates of geneticanftas, we need to measure concordance rates
(casewise and pairwise) for autism in twins andimemce risk in siblings in a representative
sample. These are our central outcome measureewid® concordance (Pcw) measures the
probability that a co-twin will be affected (withgiven disorder) given the other twin is affected.
Pairwise concordance (Ppw) measures the propodiatoncordant (both twins are affected)
pairs in all pairs with at least one twin who ifeafed.

Twins may be concordant or discordant on someacheristic of interest, in this case,
autism. Let g be the number of concordant pairs agde the number of discordant pairs. It
follows that in same sex (SS) twins, the casewmgardance rate is equal to {ZBn.+ny)]
since we can assume interchangeability of twings teans we can assume that the risk of twin
A to be affected given that twin B is affected l& tsame as the risk of twin B to be affected
given that twin A is affected. For many disordenserchangeability of twins can be assumed for
opposite sex (OS) twins as well, but for autisnterichangeability cannot be assumed because
boys are four times more likely than girls to béeeted. Thus separate casewise concordance
rates need to be estimated to measure (i) theHdad that a male co-twin would also have
autism given that his female twin sibling was atiéec [2n/(2n.+ all pairs with an affected
female)]; and (ii) the likelihood that a female wan would also have autism given that her male

twin sibling was affected [2f(2n.+all pairs with an affected male)]. In (i) the femawin with

11
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autism is referred to as the proband and in (i© thale twin with autism is referred as the
proband, by convention.

An advantage of casewise concordance rates irs tiwithat they are directly comparable
to recurrence risk estimated in other relativexuR@nce risk is a measure of the likelihood that
a condition recurs in the family by affecting armttsibling. We determine recurrence risk
amongst sibling pairs by the later sibling methBavo et al. 1989), which is the proportion of
younger siblings born after an older child withiauoit (again referred to as the proband) who also
have autism. Stoppage — parents stopping to hawve ahildren after having an affected child —
is less of an issue with this method as the renugeisk is only evaluated among families with
children born after an child with autism. We furntibfferentiated recurrence risk in full- and
half-siblings. To examine the effect of gender gudential differential genetic liability, we
calculated casewise concordance rates and recarreskcby the sex pairing of the proband and
the co-twin/sibling. Casewise concordance ratesreported with 95% confidence intervals
estimated based on asymptotic (MLE) variance. Renge risk is reported with Wilson 95%
confidence intervals (Agresti and Coull 1998).

In short, we are interested in the extent to wlaietism runs in families. As with all other
things that may run in families, one efficient wiy consider if they do is to calculate twin
concordance and sibling recurrence risk. For fthis, critical to work with large representative
samples that do not arise from self-selection - sethinated membership in twin registries, or
convenience samples of twins, all of which careséiatowards selection of similar pairs, and
hence amplify the extent to which pairs are conaot@n some trait.

DATA AND METHODS

12
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Our data arise from California. In CaliforniagtB1 regional centers of the statewide
Department of Developmental Services (DDS) progieerices to the vast majority (estimated to
be >85%) of people with autisfiThis study was based on the DDS client data ferrttughly
20,000 persons born between 1992 and 2000 who diegnosed with autism. The DDS
provides service to patients with Autistic Disorddndividuals diagnosed with other
developmental disorders, including Asperger's Disoy Childhood Disintegrative Disorder,
Rett's Disorder and Pervasive Developmental Disorddot Otherwise Specified (PDD-NOS)
are ineligible for services provided through the®Drhus our study focuses on “full-syndrome”
autism — where diagnostic dynamics associated wdieased prevalence are less intense -- not

spectrum disorders, likely subject to more diagoasbvement.

Identifying Twins and Siblings

To identify the co-twins and siblings of all indilials with autism, we first linked the
DDS data of all individuals with autism to the himhaster files on the 4,906,926 children born
between 1992 and 2000 in California. Over time, thean age of diagnosis has fallen
precipitously, from roughly six to three. Even s@ chose 2000 as the latest cohort to minimize
ascertainment biases arising from missing oldddim: we estimated at least 95% of the 2000

birth cohort with autism would have been diagnobgdlune 2006. 16,352 out of the 19,436

* See Croen, Grether and Selvin (2002). The estimatias based on a comparison between the
DDS data and California’s special education daw@bdse case definition of autism in the
special education is unclear and is likely to idelunany children that do not meet the full

syndrome criteria. Thus 85% is a conservative edgm

13
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(84%) DDS patients born 1992 and 2000 who everdradutism diagnosis were successfully
linked to the birth records data. Record linkages parformed by matching probabilistically
using information on patient’s names, gender, datarth and race. Potential mismatches where
manually verified. The vast majority of individuailst matched were born outside of California.
Exact matching of twin pairs on date of birth, pitel code, mother's names, mother’s
date of birth, mother’s country of birth yielded,395 SS and 17,596 OS twin pairs, of which
503 pairs had at least one child with full-syndroaatism. Exact matching on mother’s names,
mother’s date of birth and mother’s country of lbiyielded 9,496 sibling groups with at least
one child with autism. Sibling groups with oldemblsigs born before 1992 (3,871) were
excluded from the analysis (since we have no in&ion on the diagnostic status of these older
siblings), yielding 5,625 eligible siblings groupgth at least one child with autism. The
excluded group has a slightly lower prevalenceutfsen than our study population because 1
born children have a higher risk for autism, buthwiespect to all other characteristics are
comparable to those included. Father's surnamedatel of birth were used to differentiate full
siblings and maternal half-siblings. For our cadtioin of parental age, we averaged the ages of
both parents where present. When fathers age wssingj we used mothers age. In short, the
data on which this study is based is large ancesgmtative. Consequently, the inferences we are

able to make are likely more robust than thoserayisom prior work.

14
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RESULTS

Twin Concordance and Sibling Recurrence Risk Impliates Social/Environmental Factors

Table 1 reports twin concordance and sibling nemge risk in autism. SS twins had the
highest casewise concordance rates (48.8% for naalds42.4% for females). There was no
significant difference between the casewise cormmd in SS males and SS female twins

(p=.398).

The concordance in OS twins is necessdolyer than in SS-DZ twins due to their
gender composition: while half of the OS pairs svimust be girls (who have one-fourth of the
risk of autism than do boys), SS-DZ twin sampleghait least one twin affected consist mostly
of males because of the higher prevalence of autmsivoys. Just the effect of gender alone
would lead to a higher concordance rate in SS-Ixn BS pairs. Against this background, it is
striking that the pairwise concordance in OS twit3.1%) observed in this study is higher than
the often cited 0% concordance in the SS-DZ twimpas (Bailey et al. 1995)The casewise
concordance rate for OS twins is 18.4%, fully drbes higher than the recurrence risk in OS
full-siblings (7.2%). As OS twins and OS full-silbjs have the same genetic relatedness, this

indicates that in addition to genetic factors, patal, prenatal, social and other environmental

® Bailey et al.(1995) argued that the true concatdarte in DZ twins should be close to the
recurrence risk of 2.9% in siblings, citing Boltehal.’s (1994) finding. As mentioned before,

the low concordance in DZ twins in these earliad&s may be explained by sampling bias.
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factors must contribute to autism.

The administrative data we work with do not hawtiract measure of zygosity so we do
not know from these data whether twins are MZ or, BBich is central to the estimation of
genetic influence. Luckily, a simple and well-edigtied rule that has been shown to give robust
zygosity estimates has been developed for thisgserpnd has been widely used in research on
twinning rates and a range of other research dques(Scarr-Salapatek 1971; Tong, Caddy and
Short 1997; Westergaard et al. 1997). The rulecgtgpthe known fact that all OS twin pairs are
DZ twins. Since DZ twins have an equal probabitifypeing male and female — just as all births
have such an equal probability -- it follows thhe thumber of DZ twins in SS pairs in the
population equals the total number of OS twin paMinor deviations from the equal sex ratio
have a negligible impact on the resulting estiméfietlman and Eriksson 2006). As mentioned
above, there were 39,035 SS twin pairs and 17,596@rs born between 1992 and 2000 in

California. Let r be the proportion of monozygatians in the SS group. Using this general rule

® The rule is the Weinberg rule. In societies whiere is a markedly skewed sex ratio arising

from strong preferences for males, for example, thie does not apply.
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it follows that r= [(39,035-17,596)/39,035]=0.5Fhis gives a MZ twinning rate of 4.4 in 1000
pregnancies (21,469 out of a total of 4,847,46ymaecies). Unlike DZ twinning rates, MZ
twinning rates are stable across countries andtower(Bortolus et al. 1999). Our estimated MZ
twinning rate corresponds closely to the figuredolasn a large scale study with direct zygosity
measures--4.5 per 1000 maternities (Derom et &8[7)19

Having estimated the value of r and given the thet the SS concordance rate is a

" We estimated r based on all twin pairs born inif@aia during the study period, not our
sample of twin pairs with at least one with autigxpplying the Weinberg method to this study’s
sample of twin pairs is erroneous because boygl-&rdimes more likely to have autism than
girls. Hence, DZ-SS female pairs have a lower podityato be in our sample than OS pairs,
merely due to the fact that both girls have a lopr@bability of autism than the male twin in an
OS pair, who thus can qualify the OS pair’s inabasin the sample. It is then imperative that the
number of DZ-SS pairs woultbt equal to the number of OS pairs in a sample af fairs with

at least one twin having autism. Yeithin the male-male (or female-female) pairs in our damp
the proportion of MZ pairs equals to the r estirddtem the population data, as it should be the
case in all random samples of SS pairs. Only whgosity has a direct impact on the risk of
autism (e.g., the biological process of zygoticitspy increases the risk of autism) will r
estimated from the population data be a biasethasti Note that r in our sample is independent
of concordance rates. Even though the concordateef autism is higher in MZ twins than DZ
twins, a DZpair is as likely to be included as a Muéir, as havingne twin with autism is the

sufficient condition for inclusion.
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weighted average of the concordance rates in MAshand SS fraternal twins, we can estimate
the MZ concordance rates by simple linear transétion. We know that the risk of autism
depends on the child’s sex, but not the sex optbbeand® Given this, the casewise concordance
rate for MZ male pairs and MZ female pairs arenested to be 57.0% and 67.2%, respectively.
The corresponding pairwise concordance rates ar8%3%nd 50.6% respectively. These
concordance rates are substantially lower thanctimemonly cited range of 80-100%. On the
other hand, our estimate of the casewise concoedimnbDZ twins is 32.9%, substantially higher
than the previously reported figure of 0%.

Our estimations of MZ and DZ concordance relywa assumptions. The first is that the
sex ratio is equal at birth. The second is thatrisie of autism depends on the sex of the child,
not on the sex of his or her twin sibling. Minorrteoderate deviations from these assumptions
would not lead to different estimates. For exampfewe over— or under—estimated the
proportion of MZ twins in the SS twin group twing Py 5%, the resulting change in our
estimate of casewise concordance would have bserthan 1% for MZ male twin pairs — the

gender in which most cases of autism occur — assl lean 6% in MZ female twin pairs. We

8 The recurrence risk for the male siblings of dizsgd female and male probands in our sample
is 18.4% and 13.8%, respectively. Among femalersisl the recurrence risk is 3.5% when the
proband is female and 5.1% when the proband is.rraleboth male and female siblings, there
is no statistically significant difference by thexsof the proband (p>0.05). These results confirm
previous reports that sibling recurrence risk doest differ by the sex of the proband (Goin-

Kochel, Abbacchi and Constantino 2007; Pickled.2@00; Szatmari et al. 2000).
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observe similar robustness in estimates when thengstion about proband’s sex and genetic
liability was violated. Even if sisters posed 30dgher risk to their co-twin than did brothers,
the estimated pairwise concordance rates for MZemalrs and MZ female pairs would be as
low as 47.4% and 53.3%, respectively. Given oua,dat yield a MZ pairwise concordance rate
of 80% or above (reported in other, smaller stydia® male co-twin of a female proband would
have to be exposed to at |e&aS0 times higher risk as compared to the male co-twin withae
proband. This is improbable; all of the biologicakchanisms would point to enhanced risk -- if
any -- flowing in the opposite directidh.

A heritability estimate is a population measureéhef proportion of the overall phenotypic
variance attributable to genotypic variance, and ispecific to the time and the population
(although this is not widely recognized). Baileyaét(1995) estimated that heritability of autism
to be over 90% under the standard ACE model, wipattitions the variance into additive
(allelic) genetics, shared, and non-shared envissrimcomponents. For comparison, we

estimated heritability by applying the ACE modebtar data, using the expected distributions of

® Hypothetical deviations from assumptions and timefract on estimated concordance:

MONOzYGOTIC MALE MONOzZYGOTIC FEMALE SS DizyGOTIC TWIN

TWIN PAIRS TwWIN PAIRS PaIRS

Casewise Pairwise Casewise Pairwise Casewise Pairwise

(%) (%) (%) (%) (%) (%)
Current estimates 57.0 39.9 67.2 50.7 32.9 19.7
Deviation from the + 5% 56.1 39.0 61.4 44.3 - -
estimated proportion of -504 57.9 40.7 67.7 51.2 - -
MZ pairs in SS pairs
Additional risk posed +10%  59.9 42.7 68.1 51.7 30.1 17.7
by female probands vs.+20% 62.3 45.2 68.9 52.5 27.8 16.2
male probands +30%  64.3 47.4 69.5 53.3 25.9 14.9
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MZ and DZ twin pairs by their joint diagnostic stat In males, the heritability of autism is
estimated to be 19%. Among females it is 63%. éfgenetic liability posed by female probands
were 30% higher than male probands, the heritglolitautism in males would be under 35%;
for females heritability would remain greater th&0%. Thus an outer-bound estimate of
heritability is 19-35% for males and 50-63% for tdes.

Heritability estimates can provide useful inforioatfor social scientists. Our estimates
are the proportions of variance attributable toeges within each gender. Higher heritability in
females does not necessarily mean affected fernales a higher genetic liability than males; it
can also arise if environmental factors are legsomant for girls than for boys. Differences in
developmental and social environments can eligtimtit genetic expressions and therefore
marked difference in heritability. It is also pddsi that different sets of genes (and their

interactions) are needed to elicit autism in mates females?

19 As female MZ twins are not phenotypically identidae to X-inactivation (i.e., a process by
which one of the two X chromosomes in the firstI0D cells in female fetus development is
randomly inactivated (Lyon 1961)), the similarity concordance rates for MZ males and
females could suggest that the key genes for awtrgmunlikely to be on the X chromosome.
However, if the locus of interest is not subjectramdom X-inactivation (Puck and Willard
1998), the theory that an imprinted X-link locuspatternal origin (i.e., a gene is expressed only
when inherited from the father) is protective agaiautism (Skuse 2000) is consistent with a
high concordance in MZ female twins, a lowemawdance in DZ female twins than DZ
male twins, and a lack of significant differencetle risk in the siblings of female and male

probands.
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Independent of the differences between males a@mdales — which are likely of
sociological interest — it is clear that the hdaility of autism has been wildly over-estimated in
previous work. Autism is still very heritable, bobt more than other neuro-developmental
disorders. This is significant since the discovérgt autism is not overwhelmingly heritable
means that prenatal, social, and environmentabffaclikely play a substantial role in the
expansion of the caseload. We now consider howsoe&l demographic factor, a relatively

subtle change in age of parents at birth is assatiaith autism through de novo mutations.

Age of Parents at Child’s Birth and Relative Risk ér Autism

De novo mutations are positively associated with pareagd. So if age at child’s birth
changes over time, we have a reason to considetheshde novo mutations can account for
some of the increased prevalence of autism we wbs®erer time. As noted earlier, advanced
maternal age and paternal age are significantfastors for autism in almost all birth cohorts
from 1992 to 2000 (King et al. 2009) and materrmad paternal age at child’s birth increased
over the period from 1992 to 2000. Mean maternalags 26.9 (£6.03) in 1992 and increased to
27.7 (£ 6.33) by 2000. Similarly, paternal age @ased from 29.6 (+6.84) to 30.6 (£ 7.11) over
the same period. The increasing standard deviapiarticularly of paternal age, is noteworthy
since parents’ age at birth is strongly boundedhenleft tail of the distribution. Thus there has
been a considerable increase in advanced pategaalkatending the length of the right tail of

the distribution.
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The Logic of De Novo Mutations in the Context of Cocordance

Putting three facts togetherde novo mutations are associated with neuro-developmental
disorders; parental age is associated wigthnovo mutations; and autism is associated with
increasing parental age -- leads one to wonder heheir not parental age is associated with
autism viade novo mutations-* This is the hypothesis we directly test by focgsim the pattern
of concordance across twin pairs. Other stratdgiesbserving (from population data) evidence
for a relationship betweedte novo mutations and autism focus on the sex ratio dblcdnm with
autism. Following Anello, et al (2009), who shovathhe sex ratio for a sample of 393 children
with autism spectrum disorder (ASD) is increasinghfanced with paternal age — a sign of a

potentially increased role played dg novo mutations, we first consider whether we observe a

1 Other factors could cause the association betwasmtal age and autisilder parents could

choose neighborhoods to live in that are seledtvautism, from environmental degradation or
enhanced ascertainment; older parents could be wmamged than younger parents about their
children and expose them to differential testinglbsquently we consider whether these

competing explanations fit with the detailed evicedescribed in this article.
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similar pattern in our dat. Not surprisingly, we observe the same patterncifipally, for
fathers younger than 35 the M:F ratio is 4.92 (2/83,930); whereas for fathers older than 35
the M:F ratio is 4.38 (3,941/16,719). For motheaalge we observe a similar pattern 4.90 vs.
4.24). Both differences are statistically signifita

De novo mutations are extremely rare events. This facwalus to design a critical test
of the role they may play in increasing autism pierce. Since mutations are rare events, the
samede novo mutations should always be present in both MZwiog and lead to high
concordance for the expression of autism. Sincee@asing parental age should be associated
with a higher rate ofle novo mutations, we expect rising concordance in MZ sagicross time.
Although counter-intuitive, the rising rate afe novo mutations should lead to lower
concordance in DZ twins over time. This is becasiseh rare mutations should almost never

independently co-occur in DZ co-twins even at tpghental ages.

12 Interpreting the relationship between parentalaykthe sex ratio of children with autism as a
sign of de novo mutations requires the assumptiat te novo mutations affect males and
females more equally than the inheritance of lisbdenes(Anello et al. 2009). For instance, if
instead thede novo mutation of concern affects the inactivation omge on the extra X
chromosome — a process only necessary in girlsd-fasuch problems with inactivation are
associated with autism, then the mutation will @ase the chance of autism in girls more than

boys (Brooks 2005).
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In addition, thede novo mutation hypothesis has clear predictions for ¢hanging
patterns in the numbers of concordant and disconplans among MZ and DZ twins over time.
Becauseale novo mutations are very unlikely to be shared by Dznsyisuch sporadic mutations
should generate discordant DZ twin pairs: conawmcdashould decrease ds novo mutations
increase. Thus we expect the OS concordance ralectme due to an increase in the number of
discordant twin pairs, while the number of concatdaairs should not be affected. It follows
that examining twin concordance rates in a timesafig parental age can test the contribution of
de novo mutations to the etiology of autism and as an axgtiory factor involved in increased

autism prevalence.

Increasing Heritability over Time

Figure 1 reports SS and OS concordance rates i8-9991995-1997 and 1998-2000.
Recall that all OS twins are DZ twins while aroud8% of the SS twins are monozygotic.
Therefore any observed trend for concordance ai@% will be muted by the combined trends

in the concordance rates in MZ and DZ twins.

As shown in Figure 1, panel A, the casewise coramd in SS twins has increased over time,

while decreasing in OS twins, suggesting autisbesoming more genetically determined due to
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the de novo mutation mechanisrt. A z-test of proportions was used to test whethere are
significant differences in SS and OS concordancesactime. There is no significant difference
in the concordance rate between -SS pairs and @§ipal992-1994 (z=1.155, p=0.248), but
there were significant differences in 1995-19972(863; p=0.003) and 1998-2000 (z=4.393;
p=0.000). This is precisely what we expect to obesédir such mutations are shaping the pattern
of concordance.

In panel B, we report change in mean parental ageim births, which increases steadily
during the same period. Recall that because MZsvere developed from a single pair of
matched egg and sperm cells, a@eyovo mutations will be found in both twins. In contrasZ
twins develop from two distinct pairs of egg ancerep cells. Asde novo mutations are rare
events, the chance that both DZ twins will shaeeghmede novo mutation is extremely low. If
de novo mutations have an increasing causal share intiblegy of autism over time, we should

expect an increase in the difference between MZahdoncordance rates. One mechanism that

13 We can estimate changing heritability by zygosiif/,course. First we need to take into
account the general rise in DZ twinning rates iwedi@ped countries that have been attributed to
increased use of artificial fertility treatmentsoig and Short 1998). Adjusting for the increasing
proportion of DZ twins in SS pairs over time (frof@% to 47%) and assuming equal genetic
liability for male and female probands, the estmdaMZ casewise concordance rates increased
from 37% in 1992-1994 to 75% in 1998-2000. If tlemnetic liability posed by female probands
was 30% higher than male probands, the MZ casemiseordance rates are 41%, 59% and 79%

in 1992-94, 1995-97 and 1998-2000.
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accounts fode novo mutations’ increasing share of autism etiologyhie rise in parental age
over our study period which is likely to lead talieased mutation raté$.

To test this, we fitrend lines to the 5-year moving averages of tsewéee concordance
rates and mean parental age as shown in Figurang| ©£. Concordance in SS twins begins to
increase with parental age after'3%ver the same period, OS concordance begins tease
after age 35.The R for thefitted SS line is 0.23, for the fitted OS line 0.3®/e note here that a
better fit could be obtaineex post by fitting higher polynomials or splines. This rhtglook
better, but would involved hoc theorizing. Recall that the prediction tested hisrémited to
older parents and so a square term is sufficiesgpiure change at the tails of the distribution.

The pattern of decreasing concordance in OS twins pabserved in Figure 1, panel C is

4 One may argue that the temporal trends in theardaoce rates can be the results of other
demographic trends such as a growing populatiorHispanics in California and/or rising
education level. Yet the diverging pattern of dumcordance rates persists after excluding the
Hispanics (SS casewise: 31%, 50% and 50%; OS csesef8%, 22% and 19% in 1992-1994,
1995-1997; and 1998-2000, respectively). It is #fmocase when we only look at the population
with above high school education (SS casewise48% and 48%; OS casewise: 28%, 24% and

13 in 1992-1994, 1995-1997 and 1997-2000, respaygjiv

> The women who have children before 35 and after tmydifferent, given the common
perception about “appropriate” maternal age in gagod. But if there is this selection — which

seems reasonable — we do not have a way to captith our data.
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precisely what we would expectde novo mutations are associated with the increased fisk o
autism. It is less clear why the SS concordanceldhacrease rapidly with parental age, as the
increase in SS concordance due to the increasdemtical twins should be muted by the
decrease in fraternal twins. It may be due to &dngenetration rate among the identical twins
who inherited the susceptible genotype, or otlel factors that are specific to the offspring of
advanced age parents.

Finally, recall that our hypothesis also has rcj@adictions for the changing patterns in
the numbers of concordant and discordant pairs gngf and OS twins. First, @& novo
mutations will not be shared by OS twins, a singletation should generate discordant twin
pairs. Therefore, the OS concordance rate shouttindedue to an increase in the number of
discordant twin pairs, while the number of concotdaairs should not be affected. This is the
case. While the number of OS concordant pairs nmeadaistable over time, the number of
discordant pairs consistently increased: there wei® and 6 concordant OS pairs and 46, 50
and 73 discordant OS pairs born in 1992-94, 199%48¥ 1998-2000, respectively. Turning to
SS twins, we know that because a de nowbation necessarily affects both twins in MZ paiirs
will follow that if the proportion of autism casesused by such mutations increased over our
study period, we should observe a surge in the earabconcordant MZ pairs. However, SS
twin pairs are comprised of DZ and MZ twins. Consgagly, if de novo mutations are driving
increased prevalence, we would expect both risingpbers of same concordant pairs (MZ
effect) and discordant pairs (DZ effect). As preelic we observe that both concordant and
discordant pairs increased during the study petivele were 15, 36 and 47 SS concordant pairs

and 55, 76 and 86 discordant pairs in 1992-94, 190&nd 1998-2000, respectively.
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DiscussION

This article provides substantial population lessegpport for the link between increasing
probability of de novo mutations and autism. To our knowledge, no previstudies have
examined changing concordance for autism across*fitodeling changing concordance over
time allows us to construct a test of an interacti@tween genes and the social demographic
environment that predicts increasing genetic infaee This is precisely what we observe.

Prior twin studies have suggested a high heritglof autism based on reports that the
concordance for MZ twins is many times higher thhat for DZ twins. The empirical
foundations for these claims arise from absurdlplssamples. Adding together all twin pairs
from the four previous studies yields a total 00 Jhirs. All four studies have relied on referrals
or convenience samplé§,which tend to recruit similar pairs and are thuased towards
concordant twins, leading to inflated estimatestrak concordance. In contrast, the results
reported here arise from a large population-basedpte. Our results show substantial MZ
concordance, providing evidence that there is spemetic etiology for autism. Nevertheless, the

results show that the reported high heritabilitydatism (>0.9) is seriously overestimated.

16 Actually, no studies to our knowledge have eversitered changing concordance of anything

over time. This is one reason why a sociologicas len genetics is useful.

7 Ritvo et al's (1985) subjects were recruited franvertisements. The other three studies’
subject were primarily through referrals from nuadlidoctors, psychiatrists and advocacy
organizations, including Steffenburg et al's (19889hudy, which is often mistaken to be as a

population-based study.
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A reduced heritability estimate matters as it icgikes social and/or environmental
drivers as playing a substantial role in the inseglprevalence of autism. Prenatal factors are
likely to be important environmental drivers. Cordance for OS twins and full-siblings ought
to be equivalent from a genetic perspective as\idst are full-siblings who happen to be born
at the same time. This is not the case. The obsenvinat the OS concordance rate in twins is 2-
3 times higher than the recurrence risk in fullisdps suggests the importance of risk factors
related to the prenatal environment or the largeras environment.

Although the genetic influence on autism has baesrestimated, it has increased over
time due to non-allelic mechanisms. While the hurgane pool does not change substantially
over one or two generationde novo germ-line mutation rates are much more susceptle
rapid social and/or environmental changes suchsagyrparental age, and thus can explain the
increase in the heritability of autism. Of importans the fact that while age of parents at birth
of twins was significantly higher in 2000 than i@9R, age of parents at the birth of their second-
born did not increase over the same period. Thgsdifference between the trends of OS twin
concordance and full-sibling recurrence risk mayabsociated with age of parents. Since the
utilization of assisted reproductive technologiRT) is associated with the age of parents and
has increased radically over the same time pedd®i] may be implicated in the increased
prevalence of autism. Our data show that the irseréa the percentage of children with autism
born in multiple births (from 3.6% in 1992 to 5.71#62000) exceeded that of the percentage of
multiple births in all births in California (from.2% in 1992 to 2.9% in 2000). This implication
requires future investigation.

It remains possible that other factors have couteith to the diverging trends in the SS and OS
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concordance. A virus or a toxin experiendedutero could yield the results we observe.
Specifically, an increasingly prevalent virus (oxih) associated with a small risk of autism
would lead to increasing concordance of SS twinko(wften share the same placenta) and
decreasing concordance of OS twins. Similarly,ratBons between genes and an increasingly
common environmental trigger could also generagesdime pattern. While these accounts are
possible, we believe an increasedefnovo mutations due to rising parental age is more iefiiic
given the documented rise in parental age, rededinfys that linkde novo mutations and
autism, and the observed associations between ame rates and parental age reported in
this article.

The temporal concordance trend reported in thislaris not predicted by a diagnostic
expansion theory. If ascertainment and surveillatypeamics rest behind the increase in SS
concordance, we would expect to observe increasitigr than decreasing concordance for OS
twin pairs over time. The observation of decreasigcordance over time in opposite sex twins
challenges the idea that the results we observaragegtifact of reduction of error in diagnosis as

a consequence of enhanced surveillance or clead@rstanding of diagnostic markéfsrirst,

¥ The calculation of recurrence risk was restrictegdunger siblings born within 36 months of
the proband’s birth month to standardize the wind@wime in which the younger sibling(s)
were born. Families with the proband born in 1998 evexcluded as the observation window
was less than 36 months. No statistically sigaifictime trend was detected in recurrence risk

(p=0.204).
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there is no evidence that diagnostic errors haen lbeduced; second, if this were the case, we
should observe the same effect across all pairstyp@ally, increasing ascertainment and
surveillance would predict heightened recurrensk for siblings over time. We do not observe
any increase in such risk.

Instead, we observe how a relatively subtle sadiange, the population level shift in
mean age of parents at birth of their twins, isoasded with enhanced risk of autism. This
suggests that our image of gene-environment inierecneeds to be substantially broadened to
include in the relevant environment a broad arrbyuadamental social processes that taken
together make up the social structures in whicHivee and shape the health outcomes that we,
and our children experience.

For social scientists there are three importargcalieries. First we show that a
sociological eye on the role of genetics yields itheght that de novo mutations may play a
significant role in autism etiology. Only by obseny changing patterns of concordance over

time — that is historicizing genetic influencesheat than essentializing them -- could we find

Recurrence risk n with autism/n
(%) younger siblings
Proband’s year of birth 1992 12.4 12/97

1993 13.0 14/108

1994 13.2 19/144

1995 10.9 14/128

1996 15.1 23/152

1997 12.1 21/174

Chi-sq test of linear trends in proportion =1.6(30.204
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evidence of a new causal mechanism underlying rautSecond, by working with a large
population based data set, as versus small clisaaiples, we have been able to properly
estimate the true heritability of autism. Thestgnemtes show that autism is far less heritable
than previously thought, and that as a consequergkanations for the precipitous increase in
prevalence must turn towards environmental andakdgnamics often ignored by the scientific
research community. And third, we show that theniifieation of the mechanisms by which
social processes operating at the macro-levelthisncase, increases in parental age — “get under

the skin” and shape health outcomes is a propéalssmence activity.
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Table 1. Twin concordance and sibling recurrence rates

A. Twin concordance

Social demographic change and autism

Same sex (SS)
Two boys (SSM)
Two girls (SSF)
Opposite sex (OS)
Male cotwins of a female proband
Female cotwins of a male proband

Casewise
concordance
(%, 95% CI)

47.5 (41.6-53.4)
48.8 (42.1-55.5)
42.4 (29.2-55.0)
18.4 (11.3-25.5)
38.8 (25.2-52.4)
12.1 (7.0-17.2)

Pairwise
concordance
%)
31.1
32.3
26.9
10.1

B. Estimates of monozygotic (MZ) and dizygotic (DZ) concordance rates

1 concordant

pairs/ 7 all pairs

98/315
80/248
18/67
19/188
19/49
19/158

Monozygotic males (MZM)
Monozygotic females (MZF)
Same sex dizygotic (SSDZ)

Casewise
concordance
(%, 95% CI)

57.0 (40.5-73.5)
67.2 (42.8-91.6)
32.9 (10.5-48.7)

C. Recurrence risk in full-and half-maternal siblings

Pairwise
concordance
%)
39.9
50.6
19.7

All Full-siblings
SS full-siblings
SS male full-siblings
SS female full-siblings
OS siblings
Male full-siblings of a female proband
Female full-siblings of a male proband
Half-maternal siblings

Recurrence risk
(%, 95% CI)
9.7 (8.7-10.9)

12.2 (10.5-13.9)

13.8 (12.0-15.9)
3.5 (1.8-6.7)
7.2 (6.0-8.7)

18.4 (13.8-24.0)
5.1 (4.0-6.0)
3.4(1.6-6.9)

7 with autism/total

n of siblings
272/2796
173/1427
165/1196

8/231
99/1369
40/218
59/1151
7/208
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Social demographic change and autism

Figure 1 (Panels A-C): Temporal trends of autismocodance and parental age
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