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The objective of this review is to summarize recent data on the genetics of autism, highlight the evidence
for genetic heterogeneity and extend the implications of these findings for the identification of susceptibil-
ity genes in this disorder. Family studies have shown that autism runs in families and twin studies indicate
that the basis of that familial aggregation is genetic. As a result the prospects for the identification of sus-

ceptibility genes using either linkage or association studies are quite good. However, recent evidence is
accumulating suggesting that the disorder is genetically heterogeneous; higher functioning individuals with
autism may arise from separate genetic mechanisms that lower functioning ones. If true, this will make the
detection of linkage and association much more difficult.

Cette etude vise a resumer les donnees recentes sur les aspects genetiques de I'autisme, a mettre en evi-
dence les donnees probantes relatives a l'heterogeneite genetique et a etendre les repercussions de ces

constatations a l'identification des genes de susceptibilite de ce trouble. Des etudes familiales ont demontre
que I'autisme sevit dans des familles et des etudes sur des jumeaux indiquent que l'agregation familiale a un

fondement genetique. C'est pourquoi les perspectives d'identification des genes de susceptibilite au moyen

d'etudes de liens ou d'association sont tres bonnes. Un nombre croissant de donnees probantes recentes
indiquent toutefois que le trouble est heterogene sur le plan genetique. Des personnes atteintes d'autisme
qui fonctionnent a un niveau plus eleve peuvent etre issues de mecanismes genetiques distincts de ceux des
sujets plus atteints. Si cela s'avere, le lien et l'association seront beaucoup plus difficiles a detecter.

Introduction

In 1976 an authoritative review' was published that
concluded, based on the available evidence, that genet-
ic factors played little role in the etiology of early-onset
psychoses or infantile autism. The next year, the first
systematic twin study of autism appeared,2 demonstrat-
ing that the concordance rate for autism among mono-

zygous twins was very much higher than among dyzy-
gous twins. This provided the first compelling evidence
that genetic factors did play an important role in the

etiology of autism. In the next 20 years, the evidence
that there exist susceptibility genes for autism has
grown stronger, and recently several large-scale map-

ping studies have been launched to identify these
genes. Compared with schizophrenia and bipolar dis-
order, genetic research in autism is relatively new, but
progress has been rapid. However, there remain sever-

al unresolved issues in the genetic epidemiology of the
disorder. The issue most likely to lead to significant
obstacles in identifying susceptibility genes is that of
genetic heterogeneity the possibility that 2 or more
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independent genetic mechanisms might lead to the dis-
order. The objective of this paper is to present recent

data indicating that genetic heterogeneity may be pre-

sent in autism and then to illustrate the implications of
this for linkage studies.

Epidemiology and classification

Autism is one of a group of pervasive developmental
disorders (PDD) characterized by impairments in recip-
rocal social interaction, impairments in verbal and non-

verbal communication, and a pattern of repetitive,
stereotypical behaviours, activities or interests.3 The dis-
order is "pervasive" insofar as these 3 impairments
affect all aspects of a child's development and it is
"developmental" in that the behaviours change as the
child gets older. Nevertheless, these 3 components
remain constant, although they are expressed in altered
phenotype depending on the mental age of the child.
Autism is the best known example of a pervasive

developmental disorder, but through the years other
subtypes of autistic-like children have been identified
as well. Both the DSM-IV3 and ICD-104 have attempted
to catalogue PDD subtypes with the greatest evidence
of diagnostic validity. These include Asperger's syn-

drome, Rett syndrome, disintegrative disorder, and
PDD not otherwise specified (PDDNOS) or atypical
autism.3 Asperger's syndrome refers to children with
many PDD traits but who demonstrate an absence of
clinically significant cognitive and language delay. Both
Rett syndrome and disintegrative disorders are quite
rare and are characterized by a specific natural history
consisting of relatively normal development up to a cer-

tain age and then deterioration with the appearance of
autistic features. Rett syndrome appears almost exclu-
sively in girls and is associated with specific physical
changes.5 Disintegrative disorder is much more com-

mon in boys.6 Atypical autism or PDDNOS refers to
children who have an age of onset later than 36 months
or who fall below the threshold for autism with respect
to the number of symptoms or the number of domains
met. The diagnostic boundaries between these PDD
subtypes and autism remain unclear, and the extent to
which the subtypes differ with respect to etiologic vari-
ables and outcome remains unresolved.7

It has been commonly assumed that autism is a rare

disorder, occurring in about 4 in 10 000 children.8
However, more recent evidence suggests that the disor-
der is more common than that. Earlier reports were

characterized by measurement and sampling biases
that tended to miss higher functioning or younger PDD
children. Perhaps the most comprehensive epidemio-
logic study was conducted by Bryson et al9 in Nova
Scotia; they reported that the prevalence of autism is 10
in 10 000 children. Atypical forms of autism appear to

be at least as common as autism, if not twice as com-

mon.8 There is only 1 epidemiologic study of the preva-

lence of Asperger's syndrome."1 This report found
widely differing rates of between 20 and 60 in 10 000
children, depending on the diagnostic criteria used. If
the prevalence rates for the different PDD subtypes are

combined, it would not be unreasonable to suggest that
the prevalence of PDD is as much as 50 in 10 000 chil-
dren, or 0.5%. This estimate suggests that PDD is not an
uncommon disorder and confirms a view held by clini-
cians and frontline workers who increasing see such
children in day care and preschool settings.

Evidence that autism has a genetic etiology

The first line of evidence that autism has a genetic etiol-
ogy comes from family studies that estimate the risk of
autism among siblings of autistic probands. These fami-
ly studies have been recently reviewed (P. Szatmari,
M.B. Jones, J.E. MacLean, L. Tuff, G. Bartolucci, G.
Mahoney, et al: unpublished data, 1998), and if the
results are combined, the overall sibling risk is 2.2%
(95% confidence interval [CI] 1.1% to 3.3%). Therefore,
the relative risk (i.e., sibling risk divided by the general
population rate) is approximately 20, suggesting a

degree of familial aggregation that is twice the rate for
schizophrenia and bipolar illness, which is 10,11,12
although it is lower than the 50 to 100 usually quoted."3
There are 4 studies that have demonstrated that siblings
of autistic probands have an increased risk of nonautis-
tic forms of PDD.11'7 The combined sibling risk for
nonautistic PDD based on these 4 studies is 3.6% (95%
CI 1.6% to 5.6%). Thus, the risk for autism and any other
form of PDD in siblings of autistic probands may be as

high as 6% (2.2%+3.6%). If the general population rate of
PDD is taken to be 0.5%, the relative risk to siblings is
roughly 10.
Four studies have also looked at the risk of autism to

second- and third-degree relatives."l5l20 Combining the
data from these studies gives a risk of 0.18% (95% CI
0.03% to 0.33 %) for second-degree relatives and 0.12%
(950/s CI 0.01% to 0.023%) for third-degree relatives. It is
striking that these risk estimates to extended relatives
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are very much lower than the risk for siblings, suggest-
ing that multiple interacting genes must be involved in

etiology."9
These family studies indicate that the disorder is

familial in nature, not that the mechanism of that famil-
ial aggregation is genetic. Twin and adoption studies

are needed to disentangle the mechanism of familial

aggregation. Unfortunately, there are no adoption stud-

ies in autism, but 4 twin studies have been pub-
lished.22'123 Three of these2'2122 used systematic sampling
of twins and reported monozygous pairwise concor-

dance rates from a low of 36% to a high of 91% and a

dyzygous pairwise concordance rate of 0%, suggesting
that the disorder is strongly genetic. The fact that the

dyzygous pairwise concordance rate is lower than the

sibling rate is most likely an artifact of small numbers.

There are 2 important implications from these twin

studies. First, the difference between the monozygous

and dyzygous concordance rates can be used to estimate
heritability (i.e., the proportion of the variance that is
accounted for by genetic factors). Given these figures, it
is possible to estimate that the heritability for autism is
greater than 90%. This represents a substantial propor-

tion of the variance (greater than recent estimates for

schizophrenia and bipolar illness"",2) and suggests that

genetic factors are extremely important in the etiology of

autism. The second important implication from the

monozygous-dyzygous differences is that the mode of

transmission must be non-Mendelian. The drop in con-

cordance rate from monozygous to dyzygous twins is
greater than a factor of 4, which would be expected,
given an autosomal recessive mode of inheritance. These
data are consistent with the fall in risk observed in
first-, second- and third-degree relatives, again suggest-
ing that multiple interacting genes are involved in etiol-
ogy.

Prerequisites to linkage
and association analysis

Given the strong heritability of the disorder, linkage
and association studies are an obvious next step in iden-
tifying susceptibility genes. Linkage analysis has been
extraordinarily successful in identifying susceptibility
genes for "Mendelian" disorders, that is, those genetic
conditions that clearly follow specific modes of trans-
mission (autosomal dominant, recessive and X-linked).
There are several reasons that parametric forms of link-
age analysis has been so successful, but they do require

that the genetic mode of transmission be specified
beforehand.24 This methodology has been much less
successful in complex genetic disorders where a 1-to-i

relation between phenotype and genotype does not

exist. Affected sib-pair and affected relative methods

have been devised that do not need such information,
but rely instead of the degree of allele sharing among
affected relatives.2- The problem with these methods is

that the sample size requirements are much larger than
for the lod score methods.2 '26 Regardless, there are 3 pre-

requisites for both methods of linkage analysis. First,
there must be an accurate definition of the phenotype;
that is, one must decide who is actually affected in a

pedigree in order to know who to genotype. Second,
genetically homogenous families must be studied; that
is, the subset of families caused by the hypothesized
disease mutation must be isolated from phenotypically
similar families in which the disorder is caused by other

mechanisms. Third, one must study disorders caused
by a small number of genes of moderate to strong effect
because both parametric and nonparametric methods
have very poor power to detect linkage when a large
number of interacting genes are involved. Family-based
association studies are able to isolate genes that con-

tribute a smaller portion of the variance2- but the

strength of the genetic factors and the recombination
fraction (or distance between marker and disease locus)
become key determinants of success.27'28

In other words, the power to detect susceptibility
genes using either linkage or association studies criti-
cally depends on the relative risk associated with that
genetic locus.22 Accurate definition of the phenotype,
genetic homogeneity, and the number of genes in-
volved are all important precisely because these factors
ensure that the relative risk associated with a specific
genetic locus will be high and not diluted either by mea-
surement error, by including the wrong types of fami-
lies or by studying disorders caused by multiple inter-
acting genes. Other important factors include accuracy

in the assignment of genotype, the recombination frac-
tion and the degree of heterozygosity at the marker
locus. However, it is relative risk that largely deter-
mines the power to detect linkage given a particular
sample size.2' The relative risk of 20, referred to earlier,
is the combined effect of all genetic loci interacting
together. It does not translate into the relative risk asso-

ciated with a specific locus. The relative risk at a partic-
ular locus will be lower than 20 if the genetic mecha-
nism is additive or multiplicative, if the sample is genet-
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ically heterogeneous, or if there is considerable error in
the assignment of phenotype.

Heterogeneity in autism and PDD

The PDDs demonstrate considerable clinical hetero-
geneity. Not only are there several different subtypes of
PDD, distinguished by symptom patterns or natural
history, there is also considerable variation in outcome,
cognitive functioning, verbal abilities and social skills
within each subtype. It is unclear whether this variation
is associated with variation in etiology, however. About
10% of cases of autism are associated with a specific
neurological disease such as tuberous sclerosis or neu-

rofibromatosis.?0 It is true that these central nervous sys-

tem (CNS) disorders and other more nonspecific signs
of organicity, such as epilepsy and EEG abnormalities,
are more common in lower functioning probands with
autism (or those with a worse outcome) than higher
functioning ones. What is unclear is whether, in the
other 90% of idiopathic cases, higher and lower func-
tioning children with autism have a different etiology.
There is also some evidence that PDD is heteroge-

neous by sex. Boys outnumber girls by about 3 to 1,9 but
it is intriguing to note that this sex ratio varies by IQ;
that is, among children with autism whose IQ is under
35, the relative proportions of males and females are

roughly equal.3"'32 A female affected with autism or PDD
tends to be more cognitively but less socially impaired
than a male.334
The extent to which this heterogeneity by sex or level of

functioning is linked to differences at the level of the
genotype is, however, unclear. The best way to identify
such genetic, as opposed to clinical, heterogeneity is to see
whether there is significant variation in lod scores or allele
sharing by families. However, in the absence of positive
genetic linkage results, such tests cannot be conducted.
There are clinical ways of testing for genetic heterogene-
ity, but these only indicate the possibility of such hetero-
geneity. Families can then be stratified on these clinical
variables and linkage analysis restricted to certain subsets
of families. A common method is to see whether familial
aggregation of clinical features exists within families; that
is, do certain signs or symptoms run true within families.
For example, in both Alzheimer's disease and breast can-

cer, early onset in a proband is associated with early onset
in an affected relative as well. This finding led to the sug-

gestion that early- and late-onset forms of these diseases
are different, a result that has been confirmed with link-

age analysis.35 An alternative clinical way to test for
genetic heterogeneity is to see whether the risk to relatives
varies as a function of certain proband characteristics.
Again, using Alzheimer's disease and breast cancer as an
example, early onset in the proband is associated with a
greater risk of disease in a relative than late onset in the
proband. What is impressive about this finding is that the
same clinical variable (age of onset) is a marker of hetero-
geneity in both methods and identifies a more homoge-
neous subset of families. These families are more

"Mendelian" in their mode of transmission and easier to
diagnose. Thus the power to detect linkage is much
greater than if early- and late-onset families are combined.
Unfortunately, there is little information on genetic

heterogeneity in autism or PDD. Spiker et a137 demon-
strated there was no familial aggregation of specific
autistic behaviours in 37 families with multiple incidence
of autism. Le Couteur et all' reported similar results
using a sample of monozygous twins, though it was
interesting to note that a measure of nonverbal IQ did
show less variation within pairs than between random
pairs. Perhaps level of functioning, not PDD symptoms,
shows familial aggregation, though Le Couteur et al3 did
not comment on this possibility. Ritvo et a39 reported that
the risk of autism for relatives of female probands was

14%, whereas for the relatives of male probands the risk
was 7%. However, the sample size was too small to test
this difference with sufficient statistical power. Instead,
Bolton et al14 looked at the risk of more common PDD-
like traits (or the lesser variant) in siblings and found that
the risk was higher if the proband had a very low verbal
IQ. Limited as these data are, they do suggest that level
of functioning, sex (which is related to level of function-
ing) or both might be a marker of genetic heterogeneity,
but clearly more studies are needed.

Familial aggregation of PDD subtype
and level of functioning

The objective of the McMaster Family Study of Autism/
PDD was to identify susceptibility genes by first isolat-
ing more genetically homogeneous subtypes using both
methods described above. We first looked at the famil-
ial aggregation of PDD subtypes, symptom severity
and level of functioning. The distribution of PDD sub-
types in a sample of multiplex families was studied by
MacLean et al4 in 46 multiple incidence families com-

prised of 50 sibling pairs. Autism, Asperger's syndrome
and atypical autism were diagnosed by 3 clinicians
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independently reviewing clinical records and making a

diagnosis according to DSM-IV criteria. If Asperger's
syndrome always appears to run in families where the
proband has Asperger's syndrome and if autism only
occurs in the siblings of probands with autism, this
would suggest that the genes for these 2 PDD subtypes
are separate and independent.
The data from the sib-pairs reported by MacLean et

a140 suggest however that PDD subtypes cross family
boundaries. For example, of the 32 probands with
autism, there were 25 affected siblings with autism, 2
with Asperger's syndrome and 5 with atypical autism.
Of the 7 probands with Asperger's syndrome, 6 of the
affected siblings had autism. The overall level of agree-

ment for these PDD subtypes was low (x = 0.22) and
nonsignificant. These data indicate that PDD subtype is
not a marker of genetic heterogeneity.
MacLean et alP0 also investigated the extent to which

symptom severity and level of functioning show familial
aggregation. The intraclass correlation (ICC) was used to
measure familial resemblance, which compares the vari-
ation within a sibship to variation between sibships. A
high ICC suggests that there is less variation within a sib-
ship than between sibships. PDD symptoms were mea-

sured using the Autism Diagnostic Interview (ADI), and
summary measures of impairments in social reciprocity,
in verbal and nonverbal communication and repetitive
behaviours were calculated. The ICC for all these mea-

sures was low and nonsignificant except for nonverbal
communication, which had an ICC of 0.39 (p < 0.05).

In contrast to these estimates, the ICC for nonverbal
IQ and adaptive behaviour in socialization and com-

munication (as assessed by the Vineland Adaptive
Behaviour Scales) was quite high. For example, the ICC
for IQ was 0.42, for socialization was 0.40 and for com-
munication was 0.50; all these were significant at p <

0.001. Perhaps the reason that the ADI measure of non-
verbal communication showed a high ICC was because
this summary measure was moderately correlated with
IQ (-0.43, p < 0.05). Thus, these data suggest that it may
be level of functioning that shows familial aggregation,
not individual summaries of PDD symptoms.
There are 2 possible explanations for this dissociation

in familial resemblance between symptoms and level of
functioning. The first is that perhaps current summary
measures of autistic symptoms are not sensitive to vari-
ations in genotype or that the familial aggregation is
obscured by measurement error. Alternately, there may
be a separate set of genes for PDD symptoms and for

level of functioning, and it is only the second set of
genes that show genetic heterogeneity.

The effect of proband
characteristics on risk to relatives

We also conducted a family history study to see whether
certain proband characteristics were associated with an

increased risk of PDD-like traits in second- and third-
degree relatives. The lesser variant consists of individual
PDD-like traits that are too mild to qualify for a specific
PDD subtype. Examples of these have been operational-
ized and incorporated in a family history interview.
Bolton et all4 previously reported that the risk of the less-
er variant was higher if the proband had a low verbal IQ
than if the proband had a higher verbal IQ. We also con-
ducted a family history study to identify second- and
third-degree relatives with the lesser variant using par-

ents, a maternal and paternal grandparent and a mater-
nal and paternal uncle or aunt as informants. Multiple
informants on both sides of the family were employed to
improve the sensitivity of the family history interview.
Data were collected by telephone or by questionnaire
from relatives of 4 groups of families: multiplex families,
families with a single affected male, families with a sin-
gle affected female, and adopted or step-parent families
(where the PDD proband was either adopted or had a

step-parent). This allowed us to have a collection of par-

ents who would be knowledgeable about PDD but were
not biologically related to the proband.

All 3 components of the lesser variant were more

common in biological second- and third-degree rela-
tives of the proband than the nonbiologic relatives. For
example, communication impairments occurred in
10.1% of biological parents and 1.8 % of nonbiologic
parents. Similar differences were observed for repeti-
tive activities (7.0% v. 2.7%) and social impairments
(14.7% v. 7.5%). Thus, the lesser variant does appear to
be a familial trait, although the relative risk is very

much lower than for autism because these traits are

common in the general population.
We then looked at the risk of the lesser variant to bio-

logical relatives as a function of proband characteristics:
IQ, sex, PDD subtype (autism v. Asperger's syndrome
or atypical autism) and genetic loading (that is, whether
the proband came from a multiplex or simplex family).
Both genetic loading and IQ of the proband influenced
the risk of the lesser variant to relatives. When proband
IQ was dichotomized at 60 (the approximate median
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value) relatives of higher functioning probands had a
higher risk of the lesser variant than relatives of lower
functioning probands. Genetic loading also had an effect
in that relatives of probands from multiplex families had
a higher risk than those from simplex families.4"
The fact that higher functioning probands carry a

higher risk is inconsistent with a simple polygenic
model, in which the risk of developing autism is simply
a function of the number of autism genes a child inher-
its from both parents. In this context, lower functioning
probands would be expected to have a higher "dose" of
the autism genotype and so their relatives should be at
higher risk of the lesser variant as well. Instead, our
data suggest that it was the relatives of higher function-
ing probands (i.e., those with the lower "dose") that
were at increased risk. These findings support the pre-
vious data on familial aggregation of level of function-
ing and indicate that IQ in the proband may be a mark-
er of genetic heterogeneity. The higher functioning sub-
type is characterized by affected siblings with mild
forms of PDD and relatives with the lesser variant. The
lower functioning subtype is characterized by severely
affected siblings and a paucity of affected relatives.
What measure of severity and what threshold should be
used to identify these subtypes, though, is unclear.

Implications for linkage analysis

To understand the implications of these findings for
identifying susceptibility genes in autism, it is important
to review the data on relative risk, because this is the crit-
ical determinant of the power to detect linkage. A rea-
sonable estimate of the relative risk for autism to siblings
is around 20. A reasonable estimate of the prevalence of
otherPDD subtypes might be 50 in 10, 000 children. With
a sibling risk of 5%, this would mean that the relative risk
ofPDD to siblings is roughly 10. Components of the less-
er variant are only 2 to 3 times more common in siblings
of autistic probands than in the general population.'4
What is striking about these estimates is the extent to
which the value of the relative risk drops as the pheno-
type is broadened. This is because the general population
rates increase much more rapidly than the risk to sib-
lings. Because it is likely that multiple interacting genes
contribute to these relative risk estimates, the relative risk
at each locus will be less, depending on its unique con-
tribution. Including these broader phenotypes in linkage
analysis will not, as a result, increase power to detect
linkage at a specific locus.

There are some clinical data suggesting that the dis-
order is genetically heterogenous and that the genes for
higher functioning autism may be different than those
for lower functioning autism. Again, the relative risk
estimates provided above do not take this heterogene-
ity into account and will further reduce the relative risk
for PDD at a specific locus. The tables provided by
Risch and Merikangas27 for affected sib-pair and associ-
ation studies suggest that the sample sizes needed to
detect genes of this effect will be quite large, often
beyond the resources of individual studies. This may
make it very difficult to detect susceptibility genes, par-
ticularly if genome scans are used where there is 10 cen-
timorgan distance between markers.
Currently, the most popular strategy to identify sus-

ceptibility genes in complex disorders is to recruit very
large sample sizes and perform genome scans with very
dense marker maps. The issue is whether this strategy
is the most cost-effective given the state of the field.
Two promising areas have recently been identified as
important in the genetic etiology of autism: the sero-
tonin transporter gene42 and a region on chromosome
7.43 However, the first finding has not been replicated"
and the significant lod score result for the second was
found in only a subset of families that did not appear to
differ ethnically. We are still in the very early stages of
looking for susceptibility genes in autism. Should
resources be put into even larger sample sizes and more
sophisticated automated technology or, instead, into
obtaining multiple clinical measures to both reduce
measurement error and identify more genetically
homogeneous subgroups? The data needed to decide
between these alternatives are unfortunately not avail-
able. Clearly, there is much more work that needs to be
done at the simple clinical genetic epidemiologic level.
After all, it was 20 years ago that autism was considered
to be a nongenetic disorder. Progress requires patience,
skepticism and an ear for clinical subtleties.
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