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Genetic Investigation of Quantitative Traits Related to Autism: Use
of Multivariate Polygenic Models with Ascertainment Adjustment

Yun Ju Sung,' Geraldine Dawson,”* Jeffrey Munson,* Annette Estes,*
Gerard D. Schellenberg,>>® and Ellen M. Wijsman"®’

Divisions of "Medical Genetics and *Gerontology and Geriatric Medicine, Department of Medicine, *Department of Psychology, *“University
of Washington Autism Center, and Departments of *Pharmacology and Neurology, °Biostatistics, and “Genome Science, University of
Washington, and *Geriatric Research, Education and Clinical Center, Veterans Affairs Puget Sound Health Care System, Seattle

Autism is a severe developmental disorder of unknown etiology but with evidence for genetic influences. Here, we
provide evidence for a genetic basis of several quantitative traits that are related to autism. These traits, from the
Broader Phenotype Autism Symptom Scale (BPASS), were measured in nuclear families, each ascertained through
two probands affected by autism spectrum disorder. The BPASS traits capture the continuum of severity of im-
pairments and may be more informative for genetic studies than are the discrete diagnoses of autism that have
been used by others. Using a sample of 201 nuclear families consisting of a total of 694 individuals, we implemented
multivariate polygenic models with ascertainment adjustment to estimate heritabilities and genetic and environmental
correlations between these traits. Our ascertainment adjustment uses conditioning on the phenotypes of probands,
requires no modeling of the ascertainment process, and is applicable to multiplex ascertainment and multivariate
traits. This appears to be the first such implementation for multivariate quantitative traits. The marked difference
between heritability estimates of the trait for language onset with and without an ascertainment adjustment (0.08
and 0.22, respectively) shows that conclusions are sensitive to whether or not an ascertainment adjustment is used.
Among the five BPASS traits that were analyzed, the traits for social motivation and range of interest/flexibility
show the highest heritability (0.19 and 0.16, respectively) and also have the highest genetic correlation (0.92). This
finding suggests a shared genetic basis of these two traits and that they may be most promising for future gene

mapping and for extending pedigrees by phenotyping additional relatives.

Introduction

Autism is a severe developmental disorder of unknown
etiology. It is recognized in early childhood and persists
throughout life. Characteristic impairments include dif-
ficulty processing social and emotional information,
language abnormalities, and repetitive or stereotyped
behavior (American Psychiatric Association 1994). Di-
agnosis involves impairments in all three domains, but
causal relationships among the domains and their un-
derlying neurophysiological mechanisms are unclear.
Even though the etiology of this disorder is unknown,
evidence for genetic influence is strong. Multiple studies
report that MZ twins are 60%-95% concordant for
autism (Folstein and Rutter 19774; Ritvo et al. 1985;
Steffenburg et al. 1989; Bailey et al. 1995). DZ twins
and siblings have much lower concordance rates: esti-
mates range from 0% to 24%, with most between 5%
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and 10% (August et al. 1981; Smalley et al. 1988; Bol-
ton et al. 1994; Bailey et al. 1995). Together, these MZ
and DZ sib concordance rates indicate that both genetic
and environmental factors contribute to disease risk.
The marked difference between the two concordance
rates suggests that the genetic basis is complex and that
multiple genes contribute to autism susceptibility in an
interactive manner. Estimates of the number of genes
range from 2 to 10 (Pickles et al. 1995) to =15 (Risch
et al. 1999), but the exact number of contributing genes
and their modes of inheritance are unknown. Several
linkage-analysis studies of autism (Barrett et al. 1999;
Philippe et al. 1999; Risch et al. 1999; Buxbaum et al.
2001; Liu et al. 2001) report moderate positive signals
on several chromosomes, but the regions reported are
not consistent across studies.

To date, most genetic research on autism has been
based on discrete diagnoses. Through use of measures
based on the three relevant domains, linkage analyses
and other genetic analyses have used either a dichotomy
(affected vs. unaffected) or three to four clinical cate-
gories versus unaffected as the phenotype. There has
been little development of measures for or use of quan-
titative traits that capture the continuum of severity of
impairments. However, there is circumstantial evidence
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to suggest that there may, indeed, be a more continuous
underlying phenotype: the relatives of autistic probands
show familial aggregation of types of behavior that are
milder than but qualitatively similar to the defining fea-
tures of autism (Folstein and Rutter 1977b; August et
al. 1981; Wolff et al. 1988; Landa et al. 1992; Bolton
etal. 1994; Bailey et al. 1995; Piven et al. 1997; Murphy
et al. 2000). Even though one continuous trait that com-
bines information from all three domains has been de-
veloped (Constantino et al. 2000, 20034), evidence for
the genetic basis of this trait has been investigated only
through twin studies (Constantino and Todd 2000,
2003; Constantino et al. 200356). Furthermore, a single
continuous trait cannot capture the relationship among
the three domains, since separate traits from each of the
three domains are needed to disentangle the unknown
nature of the multivariate correlation structure of the
three domains.

For four reasons, quantitative traits may be more use-
ful than dichotomous traits (e.g., affected vs. unaffected)
for dissecting the genetic basis of autism. First, quan-
titative traits contain more information than traits based
on dichotomization of such quantitative traits (Graham
et al. 1997). If several very high values of quantitative
traits in multiple domains lead to diagnosis of a disease,
affection status contains less information than the val-
ues of the corresponding quantitative traits. Dichoto-
mization of quantitative data is well known to be in-
efficient in statistical analysis. Second, once a subset of
quantitative traits is shown to have a strong genetic
basis, then it is feasible to extend pedigrees from nuclear
families, since quantitative traits may be measured in
family members of autistic probands. Third, using ex-
tended, as opposed to nuclear, pedigrees is also more
powerful for the gene-mapping phase of a genetic study
(Wijsman and Amos 1997). Fourth, quantitative traits
can be used for stratifying families to identify relatively
more homogeneous subsets of families, thereby increas-
ing the power of gene mapping (Folstein and Mankoski
2000; Bradford et al. 2001; Buxbaum et al. 2001; Shao
et al. 2002). However, quantitative traits are often mul-
tivariate, especially for a disorder such as autism, which
is defined by multiple domains. This raises a difficulty,
since few methods are available for multivariate linkage
analysis (Jiang and Zeng 1995; Kao et al. 1999). One
approach is to focus on a univariate quantitative trait
and to adjust for other correlated quantitative traits as
covariate effects (Goddard et al. 1995; Wijsman and
Amos 1997; Hokanson et al. 1999; Shao et al. 2003).
Adjustment of one trait for others may help or hinder
gene mapping, depending on the genetic correlation
structure of traits (Allison et al. 1998; Hokanson et al.
1999), so determining the genetic correlation structure
is crucial for multivariate traits.

One challenge in determining the genetic correlation
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structure of quantitative traits related to autism is ped-
igree ascertainment. Ascertainment of families through
two probands is a common practice in the study of
genetic diseases, particularly when a disorder is rare and
eventual linkage analysis is the primary goal. Treating
data as if pedigrees were randomly sampled typically
introduces bias in parameter estimation. The bias tends
to be large when the ratio of the number of probands to
the number of remaining individuals is relatively large,
as is the case in data consisting of nuclear families, each
ascertained through multiple probands (Elston 1979). A
common approach to adjusting for ascertainment is to
carefully model the ascertainment process—that is, to
model how probands (and thus pedigrees) are selected
(Morton 1959; Cannings and Thompson 1977; Elston
1979; Elston and Sobel 1979; Thompson and Cannings
1979). This is possible in the simple case in which single
probands are involved and the trait is univariate. Ad-
justing for multiplex ascertainment (ascertaining through
multiple probands in each family, for example, requiring
at least two affected children) requires knowledge of the
population sibship size distribution (Vieland and Hodge
19935). In addition, multivariate traits add difficulty, since
the multivariate distribution needed for adjustment is
rarely available. Also, additional parameters for the as-
certainment process need to be introduced and estimated.
This is undesirable, since not only are we uninterested in
these parameters, but any misspecification of the ascer-
tainment process also causes bias in estimation of the
genetic parameters (Ewens and Shute 1986; Ewens and
Green 1988).

An alternative approach to adjusting for ascertain-
ment uses the conditional distribution of the phenotypes
of nonprobands, given the phenotypes of probands
(Simpson et al. 1981; Hopper and Mathews 1982;
Boehnke and Lange 1984). Estimates of variance com-
ponents thus obtained can be used to determine the trait
multivariate correlation structure. This approach has
been shown to be appropriate only for the single-
ascertainment case (Ewens and Green 1988). Multiplex
ascertainment is a special case of the single ascertain-
ment. This approach is similar to the so-called “ascer-
tainment-assumption-free” method (Ewens and Shute
1986; Ewens and Green 1988), in the sense that it uses
part of the data, but it uses more data than the as-
certainment-assumption-free method and, therefore, is
more efficient. This may not be as efficient as modeling
the ascertainment process, since it does not use all the
information available in the data. However, since it is
extremely challenging to correctly model the ascertain-
ment process for multiplex ascertainment and multi-
variate traits, this alternative method that does not re-
quire modeling of the ascertainment is attractive.

Here, we provide evidence for a genetic basis of sev-
eral quantitative traits that are related to autism symp-
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toms. Using a large sample of families, each ascertained
through two probands affected by autism spectrum dis-
order (ASD), we provide a multivariate genetic covar-
iance analysis of these quantitative traits. We believe
that this is the first attempt to estimate genetic corre-
lations of multivariate quantitative traits related to au-
tism and to determine this correlation structure in fam-
ilies of probands affected with ASD. We use multivariate
polygenic models and adjust for ascertainment by con-
ditioning on the phenotypes of probands. We estimate
heritabilities and genetic covariances of five correlated
quantitative traits and show that the two traits for social
motivation and range of interest/flexibility have high
heritability and high genetic correlation. We also com-
pare estimates produced with and without use of an
ascertainment adjustment. The estimates are consider-
ably different, indicating that unadjusted estimates ap-
pear to be biased.

Material and Methods

Subjects, Pedigrees, and Phenotypic Traits

A sample of 201 nuclear families, consisting of a total
of 694 individuals, was used in the analysis. Two pairs
of two nuclear families in the sample were further related,
such that there were two three-generation pedigrees con-
sisting of two sets of first cousins. This information was
used in the analysis. Nuclear families were ascertained
through the existence of at least two children affected with
ASD (autistic disorder or pervasive developmental dis-
order, not otherwise specified). Approximately one-half
of the families were from the Puget Sound region. The
remainder lived throughout the United States, with the
exception of 11 families from Canada and 1 each from
Britain and New Zealand. Teams of clinical examiners
traveled to evaluate multiplex families at local universities
and other community agencies that assisted in this study
by providing space for testing. Families were recruited via
newspaper articles, parent organizations, National Insti-
tutes of Health announcements, the University of Wash-
ington Autism Center Web site, and a network of com-
munity service providers. Approximately 550 families
were self-identified as having more than one child with
ASD. The 201 families are the subset of these 550 that
have (1) a high probability of affected siblings meeting
criteria for idiopathic ASD; (2) an ability/willingness to
participate in comprehensive diagnostic evaluations; (3)
no medical etiology of a neurological disorder among the
affected children, such as fragile X syndrome, Norrie syn-
drome, neurofibromatosis, phenylketonuria, or tuberous
sclerosis; and (4) English as the primary language. Ab-
sence of fragile X was confirmed through genetic testing
of all participants. Comorbid medical conditions were
assessed via review of medical records, parent interview,
and medical questionnaire. When families included more
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than one unaffected child, the child deemed to be least
affected by any type of learning, language, or social prob-
lem was evaluated. The participants in this study were
82% white, 1.4% African American, 2.7% Asian, 4.1%
Hispanic/Latino, 1.9% Native American/Native Alaskan,
5.8% biracial, and 2.1% other ethnicities. The study was
approved by the University of Washington Institutional
Review Board.

The affection status and sex of the probands in these
families is shown in table 1. As can be seen in the table,
the majority of sibling pairs met strict criteria for autism
(AUT), pervasive developmental disorder (PDD), or
AUS, as defined below (183 pairs). However, since we
sought to examine children with the full continuum of
autism symptoms, a minority of siblings who displayed
autism symptoms but did not meet the full criteria for
ASD (18 pairs) were also included. AUT was defined as
a condition meeting either of the following two defini-
tions. The first included both the criteria for autism on
the Autism Diagnostic Interview—Revised (ADI-R) (Lord
et al. 1994) and the criteria for ASD on the Autism
Diagnostic Observation Schedule-Generic (ADOS-G)
(Lord et al. 2000). The second was met if the child came
within 2 points of meeting the criteria for autism on the
ADI-R and met criteria for autism on the ADOS-G. The
second definition relaxes the criteria for the ADI-R while
requiring more-stringent criteria on the ADOS-G. PDD
was defined as a condition meeting criteria for the social
or communication domain on the ADI-R, being within
2 points on the other domain, and meeting criteria for
ASD on the ADOS-G. AUS was defined as a condition
meeting criteria for the social or communication domain
on the ADI-R and being within 2 points on the other
domain or meeting criteria for ASD on the ADOS-G.
PD2 was defined as a condition not meeting the criteria
for AUT, PDD, or AUS but having been judged by an
expert clinician as meeting DSM-IV clinical criteria for
a pervasive developmental disorder. “Broader pheno-

Table 1

Affection Status and Sex of Probands

NoO. OF PROBAND PAIRS

DIAGNOSES M/M  M/F F/F Total
AUT and AUT 89 47 4 140
AUT and PDD 9 2 1 12
AUT and AUS 14 8 N 27
AUT and PD2 2 1 0 3
AUT and BPH N 7 0 12
PDD and AUS 3 0 0 3
AUS and AUS 1 0 0 1
AUS and BPH 1 0 0 1
BPHandBPH _2 0 0 _2

Total 126 65 10 201

NoOTE.—The order of severity of affection
status, from most severe to least severe, is as
follows: AUT, PDD, AUS, PD2, and BPH.



Sung et al.: Quantitative Autism Traits

71

Table 2

BPASS Traits

Label Trait Characteristic(s) Measured

Expr  Expressiveness Communicative eye gaze, social smiling, facial expressions, prosody
Conv  Conversational skills Excessive detail in conversation, sensitivity to listener

Lang  Language onset
Socl Social motivation
Flex Range of interest/flexibility

Age at language onset

Sociability with peers, sociability in groups

Interests, flexibility in schedule and routine, flexibility in physical
environment

type” (BPH) was defined as a condition not meeting
criteria for any of the above categories, but exhibiting
symptoms, on the ADI-R or ADOS, in at least one of
the three domains (social, communicative, or repetitive
behavior).

Quantitative traits related to autism characteristics
were measured using the Broader Phenotype Autism
Symptom Scale (BPASS) (G. Dawson, A. Estes, J. Mun-
son, G. Schellenberg, R. Bernier, R. Abbott, and E. Wijs-
man, unpublished data). The BPASS measures several
traits related to autism symptoms among all family mem-
bers, both children and adults, with and without ASD.
The range of each trait is between 1 and 5. Higher values
of each trait are more indicative of autistic character-
istics. The BPASS has two sections. The first section con-
sists of seven items that are scored by a semistructured
interview rating parents’ responses to questions about
their own functioning or their children’s functioning.
The second section consists of six items that are scored
by direct observation of the parent, affected child, or
unaffected child while interacting with the examiner. The
BPASS traits and their contributing characteristics are
listed in table 2; we refer to these traits by the abbre-
viated labels given in the table. The BPASS has been
shown to have satisfactory interrater reliability, as well
as convergent validity with the Family History Interview
(Bolton et al. 1994), a categorical assessment of the
broader phenotype used in assessing relatives of pro-
bands with autism. The BPASS was administered only
by highly trained clinical examiners (doctoral-level clin-
ical psychology graduate students, postdoctoral fellows,
and Ph.D.-level licensed clinical psychologists). Clinical
examiners also had previously attained research reli-
ability on the ADI-R and the ADOS-G and were highly
familiar with general research methods and ASDs. Two
additional quantitative traits, for social anxiety and so-
cial communication, were measured on the basis of ques-
tionnaires completed by parents who provided responses
about themselves and their children. We refer to these
two traits by the abbreviated labels “SocAnx” and
“SocDis.” The SocAnx trait measures distress, discom-
fort, and anxiety in social situations, as well as the
deliberate avoidance of social situations (Watson and
Friend 1969). The SocDis trait measures the degree of
discomfort in social situations (Sarason et al. 1985).

Sex and age (in years) were included as covariates
in the analysis. Sex of probands, shown in table 1,
is skewed toward males. The mean = SD age was
10.0 = 5.1 years for children and 39.5 + 6.4 years for
parents. The effect of age on the traits is modeled as
piecewise linear, having a (possibly) different slope be-
fore and after age 18 years (illustrated in fig. 1), which
is appropriate for developmental traits. This is a more
flexible model than is a linear function of age. The use
of age 18 years as the knot is somewhat arbitrary; how-
ever, because there were very few individuals with ages
close to 18 years, results are insensitive to the details of
this choice.

IQ assessments were conducted using a short form of
the Wechsler intelligence scales appropriate to the in-
dividual’s age: for ages 5—6 years, the Wechsler Preschool
and Primary Scale of Intelligence-Revised (WPPSI-R
[Wechsler 1989]); for ages 7-135 years, the Wechsler In-
telligence Scale for Children (WISC-III [Wechsler 1991]);
and for ages 16 years and older, the Wechsler Adult
Intelligence Scale (WAIS-IIT [Wechsler 1997]). The short
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Figure 1 Covariate effects (age and sex) for social motivation

when estimates with ascertainment adjustment are used. Solid and
dashed lines represent males and females, respectively. The vertical
dotted line indicates age 18 years.
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form consisted of two verbal subtests (vocabulary and
verbal comprehension) and two visual-spatial subtests
(block design and object assembly). Full-scale 1Q esti-
mates were calculated as described by Sattler (1992).
Children aged <5 years were administered the Mullen
Scales of Early Learning (Mullen 1995). In addition to
the standardized composite 1Q score, a ratio IQ score
was calculated for the Mullen by dividing the average
age equivalence score for the four subscales (visual re-
ception, fine motor, receptive language, and expressive
language) by the child’s chronological age.

The Multivariate Polygenic Model

The data, Y, are phenotypes of quantitative traits mea-
sured in observed individuals. The Y are ordered in a
vector such that the first trait of all individuals precedes
the second trait of all individuals, and so forth. The
length of Y is k x n, for k traits measured on # indi-
viduals. The model we use is the classical polygenic
model (Lange and Boehnke 1983):

Y=XB8+Z+E, (1)

where X is a design matrix, (3 is the vector of fixed effects,
which may include effects of any observable covariates,
such as sex or age, as well as an overall mean; and Z
and E are Gaussian random effects (Z is the polygenic
value, and E is an environmental effect). The polygenic
value Z is normally distributed with mean 0 and variance
L, ® G, where G is twice the kinship matrix (Lange
2002, pp. 81-84), and E is normally distributed with
mean 0 and variance I, ® I, where I is the identity ma-
trix. For k traits measured on 7 individuals, £, and L,
are k x k nonnegative-definite matrices, and G and I
aren x nmatrices. Here, ® denotes the Kronecker prod-
uct of two matrices (Lange 2002, p. 148). Thus, the
distribution of the data is

Y~MXBE®G+LRI, (2)

where N (u,E) denotes the normal distribution with
mean p and variance X. The parameters that need to be
estimated are the fixed effect vector B, the additive ge-
netic variance matrix X, and the environmental variance
matrix I,.

Ascertainment Adjustment in General

Let f(y) be the distribution for phenotypes Y of quan-
titative traits measured on individuals. To see the effect
of ascertainment, let us divide the data into two parts:
the phenotypes of the probands, denoted by Y,, and the
phenotypes of the nonprobands, denoted by Y,. The dis-
tribution f(y) of the data can be then split into the (mar-
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ginal) distribution of Y, and the conditional distribution
of Y, given Y,,

) = fyi,y.) = (y)fyaly) -

Let g(y) be the distribution of the data if the families
included in the data were randomly selected. Then,

gy = g(y)gy:ly.) -

Note that f(y) describes the distribution of the actual
data. What makes f(y) differ from g(y) is the ascertain-
ment process.

In particular, if pedigrees are ascertained through
multiplex probands, the only difference between f(y)
and g(y) is fly,) and g(y,)—that is, f(y,) # g(y,), but
f¥21y1) = g(,]y1)- The conditional distribution f(y,|y,)
would remain the same whether the probands are ran-
domly selected or not. Hence, ascertainment through
probands can distort the distribution of the phenotypes
of probands but not the conditional distribution of the
phenotypes of nonprobands given the phenotypes of
probands. Therefore, for parameter estimation, it is
appropriate to use the conditional distribution of the
phenotypes of nonprobands, given the phenotypes of
probands.

Ascertainment Adjustment for the Polygenic Model

To get the conditional distribution of the phenotypes
of nonprobands (Y,), given the phenotypes of probands
(Y,), Y, and Y, are ordered in the same way as the Y
were ordered. This is necessary to the use of Kronecker
product notation below. Then, from equation (2), the
joint distribution of Y, and Y, is

[¥)-+1

(Xlﬁ) (Ea® G, +L.®I,

£,®G,
X,B8 L,®G,, '

£,®G,,+LE&I,,

The conditional distribution of Y, given Y, is then
Y2|(Y1 =) NMﬂyla‘/y,) 5 (3)
where

M’yl = XZB + (Ea® GZl)
x (G, +L® 111)71(3’1 - X,0)
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and

V, =L, &G, +L &I,
_(Za ® GZI)(Ea ® G11 + Ee ® Ill>71(Ea ® Glz) .

Parameter Estimation and SEs

To estimate the parameters 3, Z,, and I,, we use max-
imum likelihood. Among all possible values of the
parameters, we find the maximum-likelihood estimate
(MLE), the value that maximizes the log-likelihood for
the model. The log-likelihood and its gradient for the
model are given in the appendix. We used the nlm func-
tion in R (Thaka and Gentleman 1996) that implements
a quasi-Newton method with trust regions (Dennis and
Schnabel 1983; Schnabel et al. 1985) for parameter
estimation.

Both matrices X, and X, must be symmetric and non-
negative definite. To make them so, we reparameterize
them through use of Cholesky decomposition, writing
them in the form LI, where L is a lower triangular
matrix. We consider the lower triangular entries of the
Cholesky decompositions of , and I, as the parameters.
This insures that £, and X, are symmetric and nonneg-
ative definite.

Asymptotic SEs can be obtained by using maximum-
likelihood theory for the possibly misspecified model
(White 1982). This gives correct SEs when the model is
correctly specified and also when the model is misspe-
cified, as in the case of the polygenic model without
ascertainment adjustment.

Statistical Analysis

The goal of this study is to investigate evidence for a
genetic basis of several correlated quantitative traits that
are related to autism. Within each family, the two most
seriously affected children were considered as probands,
with ties broken by choosing the elder child. Individuals
with missing data were dropped from the analysis. The
multivariate polygenic model with ascertainment ad-
justment (eq. [3]) was implemented to estimate the ge-
netic and environmental covariances among the traits.
Age and sex were included as covariates. At the begin-
ning of the analysis, all seven traits (the five traits in
table 2 and the two additional social traits) were con-
sidered. However, the multivariate polygenic model for
the seven traits led to a genetic variance matrix that was
highly correlated. This high correlation resulted partly
from the strong correlations among the three social
traits: the correlation between Socl and SocAnx is 0.49,
that between Socl and SocDis is 0.54, and that between
SocAnx and SocDis is 0.81. This suggests that the Socl,
SocAnx, and SocDis traits are almost the same. There-
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fore, SocAnx and SocDis were dropped from the mul-
tivariate analysis, and the five BPASS traits in table 2
were analyzed. By dropping these two traits from analy-
sis, the number of parameters to be estimated was re-
duced from 84 to 50, and more data were available for
the analysis, which improves the stability of the esti-
mators. To evaluate the effect of the ascertainment ad-
justment, the multivariate polygenic model without as-
certainment adjustment (eq. [2]) was also fitted.

Results

The multivariate polygenic model fit reasonably well for
the five traits, whether it was adjusted for ascertainment
or not. The goodness of fit of the model was assessed
by quantile-quantile plots (not shown). We also fit the
environmental model, which is equation (1) without the
polygenic value, both with and without ascertainment
adjustment. The likelihood-ratio statistics were 45.43
and 76.06, respectively. Their P values were <.001 in
both cases, when a x* distribution with 15 df was used
(this is conservative, because of the constraint mentioned
below). Thus, the environmental model with no poly-
genic value clearly does not fit the data. SEs for estimates
of the polygenic model were computed, although they
are not shown in tables 3-6. Instead, an estimate is
shown in boldface italic type if 0 is not within two SEs
of the estimate, so the numbers in boldface italics are
statistically significantly different from 0 at a significance
level of .05. Both matrices £, and £, must be nonnegative
definite. Because of this, the estimates are highly con-
strained, but the SEs do not incorporate these constraints
and hence, in this respect, are very conservative. How-
ever, no correction is made for multiple testing and
hence, in this respect, the SEs are liberal. Thus, the bold-
face italic type gives only a rough indication of statistical
significance.

The covariate effects for the five traits are shown in
table 3. The effect of sex on every trait is negative,
whether it is adjusted for ascertainment or not, meaning
that a female tends to have a lower value than a male.
The slope before age 18 years is typically higher than
that after age 18 years, meaning that the value of a trait
tends to be more sensitive to age before age 18 years
than after age 18 years. As an example using the esti-
mates with ascertainment adjustment, the covariate ef-
fects on the social motivation trait are plotted in figure
1. The estimate for the constant—for example, 2.43 for
Socl—can be interpreted as an average trait value for a
male of age 18 years. Note that the estimated constants
are lower when adjusted for ascertainment for all the
traits. Because of the ascertainment process, the sample
contains a higher proportion of affected individuals
than the population. Ignoring ascertainment then leads
to upward bias of the constants. Therefore, it makes
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Table 3

Estimates of the Covariate Effects
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ASCERTAINMENT-ADJUSTED

ASCERTAINMENT-UNADJUSTED

ESTIMATE ESTIMATE
COVARIATE Expr Lang Conv  Socl Flex Expr Lang Conv  Socl Flex
Constant 1.71  1.85 91 243 240 238 236 156 3.10 296
Sex -26 -.05 -.13 -07 -.08 -36 -.08 -.25 -.22 -.19
Age (<18 years) .00 -.03 -.09 03 -00 -.03 -—-.10 -.12 -.02 -.02
Age (=18) -.00 .01 .02 01 -00 -.03 -.01 -.00 -.02 -.02

NoTe.—Estimates in boldface italic type are statistically significant (see text).

sense that the estimated constants are lower when ad-
justed for ascertainment.

Box plots for IQ and the five traits are shown in figure
2, in which the five traits are adjusted by age and sex.
The box plot for IQ shows that both parents and un-
affected children in the sample tend to be above average
in this trait, with some regression toward the mean in
the unaffected children. This indicates that parents in
the sample may be unintentionally selected for high IQ
and suggests that the sample may not represent the gen-
eral population of families with autistic children. For
all five traits, the median value in the affected children
is highest, and the median value of the parents is be-
tween that of the autistic children and the unaffected
children. The unaffected children typically have the low-
est median values; this probably reflects the ascertain-
ment of such children, who were the most “normal” in
the sibships. The box plot for Lang shows the discrete
nature of the BPASS trait for language onset, with five
ordered categorical levels ranging from exceptionally ad-
vanced verbal development through very little language
development, as measured by use of multiple word
phrases combined with gestures and other communica-
tion strategies. Kendall’s tau statistic, a nonparametric
measure of correlation (Hollander and Wolfe 1999, chap-
ter 8), was 0.55 when computed from Lang and age at
first phrase (item 13 of the ADI-R) in the affected chil-
dren. This correlation is statistically significantly different
from zero (P <.005). The parents’ scores are almost all
2, and there was also little variation in the scores of the
unaffected children. We suspect that parents’ recollection
of their own language onset was unreliable in many cases.

The genetic and environmental variance matrices
among the five traits are shown in table 4. Diagonal
elements are variances, and off-diagonal elements are co-
variances. Environmental covariances among the traits
are all positive and significant, whereas some genetic co-
variances are negative. The absolute value of the envi-
ronmental covariance is much larger than that of the
genetic covariance, for every trait. Note that both the
genetic and environmental variances have estimates
lower in absolute value when the model is adjusted for
ascertainment. Since affected individuals have extremely

high values for each trait, increasing the number of
affected individuals increases the variances of traits.
Therefore, it also makes sense that the estimated vari-
ances are lower when adjusted for ascertainment. Co-
variance structures are more difficult to compare, so
covariances were converted into correlations, which will
be discussed below.

The heritability estimates based on the genetic and
environmental variances are shown in table 5. In the
presence of an ascertainment adjustment, heritability is
highest for the Socl and Flex traits. These two traits
show high heritabilities, whether they are adjusted for
ascertainment or not. The heritability estimates are
lower overall when adjusted for ascertainment, but the
ascertainment appears to have little effect on estimates
of heritability for Socl and Flex. Without ascertainment
adjustment, Lang shows the highest heritability. How-
ever, the estimate of heritability for this trait is very
sensitive to the ascertainment adjustment and shows
evidence for both positive and negative genetic corre-
lations among the traits analyzed. We suspect that this
is partly because the distribution of this trait does not
satisfy assumptions of the polygenic model. In partic-
ular, the variance of this trait among parents is very
different from that among children, as can be seen in
figure 2. We also analyzed the data without Lang; the
resulting estimates for heritability and genetic and en-
vironmental correlations (discussed below) were very
similar to those we report for analysis of all five traits,
differing only in the second decimal place (results not
shown). This shows that Lang has little influence on the
parameter estimates for the other traits.

The genetic correlation matrix among the five traits
is shown in table 6. Socl and Flex show the highest
genetic correlation: 0.92 and 0.68 under the ascertain-
ment-adjusted and -unadjusted models, respectively.
Genetic correlation estimates with the ascertainment ad-
justment are very different from those without the
ascertainment adjustment. However, because most of
these genetic variances and covariances are small (table
4), the genetic correlation estimates are typically unsta-
ble. Earlier analysis based on a subset of data (results
not shown) confirmed this instability of most of the



Sung et al.: Quantitative Autism Traits

Table 4

Estimates of the Genetic and Environmental Variance Matrices

ASCERTAINMENT ADJUSTED

ASCERTAINMENT UNADJUSTED

75

Expr Lang Conv  Socl  Flex Expr Lang Conv Socl  Flex
Genetic:
Expr .01 -.01 -.00 -.01 -.01 .04 —.01 .02 .00 -.03
Lang .02 -.01 -.01 -.01 .19 .03 .00 -.03
Conv .01 .01 .01 .04 02 -.02
Socl 12 .07 17 .08
Flex .06 .08
Environmental:
Expr .20 .06 .08 15 .09 43 31 33 .34 .20
Lang .23 .05 .09 .06 .67 37 .33 .20
Conv .29 .07 .07 .66 .29 .20
Socl 49 17 .66 .24
Flex .30 42

NOTE.—The genetic variance matrix is in the upper block, and the environmental variance matrix
is in the lower block. Diagonal elements are variances, and off-diagonal elements are covariances.
Estimates in boldface italic type are statistically significant.

genetic correlation estimates but still identified a strong
genetic correlation between Socl and Flex (0.95 and
0.77 under the ascertainment-adjusted and -unadjusted
models, respectively).

The environmental correlation matrix among the five
traits, also shown in table 6, shows strong positive cor-
relations among all of the traits. Expr and Socl show
the highest environmental correlation: 0.64 and 0.49
under the ascertainment-adjusted and -unadjusted mod-
els, respectively. With the ascertainment adjustment,
Socl and Flex also show a high environmental corre-
lation (0.45). Without the ascertainment adjustment,
Lang and every other trait show high environmental
correlations. We suspect that this is also because of the
distributional issue of Lang that was mentioned above.
Note that each environmental correlation estimate with
the ascertainment adjustment is much lower than that
without the ascertainment adjustment. In contrast to
the genetic correlation estimates, the environmental cor-
relation estimates are quite stable (earlier analysis based
on a subset of data confirms this stability).

Discussion

We have examined evidence for a genetic basis of the
five quantitative traits related to autism characteristics—
the BPASS traits—through use of 201 nuclear families,
each ascertained through two probands affected by ASD.
Multivariate polygenic models with ascertainment ad-
justment that was achieved by conditioning on the phe-
notypes of probands were implemented to estimate her-
itabilities and genetic and environmental correlations of
these traits. Heritability estimates range from 0.02 to
0.19, and genetic correlations range from —0.66 to 0.92.
Environmental correlations are all positive, ranging from

0.17 to 0.49. The traits for social motivation and range
of interest/flexibility have the highest heritabilities (0.19
and 0.16, respectively) and the highest genetic correla-
tion (0.92).

Our results demonstrate the importance of using an
ascertainment adjustment for the analysis of multivar-
iate traits in pedigrees selected through affected pro-
bands. Use of an ascertainment adjustment gives con-
siderably different inferences for heritabilities, genetic
and environmental correlation structures, and covariate
effects for some of the quantitative traits related to au-
tism, in pedigrees ascertained through probands af-
fected by ASD. For families with more than two affected
children, we conditioned on probands and did not con-
dition on nonproband affected children. This is a proper
adjustment, given the criteria for inclusion of families
into the study. In theory, an appropriate ascertainment
adjustment would give unbiased estimates. Thus, any
difference between results with and without ascertain-
ment adjustment indicates the sensitivity of estimates to
the ascertainment procedure. With ascertainment ad-

Table 5
Estimates of Narrow-Sense
Heritabilities

HERITABILITY

ESTIMATE?

TRAIT  Adjusted  Unadjusted
Expr .05 .08
Lang .08 22
Conv .02 .05
Socl .19 21
Flex .16 .16

* Estimates in boldface italic
type are statistically significant.
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Figure 2

Box plots for IQ and age-and-sex—adjusted BPASS traits. A = 297 affected children; U = 54 unaffected children; P = 343

parents. Each box shows lower quartile, median, and upper quartile. The whiskers extend to the most extreme data point that is no more than

1.5 times the interquartile range from the box.

justment, the traits for social motivation and range of
interest/flexibility show the highest heritabilities. With-
out ascertainment adjustment, the trait for language on-
set shows the highest heritability, and the traits for social
motivation and range of interest/flexibility are the next
highest. In particular, the marked sensitivity of the her-
itability estimates of the trait for language onset to this
ascertainment adjustment shows that analyses with and
without ascertainment adjustment can yield different
conclusions about heritability. The traits for social mo-
tivation and range of interest/flexibility show the highest
genetic correlation under both the adjusted and unad-
justed models. This relative stability to the ascertain-
ment adjustment may indicate that this finding is less
sensitive to assumptions and models. Environmental
correlation estimates with the ascertainment adjustment
are much lower than those without, indicating that pre-
dictions about the effect of manipulating the environ-

ment could also be affected by the accuracy of the as-
certainment adjustment.

On the basis of our analysis, the traits for social mo-
tivation and range of interest/flexibility both seem to
have a strong genetic basis. Three other studies have
investigated evidence for familiality of subdomains of
autistic characteristics, all using ADI-R scores of af-
fected sibships. MacLean et al. (1999) found that non-
verbal communication and verbal/nonverbal status are
familial; Silverman et al. (2002) found that repeti-
tive behavior, nonverbal communication, useful phrase
speech, and age at phrase speech are familial; and Ko-
levzon et al. (2004) found that impairments in com-
munication and social interaction are familial. Our
analysis raises three points of discussion, with regard
to these previous studies. First, our analysis confirms
evidence for familiality of traits of social interaction (Ko-
levzon et al. 2004) and repetitive behavior (Silverman et
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Table 6

Estimates of the Genetic and Environmental Correlation Matrices

ASCERTAINMENT ADJUSTED

ASCERTAINMENT UNADJUSTED

Expr Lang Conv  Socl  Flex Expr Lang Conv Socl  Flex
Genetic:
Expr -66 —.09 -17 -.21 —.12 46 .01 —.60
Lang =57 =12 -.17 .35 .03 -.25
Conv 43 .30 .30 -.36
Socl .92 .68
Flex
Environmental:
Expr .30 35 .49 .36 59 .61 .64 .48
Lang .19 .26 .23 56 .50 37
Conv 17 .24 45 .38
Socl 44 45
Flex

NOTE.—The genetic correlation matrix is in the upper block, and the environmental correlation
matrix is in the lower block. Estimates in boldface italic type are statistically significant.

al. 2002). Second, since a familial trait need not be genetic
(a trait can be familial as a result of environmental as
well as genetic influences), it is not surprising that we did
not find evidence, in our analysis, for a genetic basis of
all the traits previously reported to be familial. Third, we
speculate that previous conclusions may be sensitive to
ascertainment, since, in our analysis without an ascer-
tainment adjustment, we found language onset to be
highly heritable.

Several studies have investigated the multivariate na-
ture of the three domains of autism. Both Spiker et al.
(2002) and Constantino et al. (2004) found no evidence
of the three domains being independent. On the other
hand, both Silverman et al. (2002) and Kolevzon et al.
(2004) speculated that the familial traits that they found
were independent, although Kolevzon et al. (2004) found
a negative association (pairwise correlation —0.53) be-
tween the social and repetitive behavior domains. How-
ever, these studies do not reveal reasons for dependence
or independence of the three domains. Our multivariate
polygenic analysis has shown that all three domains are
significantly correlated, mostly because of environmental
influences. Also, there is evidence for a significant positive
genetic influence on the correlation of social interaction
and repetitive behavior.

A multivariate polygenic model provides genetic and
environmental correlation structures. This information,
in turn, can be useful for the design of gene mapping
studies. In particular, the magnitude of genetic corre-
lations can guide the use of the other traits, when one
trait at a time is being analyzed. Analysis of single traits,
adjusted for covariates, is often preferred in genome
scans, for a number of practical reasons. A strong ge-
netic correlation may indicate shared genes for two
traits, and a weak or negligible genetic correlation im-
plies that gene sharing is unlikely. For example, when

the trait for social motivation is analyzed, adjusting for
the trait for range of interest/flexibility may be harmful,
since this might eliminate the effect of shared genes,
which could, in turn, reduce power in a linkage analysis.
On the other hand, adjusting for the trait for expres-
siveness may be useful, since that could increase the
genetic signal by reducing the error variance.

The strong genetic basis of the traits for social mo-
tivation and range of interest/flexibility indicates that
they are most promising for future gene mapping of
individual traits. Since the diagnosis of autism puts more
weight on the social domain, the high heritability of the
trait for social motivation suggests a strong genetic basis
of autism. Also, since it is more feasible to measure a
subset of autism characteristics than to get a complete
diagnosis of autism, it is easier to extend pedigrees by
measuring these two traits in relatives of the individuals
in the current sample, thereby increasing the usefulness
of the pedigrees for the mapping of genes contributing
to these two traits.

To our knowledge, this is the first attempt to evaluate
the genetic basis of multivariate quantitative traits re-
lated to autism. The five BPASS traits measure the three
domains of autism characteristics: expressiveness and
social motivation, for impaired social interactions; con-
versational skills and language onset, for language ab-
normalities; and range of interest/flexibility, for repeti-
tive or stereotyped behavior. It is highly encouraging to
find high heritabilities for the traits for social motivation
and range of interest/flexibility. The genetic correlation
between the traits for social motivation and range of
interest/flexibility appears to be strong, and this may
suggest a genetic basis that is shared between these two
traits. Because of instabilities of other genetic correla-
tion estimates, it is not clear whether there is any other
shared genetic basis. Positive environmental correla-
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tions indicate that clear separation of the three domains
could be difficult. From a treatment point of view, how-
ever, these positive environmental correlations suggest
that specific environmental factors may affect multiple
domains related to autism.
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Log-Likelihood and Its Derivatives

The log-likelihood for the model in equation (3) is
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