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Quantitative genome scan and Ordered-Subsets Analysis
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Autism is a neurodevelopmental syndrome with early childhood onset and deficits in three
behavioral and cognitive dimensions: language, social skills and repetitive or restrictive
behaviors. We hypothesized that using these endophenotypes would provide more power to
detect linkage than the diagnosis of autism. Previously, we reported results for a
nonparametric quantitative trait locus (QTL) genome scan in 152 families with autism, which
revealed a linkage peak related to spoken language on 7q35. Here, we present the results of a
nonparametric QTL scan of autism endophenotypes in 291 multiplex families, including the
original 152. The strongest evidence for an ‘age at first word’ QTL was on chromosomes 3q at
147 cM (Z ¼ 3.10, Po0.001), and 17q at 93 cM (Z ¼ 2.84, P ¼ 0.002), both represent novel
susceptibility loci for autism endophenotypes. There was also support for a previously
identified autism peak on chromosome 17 at 43 cM (Z ¼ 2.22, P ¼ 0.013) with ‘age at first
phrase’. The 7q35 language peak was attenuated (Z ¼ 2.05, P ¼ 0.02) compared with the original
finding. To explore the possibility of increased heterogeneity resulting from the addition of 135
families to the sample, we conducted an Ordered-Subsets Analysis on chromosome 7; these
results suggest that the 132 autism families with the earliest average age at first word are
responsible for the QTL on 7q35. This locus on 7q35 may harbor a gene contributing variability
in spoken language that is not uniquely related to language delay in autism.
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Autism (MIM 209850) is one of the most common
neurodevelopmental disorders and is characterized
by language impairments, social and communicative
deficits, and repetitive or stereotyped behaviors (RSB)
or activities. It has an onset prior to 3 years of age and,
by most recent estimates, affects more than three in
1000 individuals.1 Evidence for the role of genes in
the development of autism includes high heritability
estimates,2 a high sibling risk compared to the general
population,3 and chromosomal anomalies reported in
individuals with the disorder.4 Overlapping regions
of suggestive linkage have been reported in more than
two studies on chromosomes 1, 2q, 3q, 7q, 16p, 17q
and Xq,5–11 but no genes have been conclusively
identified yet.12
Several factors, such as phenotypic and genetic
heterogeneity, and multiple interacting genes, have
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been postulated to complicate the identification of
autism loci leading to inconsistent results. The
phenotypic expression of autism varies greatly among
the affected.13 Mild variations of the main characteristics or endophenotypes14 of autism, such as social
or communicative impairments, RSB and, especially,
language deficits, are also often observed in the firstand second-degree relatives of autistic probands.15
The presence of these autism-related traits in the
probands’ relatives, irrespective of their own affection
status, suggests that the traits are also familial and
may be genetically transmitted.
Endophenotypes represent simple, biologically
based aspects of a disease that may be governed by
fewer susceptibility genes. To optimize the search for
these genes, endophenotypes must be clearly associated with the disease, must be heritable, and are
often observed in unaffected relatives at a higher
rate than in the general population.16 Although the
concept of psychiatric endophenotypes was described over 30 years ago,17 their use in genetic
studies of autism has gained popularity only recently.
Investigators have begun to use these autism endophenotypes as covariates in linkage analyses in an
attempt to increase both phenotypic and genetic
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homogeneity of the affected sample.18–21 For example,
Buxbaum et al19 reported that most of the linkage
evidence for a putative autism susceptibility locus on
chromosome 2q was from the families with a language
delay. These results were supported in an independent sample of 82 families with autism.21 Bradford
et al18 investigated two chromosomes, 7 and 13, and
suggested that language-delayed families were responsible for most of the evidence for linkage to
autism to these chromosomes. Shao and colleagues20
applied the Ordered-Subsets Analysis method to a
covariate representing ‘insistence on sameness’ derived from a principal components analysis, and
identified a subset of homogeneous families with
autism that were responsible for linkage to a previously reported region on 15q11–13.
As an alternative approach in the search for autism
susceptibility genes, we defined several familial
endophenotypes from the Autism Diagnostic Interview-Revised (ADI-R)22 and used them to perform a
genomewide quantitative trait locus (QTL) analysis.23
Several suggestive peaks were identified including
the most significant language-related peak on 7q35.
Here we continue this approach, performing a nonparametric QTL analysis of familial autism endophenotypes in this recently expanded sibpair sample.
Results of the present quantitative analysis, which
included linkage peaks on chromosomes 3, 17 and a
more modest peak on 7q35, led us to attempt to
investigate the heterogeneity in our sample through
the use of the Ordered-Subsets Analysis approach.24,25

Materials and methods
Participants
The AGRE sample was ascertained for nuclear
families with at least two children having a possible
diagnosis of autism spectrum disorder (autism,
pervasive developmental disorder or Asperger’s syndrome). Families were recruited through physician
referrals and the Cure Autism Now foundation, a
nonprofit organization established by parents, clinicians and researchers to fund biomedical research of
autism. AGRE has human subjects’ approval and our
use of the AGRE repository was approved by the
UCLA and Columbia University IRBs.
For the present report, phenotypic information was
available from 436 AGRE families; genotypic and
phenotypic data were publicly available from the
AGRE website26 for a total of 345 families. The total
number of individuals in the sample was 1794, and
included 1034 offspring. Among the 701 individuals
affected with autism spectrum, the ratio of males to
females was 3.25 (536 boys and 165 girls), consistent
with other reports of an increased prevalence of the
disorder in boys.5,7,10 The mean age of the children at
the time of testing was 7.3 years. Cases with
confirmed Fragile X syndrome or other chromosomal
abnormalities were excluded from the analysis. In
addition, the specific age at first word was not
available for 115 children due to various reasons: 18
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had a few words and then lost them, 78 had not
reached the milestone of having said their first word
and for the rest the value was unknown. However, we
did not expect that these missing data would bias the
results. The families from the present report were
included in a recent genome scan of the diagnosis of
autism.27 However, Yonan and colleagues’ qualitative
approach only required the individuals’ diagnosis to
be included in the analysis; thus, affected individuals
with missing quantitative variables were included in
their report and can not be included here.
Measures
The ADI-R22 is a semistructured interview for the
caregivers of individuals that may be affected with
autism spectrum disorders. A trained tester administered the ADI-R, which is based on the ICD-10 and
DSM-IV criteria for autism diagnosis, in the family
home. We analyzed three items from the ADI-R that
quantified the age at which the subjects spoke their
first word (WORD), their age at speaking their first
phrase (PHRASE) and a composite measure of RSB:
ADI variables A12, A13 and DD total, respectively.23
Children from 291 families had no missing data for at
least one of these three items from the ADI-R. The
majority of the families (N ¼ 258) had sibships of
size two, 30 families had sibships of size three and
three families had sibships of size four. Data from a
total of 618 offspring were included in the quantitative
linkage analysis. From this sample, WORD, PHRASE
and RSB items were available for 515, 430 and 618
individuals from multiplex families, respectively. The
families used for this analysis are available as
supplemental data (geschwindlab.medsch.ucla.edu).
For the OSA, individuals with a broad diagnosis of
autism were considered affected. Individuals were
considered affected with narrow autism if they had an
onset prior to 3 years of age and met the criteria in
quality of social interaction, communication and
language, and repetitive, restricted and stereotyped
interests and behavior.22 In the genotyped sample, the
broad autism group included individuals diagnosed
with formal autism based on the ADI-R (N ¼ 505),
individuals categorized as Not Quite Autism (NQA,
one point short of meeting the autism criteria; N ¼ 40),
and those who are in the Spectrum (individuals show
either (a) severe deficit on at least one domain or (b)
moderate deficits in at least two domains; or (c)
minimal deficits in all three domains; N ¼ 96). Thus,
the sample available for the OSA includes genotyped
individuals with a variable expression of the disorder:
from mild to severe impairment.
Families with at least two genotyped offspring with
broad autism with at least one of these offspring
measured for the quantitative traits were included
in the OSA. The OSA covariates were the means,
minimum values and maximum values for the
language-related traits—WORD and PHRASE. Since
the covariates represent an entire family and not an
individual, one estimate was used per family using
the available data from all siblings within that family.
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The OSA WORD and PHRASE analyses included 289
and 273 families, respectively.
Genotyping
The laboratory and genotyping protocols for the
AGRE study have been described previously.9 DNA
samples from the parents and offspring were genotyped at Columbia University using 335 microsatellite
markers comprising a modified version of the Weber
8.0 marker set. An additional 73 microsatellite
markers were genotyped to follow-up regions of
interest identified through a qualitative analysis of
156 families (results reported in Alarcón et al23 and
Yonan et al27). Of these 73 follow-up markers, 30 span
a region of about 60 cM on chromosome 7q. PCR
amplification of microsatellite markers has been
described previously.9,28 The average heterozygosity
of markers used in this study was 0.77 and the average
density was 10 cM.
Statistical and genetic analysis
The SAS software (version 8; SAS Institute, Cary,
NC, USA) was used to merge data files, calculate
descriptive statistics and to prepare the input files for
the genetic analyses. PedCheck29 was used to find
Mendelian genotype errors. When a genotype error
was identified, the genotype was recoded as missing.
Marker allele frequencies were obtained by counting
parental genotypes; however, 90% of the parents
were genotyped and therefore frequencies would not
have a major impact on linkage results. Map distances
were obtained from the Center for Medical Genetics,
Marshfield Medical Research Foundation (http://
research.marshfieldclinic.org/genetics/).
We applied a nonparametric linkage approach to
identify QTL that may contribute to the expression of
the autism endophenotypes of WORD, PHRASE and
RSB. Linkage analysis was performed using the
program Mapmaker/Sibs30 within the Genehunter
2.1 software package31 that conducts multipoint
sibling-pair linkage analysis of quantitative traits.
All pairs of affected sibs were used in the analysis,
that is, option 3 includes all possible pairs within a
sibship and weighs them by 2/N (where N is the
number of affecteds) to account for the correlation
among pairs from the same family.
The nonparametric QTL statistic is based on the
Wilcoxon rank-sum test. Sib pair trait differences are
ranked and multiplied by a function of the number of
alleles shared IBD; the ratio of the statistic to its
standard deviation provides a Z-score that follows
a standard normal distribution.30,32 This method is
robust to violations of the normality assumption.30
Since Genehunter does not have an analysis
program to test X-linkage on quantitative traits, we
used Mapmaker/Sibs on the discrete trait of ‘affection
status’. We selected those individuals whose trait
value exceeded the mean for their sex and classified
them as ‘affected’. LOD scores were reported for
brother–brother, brother–sister and sister–sister pairs
on a single multipoint plot for each trait. In this

report, we highlighted linkage regions with nominal
P-values of o0.01, and if additional traits show
evidence for linkage with a P-value of o0.05 in the
same region, we also presented those results.
Follow-up analyses explored the possibility that
increased heterogeneity in our large sample reduced
the original QTL signal on chromosome 7q35.
Although the possibility exists that the original signal
was simply a false positive, the results from independent studies supporting the presence of susceptibility
genes for autism33–35 and for language disorders36
within 20 cM of our QTL signal suggested that an
alternative explanation existed for the attenuation of
the linkage peak. To evaluate this, we applied an OSA
approach24,25 to the data from chromosome 7. The
OSA method consists of performing a qualitative
linkage analysis to obtain a linkage statistic for each
family. Then, the families are ranked according to the
covariate of interest and the proportion of families
responsible for the linkage signal is estimated by
adding the families one to several at a time and
running the qualitative linkage analysis. This procedure is repeated until maximal evidence for linkage is
obtained; then, empirical significance values are
estimated. Since our original QTL result for chromosome 7q was linked to a language trait, WORD and
PHRASE were used in these analyses as covariates for
ranking the families. The sib averages of these traits,
the minimum trait values within a sibship and the
maximum trait values within a sibship were used as
the covariates for the OSA. Since we did not make
a priori assumptions whether the families with the
earliest or the most delayed language development
were responsible for the linkage result, we ranked the
families in both ascending and descending order by
each of their covariate values, resulting in ordering
the sibships in 12 ways.
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Results
Sib correlations of language and repetitive behavior
measures
Sibling correlations for the three ADI-R items that
assessed language and repetitive behavior were significant and are consistent with those reported
previously in a subset of the sample.23 As shown in
Table 1, the modest but significant WORD (r ¼ 0.27),
PHRASE (r ¼ 0.30) and RSB (r ¼ 0.31) sibling correlations suggested that the variability in these traits was
familial and may have been due to genetic influences;
however, the effects of a common sibling environment
may have also contributed to these relationships.37
Trait distributions
Children with normal language development typically say their first word prior to 12 months of age
and their first phrase by 24 months. In this sample,
the age at first word ranged from 5 to 96 months
and the first phrase occurred between the ages of 9
and 114 months. While the majority of the offspring
in the AGRE sample shows either a word or phrase
Molecular Psychiatry
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Table 1

Sibling correlations of autism endophenotypes

Endophenotype

ADI-Ra Item

Age at first word
Age at first phrase
Repetitive or stereotyped behavior

A12
A13
DD total

a

N Sibpairs

Correlationb

P-value

202
146
286

0.27
0.30
0.31

o0.0001
0.003
o0.0001

ADI-R.22
Spearman correlation coefficients.

b

Table 2 Descriptives for age at first word (WORD), age at first phrase (PHRASE) and repetitive or stereotyped behavior (RSB)
stratified by sex
N

Meana

SD

Mediana

Rangea

Kurtosis

Skewness

WORDb
Males
Females

418
130

30.75
26.96

18.77
15.66

27
24

5–96
8–72

0.18
0.53

0.86c
0.73c

PHRASE
Males
Females

348
110

43.81
41.35

19.10
18.96

42
39

9–114
12–96

0.45
0.21

0.61c
0.50c

RSBb
Males
Females

505
153

5.60
4.79

2.63
2.50

6
5

0–12
0–12

0.18
0.07

0.17c
0.41

Measure

a

In months for WORD and PHRASE.
Males and females are significantly different (Po0.05).
c
Significantly non-normal (Po0.05).
b

speech delay, many also met normal language milestones; this illustrates the wide variability in expression of language-related endophenotypes present in
Autism.
As shown in Table 2, males had a significantly
greater delay in WORD and more RSB symptoms.
WORD and PHRASE exhibited significant positive
skewing irrespective of sex, although they were not
kurtotic (ie the distributions did not have abnormally
large or small tails). These results support the use of
nonparametric genetic analyses that do not assume
distributional normality. Thus, all genetic analyses
made no distributional assumptions and all analyses
were run using the untransformed scores.
Genome scan of language and repetitive behaviorrelated QTL
A complete quantitative multipoint genome scan
analysis for autism endophenotypes in nuclear
families having at least two children affected with
autism spectrum disorder was performed. Although
only phenotypic data from affected siblings were
included in these analyses, the parental genotypes
permitted more precise estimation of allele sharing (ie
IBD). The nonparametric genome-wide QTL results
for the three quantitative traits are shown in Figures 1
and 2, and are summarized in Table 3. As shown
(Table 3), 7 chromosomes had evidence for nominal
Molecular Psychiatry

linkage at the 1% level (ie, Z42.18, nominal Pr0.01).
The largest Z-score was obtained for WORD at 147 cM
on chromosome 3 between markers D3S3045 and
D3S1763: Z ¼ 3.10, one-sided Po0.001 (Figure 1). A
smaller peak for PHRASE (Z ¼ 1.76, nominal P ¼ 0.04)
at 170 cM slightly overlaps the linked region for
WORD.
Another suggestive linkage peak for WORD was
observed on chromosome 17q at 93 cM (Z ¼ 2.84,
nominal P ¼ 0.002) between markers D17S1290 and
D17S1301. RSB showed a similar result (Z ¼ 2.31,
nominal P ¼ 0.01) at the same position. Results from
Auranen et al35 also support a QTL on 17q, although
their peak location was 23 cM telomeric from the
current peak. However, these results are not directly
comparable because Auranen et al35 analyzed markers
that were more telomeric to the currently available
scan markers. Interestingly, one of the most significant linkage peaks for PHRASE was on this chromosome, at 43 cM, between markers D17S1298 and
D17S1299. This result overlaps with several reports
of autism linkage between 35 and 49 cM.8,10,11,27
Adding four additional markers in this 17q region
(between 48 and 53 cM), increased the peak Z-score
for PHRASE to almost 3.0.
The largest Z-score for RSB was on the short arm of
chromosome 16 at 8 cM (Z ¼ 2.5, P ¼ 0.006), and there
may be a QTL for language (WORD Z ¼ 2.38, P ¼ 0.009,

Scan of autism endophenotypes
M Alarcón et al
4
3

3

2

2

1

1

Z 0

Z 0
0

50

100

150

751

4

Chromosome 1

200

250

300

-1

-1

-2

-2

-3

-3

Chromosome 2

0

100

50

150

300

cM

cM
4

4

Chromosome 3

3

3

2

2

1

1
0

50

150

100

200

250

Z 0

-1

-1

-2

-2

-3

-3

-4
Chromosome 5

2

2

1

1

Z 0

Z 0

100

150

200

-1

-1

-2

-2

-3

-3

-4

Chromosome 7

3

2

2

1

1

Z 0

Z 0

25

50

75

100

125

150

175

-1

-1

-2

-2

-3

-3

-4

Chromosome 9

3

2

2

1

1

Z 0

Z 0

25

50

75

40

60

200

80

100

125

150

-1

-1

-2

-2

-3

-3

100

120

140

160

180

cM
Chromosome 8

0

25

50

75

100

125

150

125

150

175

cM

4

3

0

20

-4

cM

4

0

4

3

0

150

cM

-4

cM
4

100

50

Chromosome 6
3

50

0

4

3

0

Chromosome 4

-4

cM
4

-4

250

-4

-4

Z 0

200

Chromosome 10

0

25

50

100

75

175

-4
cM

cM

Figure 1 Nonparametric QTL results of an autosomal genome scan for age at first word (bold line), age at first phrase (solid
line) and the composite measure of repetitive behaviors (dotted line).
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Table 3 Summary of multipoint quantitative genome scan
in 287 families in chromosome order of significance
Chr

Peak
(cM)

Regiona
(cM)

Z

P-valueb

3

147

126–170

3.10

o0.01

WORD

17

45
93
93

13–96
86
78

2.22
2.84
2.31

0.01
o0.01
0.01

PHRASE
WORD
RSB

16

8
134
134

0–20
127
78

2.5
2.38
2.08

0.01
0.01
0.02

RSB
WORD
PHRASE

5

40
125

0–67
98–152

2.39
2.28

0.01
0.01

WORD
PHRASE

10

23
107
30
122

0–43
72–126
9–41
98

2.31
2.19
2.20
2.20

0.01
0.01
0.01
0.01

PHRASE
WORD
WORD
WORD

2
lod
1
0

0

25

50

-1

75

100

125

cM

4

Age at First Phrase

Traitc

3
2
lod
1
0

0

25

50

-1

75

100

125

150

1
15
a

Based on the 90% confidence interval.
Chromosomal regions included if nominal P-value was
r0.01; additional peaks included if P-value was o0.05.
c
WORD ¼ age at first word; PHRASE ¼ age at first phrase;
RSB ¼ restrictive or repetitive behaviors.

cM

b
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Consortium38) proximal to the current linkage interval
(78 cM to the end of the chromosome).

2
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0
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Figure 2 Nonparametric X-linkage results for age at first
word, age at first phrase and the composite measure of
repetitive behaviors for brother–brother (bold line), brother–
sister (solid line) and sister–sister (dotted line) pairs.

134 cM; PHRASE Z ¼ 2.08, P ¼ 0.019, 134 cM) on the
long arm. Existence of a language QTL on 16q is
supported by a report of linkage of specific language
impairment to a region (between 92 and 126 cM;

Language-related QTL on 7q and heterogeneity
analysis
The peak Z-score for WORD on chromosome 7 in this
updated sample was smaller than the one in the
original scan result (Z ¼ 2.98, P ¼ 0.001, 150–174 cM;
Alarcón et al23), however, the location of the QTL for
WORD on 7q35 remained the same. One possibility
was that the original peak was a false positive.
However, linkage studies of autism33–35 and language
disorders36 provide evidence for susceptibility genes
in this region. Moreover, results of a regional metaanalysis of four published autism genome scans show
that linkage to the chromosome 7q region is significant at the genomewide level.39 An alternative
explanation for the reduced evidence for the 7q
Molecular Psychiatry
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were included in the original QTL report. Thus, the
newest families in the updated sample also provide
evidence for a language QTL on 7q.
To assess whether the offspring in the subset of
families responsible for the chromosome 7q linkage
differed in language, cognitive or behavioral measures
as opposed to those in the unlinked subset of families,
we compared their scores on WORD, PHRASE and
RSB from the ADI-R, subtests from the Vineland
Adaptive Behavior Scales, and the summary scores
for the Peabody Picture Vocabulary Test (PPVT) and
the Ravens Colored Progressive Matrices. The Vineland evaluates the socialization, daily living and
communication skills of the affected individuals. The
PPVT measures receptive vocabulary and verbal
ability; and the Ravens is a test of nonverbal ability
and measures the capacity to recognize geometric
patterns and designs. To avoid assumptions of distributional normality, we used the Wilcoxon rank-sum
test for the comparisons. As expected, the sibships
responsible for the chromosome 7q35 linkage had
significantly lower averages (Po0.0001) of WORD
(16.5 months) and PHRASE (35.2 months) than the
unlinked sibships (40.3 and 49.6 months, respectively). With the exception of the PPVT, all other
comparisons of language, cognitive or behavioral
measures were not significantly different. As shown
in Table 5, the two groups only differed marginally in
the PPVT (Po0.04) with the linked group having a
slightly higher mean vocabulary score (96.46) than
the unlinked group (81.80). Interestingly, the PPVT, a
test of receptive language, was negatively correlated
with WORD and PHRASE in the complete sample

language-related QTL is an increase in genetic
heterogeneity in the additional 135 families. To
explore this possibility, we applied an OSA approach
to the chromosome 7 scan data for the languagerelated traits of WORD and PHRASE. The OSA allows
the identification of a subset of families that is
responsible for the maximal evidence for linkage to
a region in the presence of heterogeneity; without the
requirement of the prior specification of the subset.24
In this way, OSA selects a subset of families with
linkage homogeneity that can later be characterized.
In the present report, the autism families were ranked
according to scores for language endophenotypes
and the subset of families that provided the linkage
evidence to chromosome 7 was identified; a summary
of the significant OSA results for chromosome 7 is
shown in Table 4. The peak linkage results for
WORD and PHRASE were at 163 cM, and in both
cases, the subsets of families that contributed to the
linkage evidence had offspring with the earliest
language development compared to the overall autism
sample. These results were not surprising given that
WORD and PHRASE are correlated traits (r ¼ 0.66,
Po0.001) and that there was a 78% overlap in the
subsets of families contributing to the OSA linkage
peaks for both traits. That is, when PHRASE was
covaried, 52 of the 67 families that were responsible for
the chromosome 7 linkage were also in the subset of
families responsible for the linkage when WORD was
covaried. The substantial increase in the LOD score for
WORD was obtained using the ascending sib average to
rank the families and 132 of them were responsible for
the change. Interestingly, only 70 of these families

Table 4 OSA summary—increases in LOD score due to selection of family subsets based on language traits and linkage to
chromosome 7
Traita

Peak (cM)

Max LOD

D

P-valueb

No. of families

WORD
Sib average

163

2.57

2.13

0.035

132

Ascending

PHRASE
Minimum

163

2.76

2.11

0.022

67

Ascending

a

Order

WORD ¼ age at first word; PHRASE ¼ age at first phrase.
Strength of the relationship between the covariate and the linkage information for a subset of families.24

b

Table 5

Comparison of families responsible for chromosome 7 linkage with unlinked families

Measure

Families linked to Chr 7

Age at first word
Age at first phrase
Peabody Picture Vocabularyb
a

Meana

N

Meana

N

P-valuec

16.5
35.2
96.5

132
117
67

40.3
49.6
81.8

173
165
80

o0.0001
o0.0001
0.04

Mean calculated within each sibship, regardless of number of siblings.
Raw scores.
c
Wilcoxon two-sample test, normal approximation, two-sided probability.
b
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(Spearman’s r ¼ 0.25, Po0.005 and r ¼ 0.31,
Po0.005, respectively). These correlations between a
receptive language assessment, PPVT and the ADI-R
questionnaire items WORD and PHRASE were reassuring and suggested that the retrospective interview data
are valid assessments of items on psychometric
language tests.
Lastly, to assess whether our most significant
linkage result on chromosome 3 was independent of
linkage to chromosome 7, we tested linkage of the
quantitative trait WORD to chromosome 3 in the
following two subsets identified through the OSA:
the 132 families linked to chromosome 7 and the
155 unlinked families. Irrespective of linkage to
chromosome 7, there was modest evidence of linkage
to chromosome 3: for the families linked to chromosome 7, Z ¼ 1.64, P ¼ 0.101, 112–192 cM (peak ¼
145 cM), and for the unlinked families, Z ¼ 2.50,
P ¼ 0.012, 124–169 cM (peak ¼ 153 cM). These results
provide additional evidence for heterogeneity in autism and support the existence of at least two QTL for
autism-related traits on chromosomes 3 and 7 that may
contribute to language development independently.

Discussion
In the first report of a quantitative genome scan of
autism, we described a potential language-related
QTL on chromosome 7q.23 Since that time, the AGRE
sample has expanded and phenotypic information is
now available for 436 families; 291 of these have
quantitative traits and have also been genotyped and
were included in our updated genome scan. By 2005,
AGRE is expected to have genotypes from an
independent sample of at least 100 additional autism
families that will serve to test putative QTLs identified in this scan and the quantitative scan reported by
Yonan and colleagues.27
As in the original report, nonparametric linkage
analysis of three autism endophenotypes (WORD,
PHRASE and RSB) revealed several regions that may
harbor QTL for these traits. The most significant result
was obtained for WORD on chromosome 3. As shown
in Figure 1 and Table 3, the peak nonparametric Zscore for WORD was 3.10 (Po0.001) at 147 cM,
suggesting that a language-related susceptibility locus
or QTL may reside on the long arm of chromosome 3.
Although Auranen et al35 also obtained a peak on
chromosome 3q, the distance between the peaks is
quite large, around 43 cM, suggesting that the peaks
are independent. Interestingly, Fisher and colleagues40
reported a modest linkage peak of ADHD only 22 cM
away from the current 3q WORD peak. Moreover,
there is evidence for a QTL for phonological memory
in families with speech-sound disorder41 that is about
9 cM from the 3q region linked to WORD in the
present autism sample. These results suggest that a
general QTL for susceptibility to language-related
developmental disorders may reside in this 3q region.
Fine mapping in this region is currently underway for
the AGRE sample.

The current linkage peak for WORD on chromosome 7 was attenuated compared to the results from
the original report. The 7q linkage result, coupled
with literature support for an autism susceptibility
gene within 15 cM of the original QTL region,5,7,10,11,34
prompted us to investigate the possibility of increased
heterogeneity in the enlarged sample. Based on the
novel work by Shao et al,20 who described the use of
phenotypic subtypes to identify homogeneous subsets of autism families, we applied the OSA approach
to the language traits and obtained encouraging
results. First, the linkage statistic for the qualitative
analysis increased substantially by ranking the
families according to the language covariates. Without
ranking the families according to their language traits,
the 7q region would not have been considered worthy
of follow-up based on the qualitative results. Second,
the subset of 132 families responsible for the linkage
evidence had offspring with the earliest language
development. Therefore, the language QTL does not
appear to confer susceptibility for severe language
delay in this sample, but rather may reflect the effects
of a more general language-related locus. This is
supported by linkage of other language-related traits
and disorders to this region.42,43 Third, of the 132
families responsible for the evidence in support of
linkage of WORD to 7q, only 40% were from the
original QTL analysis. Thus, similar percentages of
families from each cohort contributed; the new
families that joined the AGRE sample since the initial
scan23 contributed to the linkage evidence. These
results suggest that there has not been systematic
ascertainment for families that support a WORD QTL
on 7q. The present results support the previous
hypothesis23 that one or more language loci can act
alone or in combination with a more modest autism
gene on chromosome 7 to provide risk for language
disorders, or the broader autism phenotype.
The present linkage results were obtained from the
largest collection of autism families available. Alternative approaches to extend the analysis of autism
endophenotypes currently include incorporating language development information from unaffected siblings and parents of the probands into the linkage
analysis, examining the prospective language and
social development of young children that have not
yet been diagnosed with autism, and analyzing
additional psychometric measures of behavior and
cognition in affected children. Owing to the complex
etiology of the disorder and the mounting evidence
for genetic heterogeneity, several strategies and large
samples for replication will be necessary to identify
the genes involved with autism.
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