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Abstract
Objective—To investigate the underlying phenotypic constructs in autism spectrum disorders
(ASD) and to identify genetic loci that are linked to these empirically derived factors.

Method—Exploratory factor analysis was applied to two datasets with 28 selected Autism
Diagnostic Interview-Revised (ADI-R) algorithm items. The first dataset was from the Autism
Genome Project (AGP) phase I (1,236 ASD subjects from 618 families); the second was from the
AGP phase II (804 unrelated ASD subjects). Variables derived from the factor analysis were then
used as quantitative traits in genome-wide variance components linkage analyses.

Results—Six factors, joint attention, social interaction and communication, non-verbal
communication, repetitive sensory-motor behaviour, peer interaction, and compulsion/restricted
interests, were retained for both datasets. There was good agreement between the factor loading
patterns from the two datasets. All factors showed familial aggregation. Suggestive evidence for
linkage was obtained for the joint attention factor on 11q23. Genome-wide significant evidence
for linkage was obtained for the repetitive sensory-motor behaviour factor on 19q13.3.

Conclusions—This study demonstrates that the underlying phenotypic constructs based on the
ADI-R algorithm items are replicable in independent datasets; and the empirically derived factors
are suitable and informative in genetic studies of ASD.
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Introduction
Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders, including
autistic disorder, Asperger syndrome, and pervasive developmental disorder not otherwise
specified, that are characterized by different degrees of 1) deficits in social interaction; 2)
deficits in verbal and non-verbal communication; and 3) repetitive and stereotyped
behaviours and interests.1,2 This three-domain conceptualization of ASD is primarily based
on clinical acumen rather than empirical evidence.3

To date, many studies have examined the underlying phenotypic dimensions of ASD.4-13

However, possibly due to differences in statistical methods, item selection, sample
ascertainment, sample sizes, and other aspects, the results appear to be inconsistent with
empirically derived factors ranging from one to six.5 Four studies have incorporated such
factors in genetic analyses of ASD.14-17 Cannon et al.14 used two variables, insistence on
sameness (IS) and repetitive sensory-motor actions (RSMA), in linkage analyses. However,
no factor analysis was performed. Instead the variables were obtained by dichotomizing the
sum of IS or RSMA items from the Autism Diagnostic Interview-Revised (ADI-R)
‘repetitive behaviours/stereotyped patterns’ domain. The other three studies15-17 did not use
the derived factors as primary traits in their genetic analyses, rather the ASD diagnosis was
the primary trait and factors were used to define subsets of families to increase genetic
homogeneity.

Compared to binary traits (e.g. presence or absence of ASD), well-defined quantitative traits
may be more informative for genetic studies because they correspond better to ASD as
syndromes with a spectrum of severities. A number of studies18-23 have used quantitative
phenotypes, especially, the composite domain total scores from ADI-R, for genetic analysis
of ASD. Although suggestive evidence of linkage was observed for these total scores, in
general, these linkage signals were not as strong as the results from studies using the ASD
diagnosis as the primary trait.18-20,22 One explanation is that the total scores of the separate
ADI-R domains as sums of numerous items do not correspond to the true phenotypic
constructs of ASD.

The present study investigated the underlying phenotypic constructs of ASD using two
large, independent datasets from the Autism Genome Project. The empirically derived
factors were then used as quantitative traits for linkage analysis to identify their genetic loci.

Method
Study samples

The Autism Genome Project (AGP) is a consortium of scientists from North America and
Europe.24 Two independent AGP datasets were selected: one included families with two
affected relatives (1,236 ASD patients from 618 families, AGP phase I (AGPI)); the other
included one ASD subject from each family (804 ASD patients, AGP phase II (AGPII)). For
genetic analysis, the parents of the AGPI cases were also included. Details of the sample
inclusion criteria can be found in the supplementary data. Informed consent was obtained
from all participants in the study and institutional review boards approved our procedures.
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ADI-R items and covariates
The ADI-R is a semi-structured interview conducted with the primary caregiver about a
child’s symptoms both currently and during early development.25 There are 37 ‘ever/most
abnormal’ algorithm items. Two items, ‘Friendship at 10-15 years old’ and ‘Inappropriate
facial expressions’, were excluded due to high missing rates (because of the age criterion for
the former, and for the latter, missing if the item ‘Range of facial expressions used to
communicate’ was coded as 3, i.e. little or no indication of emotion). Seven items which
were designed only for verbal individuals were also excluded. The remaining 28 items,
available for both verbal and non-verbal individuals, were used in the factor analysis. For
each item, the original values 0, 1, 2, and 3 were used with the assumption that 3 was
sufficiently different from 2 in our data. Individuals with values 7, 8 and 9 on any item were
excluded. All ADI-R assessors were research trained.

Five variables were used as potential covariates for the derived factors: gender, AGP site,
age at ADI-R assessment (in months), verbal/non-verbal status, and ethnicity. Ethnicities,
defined as Caucasian or non-Caucasian, were estimated using tagSNPs from the Affymetrix
10K array.22 Covariate effects were tested by including all covariates in a mixed linear
model for the related ASD subjects in AGPI.

Exploratory factor analysis
Unweighted least squares factor analysis (ULSFA) was applied to identify the number of
factors and pattern of factor loadings in AGPI and AGPII using the SAS FACTOR
procedure (v9.1.3, Cary, NC).26 Factors were retained if 1) a specific aspect of autistic
symptoms could be assigned, 2) there was a minimum of three ADI-R items loading on each
factor, and 3) the combined variance of all retained factors accounted for as much of the
common variance among the 28 ADI-R items as possible so the subsequent genetic analysis
could be performed for all different aspects of ASD. Because the ADI-R items are ordinal,
polychoric correlations were calculated instead of Pearson correlations. The polychoric
correlation matrix was then used in the factor analysis. Orthogonal transformation (varimax
rotation) was chosen to maximize independence among factors. The loading threshold was
set to 0.35 for factor interpretation.

Since AGPI contains related ASD cases, ULSFA was applied to samples which contained
one randomly selected affected individual from each family (n=618). This process was
repeated 100 times and the factor loading pattern was summarized. After confirming that the
loading pattern from the randomly selected samples was very similar to the factor pattern
from AGPI with related ASD individuals, the latter was used to further compare with the
loading pattern from AGPII (n=804) using coefficients of congruence.27

Genetic markers
The genotypes for AGPI were obtained using Affymetrix (Santa Clara, California) 10K SNP
arrays at the Translational Genomics Research Institute.24 Quality control has been
described.22 A total of 5,371 tagSNPs were selected for linkage analyses so that they were
not in strong linkage disequilibrium with each other (maximum D’=0.6).28 Details of the
marker information can be found in the supplementary data.

Genetic analysis
The derived factors from AGPI were used as quantitative traits for heritability estimation
using SOLAR (v4.1.0)29 and for genome-wide multipoint variance components linkage
analysis using Merlin --vc option (v1.1.2).30 Complex ascertainment criteria, as employed in
AGPI (families were recruited only if they had ≥2 ASDs), may have a large impact on
heritability estimates.31 No ascertainment correction was performed because normative data
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for the ADI-R items from a general population sample does not exist. Due to non-normality
of the non-verbal communication factor, rank transformation was performed to achieve
normality. Analyses were performed for all 618 families as well as for the subset of 517
Caucasian families. In addition, for each set of families, two models (with and without
adjustment for covariates – age at ADI-R assessment, age squared, verbal/non-verbal status,
gender) were employed. The significance of the top two linkage results were evaluated using
a simulation approach in Merlin.30 Details of the simulation method can be found in
Supplement 1, available online.

In addition to linkage analysis using the factors based on the weights (the coefficients in the
linear equation relating factors to the original item values) from AGPI, the linkage analysis
was also performed using the factors calculated based on the weights from AGPII. These
analyses could provide further evaluation of the similarities of factor analysis results
between AGPI and AGPII. If the factor results were truly comparable, then their linkage
signals should be similar.

Results
Sample description

Details of the ASD subjects from AGPI and AGPII are in Table 1. The major differences
between AGPI and AGPII were the AGP site (e.g. some sites in AGPI were not included in
AGPII, and vice versa), and family type (all AGPI samples were from multiplex families
while only 28% of the AGPII samples were from multiplex families). For four AGP sites –
Autism Genetics Resource Exchange (AGRE), Canadian Autism Genetics (CANAGEN),
Collaborative Programs of Excellence in Autism (CPEA), and International Molecular
Genetic Study of Autism Consortium (IMGSAC) – which had >100 samples from either
AGPI or AGPII, we compared the samples from each AGP site for diagnosis (autism vs.
ASD), gender, verbal/non-verbal status, and age at ADI-R assessment. There were
significant differences in diagnosis from two sites: IMGSAC had more samples with an
ASD diagnosis in AGPII than in AGPI (p=0.01), and CANAGEN had more ASD subjects in
AGPI than in AGPII (p=0.001). All other comparisons were not statistically significant.

Exploratory factor analysis
For both AGPI and AGPII, six factors were retained. According to the common
characteristics of the items that were correlated with a particular factor (correlation
coefficient (r)≥0.35), the factors represent themes related to joint attention, social interaction
and communication, peer interaction, non-verbal communication, repetitive sensory-motor
behaviour, and compulsion/restricted interests. These six factors accounted for most of the
common variance among the 28 ADI-R items, with the first factor accounting for >70% of
the total common variance and the remaining factors accounting for much lower proportions
of the total common variance (3 to 11%) before the varimax rotation (Table 2 and Table S1
(available online)). For comparison to the final factor loading patterns with six factors,
Tables S2 and S3, available online, present the loading patterns when two to five factors
were retained for AGPI and AGPII, respectively.

Table S4, available online, provides a summary of the factor loading patterns for the 100
randomly selected samples from AGPI. The mean loading values from the 100 samples were
very similar to the values from AGPI with the coefficients of congruence >0.999 for all
factors. This indicates that the factor analysis results using AGPI with related individuals
were very similar to the results from the samples with no related individuals. The factor
loading patterns were also quite comparable for AGPI and AGPII with the coefficients of
congruence ranging from 0.84 to 0.99 (Table S5, available online). However, the order of
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factors in AGPII was different from the order in AGPI. This may reflect statistical variation
or sample differences between AGPI and AGPII as described above. For statistical variation,
in the factor analyses using 100 random samples from AGPI, we found that even though the
proportions of common variance explained by the first two factors were very different
before the varimax rotation (70±1% vs. 11±0.6%), they were very similar after the rotation
(24.2±5% vs. 23.9±4%). As a result, the order of the first two factors could be different in
different samples.

Factors and covariates
All the factors except the non-verbal communication factor from AGPI were normally
distributed. The non-verbal communication factor was bimodally distributed with the low-
value distribution mainly from the verbal samples and the high-value distribution from both
the verbal and non-verbal samples. This factor was rank transformed and the transformed
factor was used in the following analyses.

All six covariates (gender, age at ADI-R assessment, age squared, verbal/non-verbal status,
AGP site, and estimated ethnicity) were associated with at least three of the six factors
(p<0.05) (Table S6, available online). Due to the phenotypic as well as possible genetic
differences by ethnicity (e.g. different allele frequencies in samples from different ancestral
backgrounds), the Caucasian families from AGPI were used after the initial analyses using
all the AGPI families. Gender, age at ADI-R assessment, age squared, and verbal/non-verbal
status were selected as covariates in genetic analyses. AGP site was not included because we
suspected that the differences in the factor scores across sites might be caused by true
differences in severity among individuals rather than by measurement error, since the ADI-R
was administrated by trained clinicians or assessors who had demonstrated >80% reliability
compared to the trainers across all scoring items. In addition, our previous study22 has
shown that the effect of the AGP site as a covariate on the linkage results of domain total
scores as quantitative traits were relatively small, with genome-wide changes in LOD scores
≤0.5.

Genetic analysis
All the factors showed significant familial aggregation (Table 2 and Table S7 (available
online). Most of the heritability estimates ranged from 0.46 to 0.70 (depending on whether
all or Caucasian families were used and whether covariates were included), while the peer
interaction factor had a heritability estimate of 0.27-0.33 possibly due to the effect of
contextual opportunities to observe and learn on the items of this factor within a social
interaction setting. Compared to twin studies, heritability estimates from siblings cannot
separate shared genetic from shared environmental influences, therefore these results should
be interpreted with caution.

Figure 1 illustrates the genome-wide linkage analysis results for the factors (chromosome-
specific results are in Figure S1, available online). Two chromosomal regions, 11q23.1-
q23.3 for the joint attention factor (LOD score=4.0) and 19q13.32-q13.33 for the repetitive
sensory-motor behaviour factor (LOD score=4.92), presented strong evidence for linkage
when Caucasian families were used and when covariate effects were adjusted (Figure 2,
Table 3).

Of the 1,000 simulated genome-wide datasets, 76 had a LOD score ≥4.0 for the joint
attention factor, indicating that the linkage result at the 11q23.1-q23.3 region clearly met the
genome-wide suggestive linkage criterion but was just short of ‘significant’. Only 7
simulations had a LOD score ≥4.92 for the repetitive sensory-motor behaviour factor
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demonstrating that the linkage result at the 19q13.32-q13.33 region was genome-wide
significant.

For the linkage analyses using the factors based on the weights from AGPII, the overall
linkage results were similar to the results from AGPI. At the two highlighted regions, the
peak LOD scores were 3.54 (p=0.00003) at 19q13.32-q13.33 for the repetitive sensory-
motor behaviour factor, and 3.27 (p=0.00005) at 11q23.1-q23.3 for the joint attention factor.
This demonstrates that the linkage results were reasonably consistent when the factors were
generated from independent ASD datasets. This also indirectly testifies that the factor
analysis results from AGPI and AGPII were similar.

Discussion
This is the first study which applied empirically derived factors as quantitative traits in
genetic analysis of ASD. The factor loading patterns of the ADI-R algorithm items were
replicated using two independent AGP datasets. In contrast to conventional factor analysis,
which retains only the top factors that account for a large proportion of the total common
variance, we retained factors which explained as little as 3% of the total common variance.
As a result, most of the common variance among the 28 ADI-R algorithm items was
accounted for in this study.

Two previous factor analysis studies employed the ADI-R algorithm items to determine the
factor structure of ASD.6,7 Of them, the study by Snow et al. is similar to our study (i.e. it
used a relatively large sample size, polychoric correlations, and the unweighted least squares
factor analysis method). In addition, some of the cases from the Snow et al. study likely
overlap with those from our AGRE sample (Table 1: AGRE samples made up 34% of AGPI
and 6% of AGPII). They found a two-domain model with a combined social-communication
factor, and a restricted and repetitive behaviour factor. The major difference between these
two studies is the rotation method: the quartimin rotation (a type of oblique rotation) in
Snow et al.; the orthogonal rotation in our study. When the oblique rotation was applied to
our data, the factor loading pattern was similar to the pattern using the orthogonal rotation
(data not shown). However, since the oblique rotation allows factors to be correlated with
each other, all factors, except the compulsion/restricted interests factor, were highly
correlated with the correlation coefficients ranging from 0.23 to 0.57 in AGPII. We decided
to apply the orthogonal rotation so that the factors would not be highly correlated and unique
genetic loci could be identified for each factor. Another disparity between these two studies
is that verbal and non-verbal individuals were analyzed separately in Snow et al. while we
analyzed them together but adjusted for verbal/non-verbal status as a covariate for all the
factors prior to linkage analysis. Despite these differences, both studies found that the items
from the reciprocal social interaction and communication domains tended to load on the
same factor/factors, i.e. the social-communication factor in Snow et al. and the joint
attention and social interaction and communication factors in this study.

For the ADI-R items from the restricted, repetitive, and stereotyped behaviour domain,
many factor analysis studies have consistently found two factors: repetitive sensory-motor
actions (RMSA) or lower-order repetitive behaviours, and insistence on sameness (IS) or
higher-order repetitive behaviours.13,32 There were also two factors for this ADI-R domain
in our study (Table 2). Our repetitive sensory-motor behaviour factor was similar to the
RSMA factor in the previous studies. However, the compulsion/restricted interests factor
was different from the IS factor. It was also different from the third factor (circumscribed
interests) in Lam et al.33 This might be due to the fact that non-algorithm items were used in
previous studies while we only included the algorithm items for which we had the most
complete data. Using AGPII, we found that the compulsion/restricted interests factor was
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positively correlated with verbal IQ after adjusting for age at ADI-R assessment, verbal/
nonverbal status, and gender (p=0.003). In contrast, the repetitive sensory-motor behaviour
factor was negatively correlated with verbal (p=0.01) and performance IQ (p=0.05). These
results demonstrate that these two factors are distinct from each other and correspond to the
lower/higher-order repetitive behaviours defined in previous studies.

All the empirically derived factors in this study have shown familial aggregation. However,
the proportion of the total common variance that a factor could explain was not a reliable
predictor of heritability estimates. For example, the compulsion/restricted interests factor
accounted for the smallest proportion of the total common variance (3%) but had the highest
heritability (65%) (Table 2). In addition, as has been reported before,34 heritability estimates
are also not reliable predictors of the results of linkage analysis, e.g. the most significant
linkage signal in this study was found for the repetitive sensory-motor behaviour factor
(with a heritability estimate of 0.54) rather than the compulsion/restricted interests factor
which had the highest heritability estimate (0.65).

Two regions with strong evidence of linkage were highlighted in this study: (1) at 11q23.1-
q23.3 for the joint attention factor with the 1-LOD score range (peak LOD score minus 1) of
5.8Mb (from 110.9 to 116.7Mb based on NCBI build 35) containing 83 genes including
neural cell adhesion molecule 1 gene (NCAM1), dopamine receptor D2 (DRD2), and 5-
hydroxytryptamine receptor 3A and 3B (HTR3A and HTR3B); and (2) at 19q13.32-q13.33
for the repetitive sensory-motor behaviour factor with the 1-LOD score range of 3.3Mb
(from 51.3 to 54.6Mb) containing 122 genes including the solute carrier family 8 (sodium-
calcium exchanger), member 2 gene (SLC8A2). The candidate genes at these two regions
have been associated with ASD and other psychiatric and neurodevelopmental diseases.35-40

However, neither of these two regions overlaps with the apparent linkage regions in
previous AGP linkage studies.22,24,41 This is not surprising since two of these studies used
the ASD diagnosis as a primary outcome24,41 and the third study used either subsets of
families or ADI-R domain total scores as primary traits.22 These two regions also did not
overlap with the reported linkage regions from other linkage studies of ASD.42,43 On the
other hand, in a meta-analysis of 20 linkage studies for schizophrenia,44 the 11q22.3-q24.1
region was ranked as the 4th most significant linkage region. The 19q13.32-q13.33 region
(51.3-54.6Mb) in our study also overlaps with a linkage region for schizophrenia using cases
with positive family history from Aberdeen, Scotland.45 Recent studies have reported
common genes involved in both ASD and schizophrenia.46,47 If our linkage analysis results
at these loci are replicated, further study will be needed to determine if the derived factors
and schizophrenia share common variants at these regions.

There are several limitations to this study. First, because of the lack of IQ measures in
AGPI, we were not able to use IQ as a covariate in the model. Second, for the factor
analysis, only the ADI-R algorithm items were used instead of all the items. Third, the AGPI
families were used in several linkage studies before.22,24,41 Because the primary traits and
analysis methods used in the previous studies were very different from those applied in this
study, no multiple testing correction was made. However, the analyses presented here do
represent secondary analyses and need to be seen in that context. Finally, the linkage
analyses in this study involve six quantitative traits, two sets of families (all vs. Caucasian
families), and two statistical models (with and without covariates). It has been shown that
‘maximizing’ the LOD score over different model parameter values inflates the LOD
scores.48 When all 6 factors were considered with a total of 6,000 simulated genome-wide
scans, 221 had a LOD score ≥4.0 and 37 had a LOD score ≥4.92. Therefore, the p value for
the linkage locus at 11q23 for the joint attention factor was 0.04, and was 0.006 for the
repetitive sensory-motor factor at 19q13. Because of the overlap between the two sets of
families and the similarity of the two statistical models, the final number of tests was
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equivalent to 1.53 independent tests.49 As a result, the final significant level was 0.06 for the
linkage signal at 11q23 for the joint attention factor, and was 0.009 at 19q13 for the
repetitive sensory-motor factor which was genome-wide significant.

In addition to their application in genetic studies of ASD, the empirical factors in this study
could also be useful in clinical practice. Of the six factors, peer-interaction, non-verbal
communication, and compulsion/restricted interests were highly correlated (r≥0.35) with
ADI-R items from ‘reciprocal social interaction’, ‘communication’, and ‘repetitive and
stereotyped behaviour’ domains, respectively; while the remaining three factors were highly
correlated with the items from more than one of the three domains. More studies are needed
to determine if these factors correspond with the true areas of deficits in the ASD cases and
if the factor scores can be used as a ‘proxy’ of severity in ASD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Genome-wide linkage analysis results for the derived factors after adjustment for covariates
using the Caucasian families. Note: Factor 1: joint attention; factor 2: social interaction and
communication; factor 3: non-verbal communication (rank transformed); factor 4: repetitive
sensory-motor behaviour; factor 5: peer interaction; and factor 6: compulsion/restricted
interests. The vertical dashed lines separate the chromosomes. LOD = logarithm of odds.
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Figure 2.
Highlighted linkage analysis results for the derived factors on chromosomes 11 and 19.
Note: The factors were adjusted for covariates and the Caucasian families were used. Factor
1: joint attention; factor 2: social interaction and communication; factor 3: non-verbal
communication (rank transformed); factor 4: repetitive sensory-motor behaviour; factor 5:
peer interaction; and factor 6: compulsion/restricted interests. LOD = logarithm of odds.
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Table 1

Sample characteristics by dataseta

AGPI (n=1,236) AGPII (n=804)

Diagnosis

 Autism 1,134 (91.7) 760 (94.5)

 ASD 102 (8.3) 44 (5.5)

Gender

 Male 990 (80.1) 677 (84.2)

 Female 246 (19.9) 127 (15.8)

Verbal/nonverbal status

 Verbal 898 (72.6) 553 (68.8)

 Nonverbal 338 (27.4) 251 (31.2)

AGP site

 AGRE 420 (34.0) 46 (5.7)

 VANDERBILT 16 (1.3) 22 (2.7)

 IMGSAC 330 (26.7) 61 (7.6)

 DUKE 50 (4.0) 72 (9.0)

 CANAGEN 80 (6.5) 190 (23.6)

 INSERM 22 (1.8) 78 (9.7)

 STANFORD 64 (5.2) 0 (0)

 CPEA 182 (14.7) 22 (2.7)

 UNC 58 (4.7) 0 (0)

 MT. SINAI 14 (1.1) 0 (0)

 IRELAND 0 (0) 113 (14.1)

 PORTUGAL 0 (0) 200 (24.9)

Family typeb

 Simplex 0 (0) 436 (54.2)

 Multiplex 1,236 (100) 223 (27.8)

 Unknown 0 (0) 145 (18.0)

Ethnicity

 Caucasian 1,036 (83.8) 716 (89.1)

 Non-Caucasian 200 (16.2) 88 (10.9)

Age at ADI-R assessment (month) 101±39 96±44

Note: ADI-R = Autism Diagnostic Interview-Revised; AGP = Autism Genome Project; AGPI = patients from AGP phase I; AGPII = patients from
AGP phase II; AGRE = Autism Genetics Resource Exchange; CANAGEN = Canadian Autism Genetics; CPEA = Collaborative Programs of
Excellence in Autism; IMGSAC = International Molecular Genetic Study of Autism Consortium; INSERM = Institute National de la Santé et de la
Recherche Médicale; UNC, University of North Carolina.

a
Values are count (percentage) or mean ± standard deviation.
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b
For family type, multiplex Autism Genome Project (AGP) families were defined as having at least two individuals receiving autism spectrum

disorder (ASD) diagnoses who were first to third degree relatives (for third degree, only considering cousins); simplex families as having only one
known ASD individual with no family history of ASD in first to third (cousin) degree relatives.
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Table 3

Highlighted linkage analysis results (logarithm of odds (LOD) scores with nominal p values)a

Factor Peak SNP
All (618 families) Caucasian (517 families)

No covariate 4 covariatesc No covariate 4 covariatesc

Factor 1:
Joint attention

Chr11q23:
rs723599

(112,377,515 bp)b
2.93

(p=0.0001)
3.92

(p=0.00001)
3.47

(p=0.00003)
4.00

(p=0.00001)

Factor 4:
Repetitive sensory-

motor behaviour

Chr19q13:
rs895355

(52,822,703 bp)b
0.98

(p=0.02)
1.87

(p=0.002)
2.66

(p=0.0002)
4.92

(p<0.00001)

Note: The highest LOD scores are in bold. Bp = base pair; SNP = single nucleotide polymorphism.

a
For both regions, the linkage analysis results improved after adjustment for covariates (e.g. from 3.47 to 4.00 for the joint attention factor, and

from 2.66 to 4.92 for the repetitive sensory-motor behaviour factor using the Caucasian families). Restricting the analysis to the Caucasian families
resulted in stronger evidence for linkage at 19q13.32-q13.33 (from 1.87 to 4.92 with the adjustment for covariates), while the results at 11q23.1-
q23.3 changed little (from 3.92 to 4.00).

b
National Center for Biotechnology Information (NCBI) build 35.

c
After adjustment for 4 covariates: gender, age at Autism Diagnostic Interview-Revised (ADI-R) assessment, age squared, and verbal/nonverbal

status.
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