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Abstract
BACKGROUND—Brain development follows a different trajectory in children with Autism
Spectrum Disorders (ASD) than in typically developing children. A proxy for neurodevelopment
could be head circumference (HC), but studies assessing HC and its clinical correlates in ASD
have been inconsistent. This study investigates HC and clinical correlates in the Simons Simplex
Collection cohort.

METHODS—We used a mixed linear model to estimate effects of covariates and the deviation
from the expected HC given parental HC (genetic deviation). After excluding individuals with
incomplete data, 7225 individuals in 1891 families remained for analysis. We examined the
relationship between HC/genetic deviation of HC and clinical parameters.

RESULTS—Gender, age, height, weight, genetic ancestry and ASD status were significant
predictors of HC (estimate of the ASD effect=0.2cm). HC was approximately normally distributed
in probands and unaffected relatives, with only a few outliers. Genetic deviation of HC was also
normally distributed, consistent with a random sampling of parental genes. Whereas larger HC
than expected was associated with ASD symptom severity and regression, IQ decreased with the
absolute value of the genetic deviation of HC.

CONCLUSIONS—Measured against expected values derived from covariates of ASD subjects,
statistical outliers for HC were uncommon. HC is a strongly heritable trait and population norms
for HC would be far more accurate if covariates including genetic ancestry, height and age were
taken into account. The association of diminishing IQ with absolute deviation from predicted HC
values suggests HC could reflect subtle underlying brain development and warrants further
investigation.

Keywords
head circumference; body metrics; genetic ancestry; IQ; autism spectrum disorder; ASD

Autism spectrum disorders (ASDs) are a group of heterogeneous neurodevelopmental
disorders causing significant social, communication, and behavioral deficits and challenges
(1). Increased head circumference (HC) is one of the most replicated clinical findings in
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autism and there is now ample evidence of accelerated brain growth in early childhood (2–
5).

HC studies typically report increased rates (11~27%) of macrocephaly (HC≥97th percentile
or 2 standard deviations) in ASD compared with general population (6–16). However, some
studies suggested that the use of national normative samples as control data could introduce
biases including ancestry and secular effect (17–19). The role of height as another
confounding variable remains elusive. Normally, HC correlates closely with height (20,21).
However, results have been conflicting, with several studies suggesting that height should be
considered as a covariate (18,22,23), whereas others suggest that increased HC is
independent from an increase of height (12,24). Additionally, a pilot study suggested that
abnormal growth may be related to psychiatric disorders in general (25).

Whether macrocephaly identifies a neurobiological subtype of autism is not clear yet. Some
authors suggest that macrocephaly is an endophenotype pointing towards specific
etiopathogenic factors (22), whereas others consider it as the tip of the iceberg of a more
general tendency toward increased HC (11,24). Two studies have commented on a more
general overgrowth syndrome (22,23). Additionally, studies evaluating clinical factors
associated with macrocephaly find somewhat diverse results. Indeed, reports of clinical
correlates of HC in autism, including adaptive function (10), autism symptom severity (23),
language development (22,24), regression (26), as well as IQ scores (22), have been
inconsistent, most likely because of insufficient adjustment for covariates and lack of
precision due to small sample sizes.

This study aimed to investigate clinical correlates of HC in a large sample, after carefully
adjusting for covariates, to clarify the role of potential confounds. For this, we conducted a
multi-step analysis of 2644 Simons Simplex Collection (SSC) families, using a mixed model
that provided (i) estimates of covariates' effects and (ii) estimates of the deviation from the
expected HC given parental HC. This model not only allowed us to determine the role of
several covariates on HC to accurately test if ASD status was a predictor of HC, but also to
examine the relationship between HC and previously reported clinical correlates of HC in
autism.

METHODS
Sample

SSC is a cohort of simplex families of children with ASD. Data on 2644 families, 2185 quad
(a proband with an ASD, both biological unaffected parents, and one or more unaffected
siblings), and 459 trio (no siblings), were extracted from the SSC database, v14.1 (http://
sfari.org/resources/sfari-base). All individuals were older than 4 years. Instruments used to
assess the phenotypes are available on the Simons Foundation Autism Research Initiative
website (https://sfari.org/). Please see the Supplement for inclusion/exclusion criteria.

Each SSC center designated one person to measure all participants HC (for protocol, see
Supplement), height and weight. Also provided were self-reported ancestry, ASD status,
sex, and age at measurement in months. To examine the relationship between HC and
clinical parameters, we used data available for the proband on the Autism Diagnostic
Interview-WPS edition (ADI-WPS)(27), Autism Diagnostic Observation Schedule-WPS
edition (ADOS-WPS)(28), Vineland Adaptive Behavior Scale-2nd edition (VABS-II)(29).
Intellectual quotient (IQ) was evaluated either with the Differential Ability Scales-2nd

edition (DAS-II)(30), Wechsler Intelligence Scale for Children-4th edition (WISC-IV)(31),
Mullen Scales of Early Learning(32), or the Raven's standard progressive matrices(33).
When children had the Raven's, verbal IQ was estimated from the Peabody Picture
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Vocabulary Test-4th edition (PPVT-4)(34). SSC families were genotyped on the Illumina
Infinium® 1Mv3 (duo) or the Illumina Infinium® 1Mv1 microarrays, providing genome
wide genotype data to estimate genetic ancestry. After editing the data for missing
information, a total of 1891 families remained for analyses, including 1891 fathers, 1891
mothers, 1889 probands (4 parents of two probands with incomplete data were included
because they were informative for parental data analyses), and 1554 siblings (Table S1 in
Supplement).

Models
Data were analyzed using two distinct mixed models fitted with QXPAK v.5.05 (36,37), a
software package specifically developed to provide mixed model solutions to genomic data
(http://www.icrea.cat/Web/OtherSectionViewer.aspx?key=485&titol=Software:Qxpak).

A single trait model analyzed the body metrics one at a time, with predictors including sex,
ASD status, age deviation as a linear and quadratic effect component, and genetic ancestry.
The model also included a random genetic effect for the individual. We used the family
structure to account for genetic correlations among family members. Age deviation was set
to 0 for individuals 21 years or older while the value of this covariate was determined as
(252-age)/12 for all others, with age recorded in months. As an alternative to self-reported
ancestry, we estimated genetic ancestry of all parents with whole genome high quality SNP
genotypes (5156 SNPs with MAF>0.01, NCR<0.002), using GemTools (35). GemTools
identified seven significant ancestry eigenvectors (EVs) from parents. Ancestry eigenvectors
for the children were subsequently determined as the average of the two parental
eigenvectors sets. Eigenvectors were adjusted such that the average of the adult European
(self-reported ancestry) males equaled to 0. Self reported ancestry showed reasonable
agreement with genetically inferred ancestry (Supplement: Table S4 and Figure S1). EV1
separated the European from the African and Asian ancestry; EV2 delineated African-
Americans from Asians, EV3 showed a cline in the Europeans; EV5 separated two Asians
groups, likely Chinese and Indian ancestry. EV4 separated Asians and Latinos. The model
for HC included height and weight as covariates. We fitted these terms as deviations from
the average adult male of European self-reported ancestry, height deviate=height-179.5 and
weight deviate=weight-95.5. All covariates other than sex were nested within sex. In
addition to estimating covariates, this model yielded a heritability estimate for HC.

In a multiple trait model, height, weight and HC were fitted simultaneously. All covariates
of the single trait model were included. In addition to estimating effects of covariates and
heritabilities, this model estimates phenotypic and genetic correlations among body metrics.

Residual HC and genetic deviation of HC
After fitting models, residual HC (residuals) was calculated as deviation of the observed HC
from its expectation based on the effects of covariates. The mixed model also supplied
estimates for the genetic contribution (GC) of each individual. Assuming that many genetic
variants affect the observation (i.e., the infinitesimal model) and Mendelian inheritance, the
GC of an individual (GCi) is the sum of the average of the GC of the two parents (GCf,
GCm) and a term accounting for random sampling of parental genetic variants (similar to an
error term in a standard linear model). In expectation, children achieve the average of
parental genes. However, each child gets a random sample of parental variation, causing
deviation from the expected phenotype. Henceforth, we will use “genetic deviation of HC
(genetic deviation)” for this deviation, which is computed from the genetic contribution of
the child and the parents: genetic deviation=GCi-(GCf+GCm)/2. Differences in distribution
of genetic deviation in probands and sibs were tested using t-tests and the Kolmogorov-
Smirnov (KS) test.
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Analysis of outliers
Because a portion of this analysis involved normative data established in a sample of
European ancestry, we targeted individuals with European self-reported ancestry. Analysis
was run in 1458 probands, 1211 siblings, 1556 fathers and 1532 mothers. Raw HC data were
converted to standardized z-scores using reference data (38). Because there were no HC
normative data available for adults, parents' values were estimated by extrapolation from
normative scores at 18 years of age. Individuals were “clinical outliers” if |z-score|>2).
Outliers from the model were defined in two different ways: individuals with |genetic
deviation|>2SD, with the SD computed from the variance in unaffected siblings (only
siblings labeled S1, n=1146 siblings); from the normal mixture modeling using (http://
cran.r-project.org/web/packages/outliers/index.html) to define statistical outliers. This
mixture model analysis was also performed using all probands.

Relationship between HC and clinical parameters in probands
For HC, both |residuals| and |genetic deviation| were used as predictors in separate models.
In addition to their absolute values, the difference between each HC variable and its mean
was evaluated as a predictor. First the relationship between HC and IQ scores (as verbal,
nonverbal and full IQ scores) was fitted, using linear models and smooth splines Then the
relationship between HC and clinical factors was evaluated: adaptive behavior (as composite
score of VABS-II), onset of first words and onset of first phrase (as items 9 and 10 of ADI-
WPS), and autism symptom severity (as calibrated severity score of ADOS-WPS)(39) using
linear regression models with full scale IQ as a covariate. The relationship between HC and
history of regression (as appeared in the SSC database) was also estimated using a logistic
regression model. All clinical parameters models were fitted with and without sex as
covariate, and with and without interaction between sex and HC to identify a differential
effect of HC between sexes on these parameters.

RESULTS
Heritability of body measures

The single and multiple trait heritability estimates for HC were very similar, 0.63 (95% CI
0.58–0.68) vs 0.65 (95% CI 0.62–0.68). The multiple trait model estimated heritability of
0.52 (95% CI 0.49–0.55) and 0.29 (95% CI 0.26–0.32) for height and weight, respectively,
with phenotypic correlations among the traits of approximately 0.33 for all three
combinations (Supplement: Table S3). Estimating heritability of HC separately for the 1533
probands from quads and 356 from trios produced similar estimates, 0.62 versus 0.64, which
were not significantly different (p=0.88).

Several significant predictors of HC including ASD status
In the single trait model, ASD status was a significant predictor of HC in both males
(p=0.00095) and females (p=0.0332) (Table 1). Probands had slightly larger heads, on
average, compared to siblings, with a difference of approximately 0.2cm in both sexes. The
R2 for models with and without ASD status was 68.17% and 68.12% respectively, indicating
that the predictive value of ASD status is low. Both height and weight were significantly
correlated with HC, with taller and heavier individuals tending to have larger HC. The
pattern was the same for both sexes and the effects were of similar magnitude, changing
0.05cm per 1cm in height and 0.035cm for every 1kg in weight. For both sexes, age, EV2
and EV5 were significant (Table 1 and Supplement: Table S2), whereas EV1 was significant
only for data from females. A good model for expected HC as a function of age, sex, and
self-reported ancestry was obtained (Figure 1), and plotting residuals as a function of age
showed no pattern (Supplement: Figure S2), suggesting age is modeled appropriately. Type
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of family (quad or trio) was not a significant predictor (p=0.59); thus trios and quads were
analyzed together in all models.

Height and weight in probands versus siblings
Despite the differences between the multiple trait versus single trait approach to modeling
the influence of height and weight on HC, the general trend of important covariates in
predicting HC stayed the same (Tables 1 and 2). When modeling the three body metrics
simultaneously in the multiple trait model, the effect of ASD status on HC remained
significant. Probands were slightly shorter and heavier than their siblings, but these
differences were not significant (Table 2). Thus the larger HC of probands, versus their
unaffected siblings, was more likely to arise due to differential brain growth than to a
generalized overgrowth phenomenon.

Distribution of residuals and genetic deviation in probands and siblings
After fitting the main effects of the model, including ASD status, the distributions of the
residuals were symmetric for both probands and siblings (Supplement: Figure S3) and not
significantly different (KS test p=0.24). Moreover, after fitting the genetic model, the
distributions of genetic deviation for probands and siblings were not significantly different
(KS test p=0.53), consistent with random sampling of parental genetic variants.

Only few true statistical outliers observed in probands
Applying established method used in pediatric clinics, i.e., z-scores derived from normative
data (38), there were high rates of macrocephaly (z-score>2.0) not only in probands
(14.7%), but also in unaffected relatives:12.7% of fathers; 19.6% of mothers and 12.9% of
siblings. Very few of the probands (1.2%) or unaffected relatives (0.9% of the mothers,
0.5% of the fathers and 0.8% of the siblings) had microcephaly (z-score<−2.0).

Adjusting for covariates and parental HC, however, created a different picture. When
defining outliers as |genetic deviation|>2 SD (SD=0.53), only 53 out of 1458 probands
(3.6%) were outliers with large HC, 36 out of 1458 (2.4%) were outliers with small HC. The
results were similar for siblings: (1.8% and 1.3% respectively). Moreover, fitting a mixture
model, 36 probands (2.4%, 18 with a smaller and 18 with a larger HC than expected) and no
sibling were classified as outliers with a probability>0.5, (Supplement: Figure S4). Thus,
most of the individuals with z-score>2 were not statistical outliers (Supplement: Figure S5).
When extending the clustering analysis to the whole sample of probands, regardless of
ancestry, only 50 statistical outliers were found.

HC and clinical characteristics
Sex was significantly associated with IQ measures and it did not interact with HC for any
model. Full scale IQ had a significant effect on the other clinical characteristics. Thus, sex
was included in the model predicting IQ and IQ was included in the other models.

There was a negative linear relationship between the absolute value of HC and IQ scores:
individuals with increasingly extreme HC showed increasingly lower mean IQ scores (Table
3, Figure 2 and Supplement: Figure S6). The predictive value of the models, as measured by
partial R2, was small. In contrast, there was a significant linear relationship (Table 3)
between HC measures and the calibrated score of the ADOS and the age of first words.
Autism symptom severity increased with HC, both in terms of residuals and genetic
deviation (Table 3). Probands with larger HC had earlier onset of first words and were more
likely to have a history of regression. All these patterns remained the same after excluding
the 50 statistical outliers identified in the clustering analysis (Supplement: Table S5 and
Figure S7)

Chaste et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Because HC was found to be correlated with a history of regression, we hypothesized that
the pattern observed for the onset of words could be related to the mode of onset of the
disorder, with children who showed a regression having a normal onset of words and an
alteration of language development later. Indeed, when including regression in the model, it
had a significant effect on age of onset of words (β=−9.36, p<2.10−16) and genetic deviation
was not predictive of age of first words (p=0.119, Supplement: Table S5). However we still
observed a significant effect of Residual HC (Residuals, p=0.01). Of note, including
regression in the models for ADOS calibrated score and IQ did not change the pattern of
significant effects (Supplement: Table S5).

DISCUSSION
Converging evidence from magnetic resonance imaging and HC studies has documented
that individuals with ASD have larger brains and heads than comparison subjects (3,6–
16,40–43). HC has been shown to be a good measure of brain volume in children less than 6
years of age, with high correlation (0.96) between both measures at this age (44,45).
Although brain volume and HC show different growth trajectories through adolescence and
adulthood, HC remains an adequate predictor of brain volume after childhood (45).
Therefore, abnormal HC could be an outward manifestation of underlying atypical brain
development. In this study, we investigated the effects of covariates on HC, because
inconsistent results from previous studies could have arisen due to the presence of
confounding variables.

Heritability of body measures
The estimate of heritability for HC from the SSC data (0.63, 95% CI 0.58–0.68) is similar to
that obtained from a study of parents and offspring (range of estimates 0.45 to 0.64) and is
not significantly different from a study of young adult twins (0.74 95% CI 0.64–0.82) (47).
Our lower estimate, compared to the twin study, could be due to the large age range in our
sample, as age is controlled in the twin study. While the model used here did not
accommodate the role of shared environmental factors, the similarity of its estimate to the
twin study (47), which took it into account, suggests that the effects of shared environment
on HC is not substantial.

Using normative data to assess macrocephaly
Applying normative data, high rates of macrocephaly were found in probands and relatives,
similar to those reported in previous studies. However, genetic deviation of the
“macrocephalic” probands and siblings, and the results of the mixture model analysis to
define statistical outliers, revealed that only few of them were true statistical outliers. This
suggests that the use of currently available normative data (e.g., (38)), as used in most HC
studies in ASD, encounters several limitations.

First, correlations among height, weight, and HC were high, confirming the importance of
taking height and weight into account to determine macrocephaly, as suggested by previous
studies (18,22,23). Moreover, the genetic correlations and heritability of the different body
measures showed that parents' body metrics have an influence on the child's HC and should
be taken into account. These measures should also be considered as a simple mean to control
for ancestry, which has a significant effect on HC, even for different populations from the
same continent (Table 2).

One could argue that parental HC should not be taken into account because the rates of
macrocephaly in unaffected relatives of individuals with autism could reflect the higher
familial risk for autism (12,24). The SSC families are all simplex, which has the effect of
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diminishing the genetic contribution of liability from parents to offspring, relative to a
randomly chosen family (48). Thus we would expect only subtle differences in mean HC
between control subjects and parents of ASD probands, similar in magnitude to the
difference of means between probands and siblings.

While we cannot rule out subtle influences of this sort, our and other published data suggest
the bulk of clinical outliers are a consequence of ascertainment bias and secular effect.
Secular effect is well established for height (49) and Centers for Disease Control and
Prevention (CDC) data (50–52) on three cohorts of infants (1929–1975, 1971–1994 and
2003–2006 periods) show a significant secular effect on HC. Indeed there is an increase of
the median HC at six months of age of 7 and 11mm for boys and girls, respectively over an
80 years period covered: median of HC for boys/girls 43.7/42.4cm (1929–1975); 44/42.6cm
(1971–1994); 44.4/43.5cm (2007–2010), consistent with the secular effect observed in other
countries (53–56).

SSC fathers of European self-reported ancestry in this study were slightly taller (1.2cm) and
heavier (2.6kg) while mothers were slightly taller (1.4cm) and lighter (−0.6kg) than the
CDC comparison group (57). These differences could be related to autism risk. However,
this seems unlikely because the results from the multiple trait analysis show that larger HC
of probands versus their unaffected siblings is independent from an increase of height and
weight. Because this study demonstrates high heritability of HC, parents with large HC will
tend to have children with large HC and vice versa. The results also reveal highly significant
genetic correlations between all three body metrics, demonstrating that tall parents will tend
to have children who are not only tall, but with notably larger HC than average. From the
genetics point of view, therefore, it makes little sense to infer outlier status for HC without
taking the expected HC into account, at least when the parent and child attributes are readily
available.

HC is correlated to IQ, autism symptoms and regression
ASD status is associated with larger HC, although its predictive value is limited. Individuals
with increasing extreme HC showed lower IQ scores, and autism symptom severity is
correlated with an increase of HC measures. The lack of adjustment for covariates and lack
of power of previous studies probably explain inconsistent results regarding the correlation
between HC and IQ (22,24). Because the predictive value is small, this subtle pattern can
only be detected in large samples. Notably, the linear relationship between genetic deviation
and clinical parameters remains significant after exclusion of statistical outliers. Taken
together, these results support the hypothesis of ASD being a continuum of behaviors
reflecting a continuum of changes in brain development.

These analyses also confirm the relationship between HC and a history of regression
reported previously (26), which remained significant after excluding statistical outliers. The
relationship with language development onset is more complex to interpret. The correlation
between larger genetic deviation and earlier age of onset of words was surprising because,
on average, IQ falls with increasingly positive genetic deviation and, as IQ falls, the age at
first use of words increases as do ASD symptoms. Why would larger genetic deviation lead
to earlier age of onset of words? A clue could reside in the positive association of genetic
deviation and the probability of regression. When regression is included in the model along
with genetic deviation, the relationship between genetic deviation and age of onset of words
is no longer significant, showing that subjects exhibiting regression account for much of this
relationship. This result is consistent with the absence of significant effect of HC on age of
first phrases, which appear later in development, typically after the age for regression.
Explanations for the lower age of first words for children showing regression include recall
bias of age of words, regression could be more detectable when children lose use of words,
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or the pattern of brain development could couple early use of words with higher probability
of regression.

Implications
The results of this study show that (i) HC is a strongly heritable trait; (ii) population norms
for HC would be far more accurate if covariates were taken into account; and (iii) the
simplest way to obtain a predicted value for HC would be by accounting for parental HC in
a model with other covariates such as age and sex. In addition these results suggest that there
has been an overestimate of outliers for HC in autism. Because discovering true outliers is
important, they should be identified from as much information as possible. Indeed, as
currently used, normative data will classify individuals as macrocephalic far more often than
is clinically appropriate, and sometimes miss others who are truly macrocephalic because
their observed HC, albeit less than 2 SD based on normative data, deviates from their
expected HC based on their genetic potential. Also, covariates should be taken into account
when research studies evaluate genotype-phenotype relationships. These issues can be
illustrated by integrating our model results and those of a recent study of de novo mutations
identified by targeted sequencing of 44 candidate genes in the Simons collection (58), in
which the authors examined HC of probands carrying de novo mutations. Without adjusting
for covariates, they found that probands carrying protein-truncating or splice-site de novo
CHD8 mutations had significantly larger HC and were more frequently macrocephalic than
individuals without such mutations, which they propose as a useful subphenotype. They also
observed macrocephaly in probands carrying PTEN mutations and microcephaly in
probands carrying DYRK1A mutations. When adjusting for covariates and parental HC,
however, we find that probands carrying the CHD8 mutations are not outliers and are not
very different from their siblings (Figure 3), whereas those carrying DYRK1A and PTEN
mutations are identified as statistical outliers by any measure. Our analyses show that HC is
not a useful phenotype for subjects carrying CHD8 mutations, whereas it is for subjects with
severe mutations in PTEN and DYRK1A (Figure 3).

Limitations
As with any physical measures, HC is measured with error. These errors should be random,
and would not be expected to bias the results, but would tend to lower correlations amongst
traits. Our understanding of brain development would be strengthened by longitudinal data
on HC growth. We attempted to compensate for the lack of longitudinal data by estimating
the effect of age in childhood and adolescence, and the large size of the sample permitted a
good approximation of this effect. There was no meaningful pattern in the residuals, by age
or affection status by age (Supplement: Figure S2), suggesting that, aside from the small
difference in mean HC between probands and siblings, the pattern of skull growth is similar
for both, and the difference in growth likely fixed in early childhood. However, future
studies would benefit from HC growth data in early childhood.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Plot of head circumference versus age by sex and self-reported ancestry. Plot includes lines
for a fitted smooth spline (blue) and the fitted value (red) from the model.
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Figure 2.
Plots of full-scale IQ versus deviation of head circumference from its expected value based
on a genetic model and covariates (genetic deviation). Blue line is the fitted smooth spline;
red line is the fitted value from the model with the absolute value of the genetic deviation as
the predictor.
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Figure 3.
Plots of z-score against deviation from expected head circumference in all individuals
(grey), in individuals carrying de novo exonic mutations published in O'Roak et al (red) and
their siblings (blue).
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Table 1

Results from fitting head circumference as a linear function of sex, affection status, age and its squared value,
height and weight.

Regression coefficient Standard Error P-value

Effect Males Females Males Females Males Females

mean 58.29 --

sex -- −1.24 0.08 3.5×10−56

ASD 0.20 0.21 0.06 0.10 0.00095 0.0332

AD 
a 0.04 0.12 0.02 0.02 0.0387 5.2×10−10

AD 2
a 0.00 −0.01 0.00 0.00 0.0196 2.0×10−9

HT 
a 0.05 0.05 0.00 0.00 1.28 × 10−45 4.7×10−30

WT 
a 0.04 0.03 0.00 0.00 3.02 × 10−111 1.2×10−62

ASD: Autism Spectrum Disorder status; AD: Age Deviation; HT: Height; WT: Weight;

a
All these measures were normed: age= (252 - age in month)/12 for individuals 21 and younger, 0 for all others. HT (cm) = Height observed-179.5.

WT (kg) = Weight observed-95.5
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Table 3

Results from modeling clinical features as a function of head circumference (HC) traits and selected
covariates.

Clinical features HC
a
 measure b se.b p R2b

IQ
c

Verbal Observed
d −0.77 0.42 0.0649 0.0018

Residual
d −2.26 0.67 7×10−4 0.0061

Genetic deviation
d −7.07 1.84 1.2×10−4 0.007

Non-Verbal Observed
d −0.63 0.35 0.0695 0.002

Residual
d −1.98 0.56 3.6×10−4 0.0067

Genetic deviation
d −6.94 1.53 5.87×10−6 0.011

Full-Scale Observed
d −0.79 0.37 0.035 0.002

Residual
d −2.21 0.60 2.210−4 0.007

Genetic deviation
d −7.33 1.64 8.2×10−6 0.01

ASD symptoms

ADOS-CSS
e,f Residual 0.07 0.02 0.002 0.005

Genetic deviation 0.13 0.07 0.048 0.002

Language development

Age first words
f Residual −0.56 0.20 0.005 0.004

Genetic deviation −1.34 0.56 0.017 0.003

Age first phrases
f Residual −0.42 0.23 0.066 0.002

Genetic deviation −0.97 0.66 0.15 0.001

Adaptive behavior

VABS
f
,
g Residual 0.02 0.12 0.85 0

Genetic deviation 0.03 0.34 0.94 0

Regression
f Residual 0.01 0.005 0.07 -

Genetic deviation 0.05 0.01 0.001 -

a
Head circumference,

b
Partial R2

c
Controlled for sex

d
Head circumference was fitted as an absolute value

e
ADOS calibrated severity score,
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f
Controlled for full scale IQ

g
Vineland Adaptive Behavior Scales-II Composite standard score
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