1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Autism Res. Author manuscript; available in PMC 2017 November 01.

-, HHS Public Access
«

Published in final edited form as:
Autism Res. 2016 November ; 9(11): 1169-1182. doi:10.1002/aur.1643.

Persistence of Megalencephaly in a Subgroup of Young Boys
With Autism Spectrum Disorder

Lauren E. Libero, Christine W. Nordahl, Deana D. Li, Emilio Ferrer, Sally J. Rogers, and
David G. Amaral

UC Davis MIND Institute and the UC Davis Department of Psychiatry and Behavioral Sciences,
School of Medicine, Sacramento, California (L.E.L., CW.N., D.D.L., S.J.R., D.G.A.,); UC Davis
Department of Psychology, Davis, California (E.F.)

Abstract

A recurring finding in autism spectrum disorder research is that head and brain growth is
disproportionate to body growth in early childhood. Nordahl et al. (2011) demonstrated that this
occurs in approximately 15% of boys with autism. While the literature suggests that brain growth
normalizes at older ages, this has never been evaluated in a longitudinal study. The current study
evaluated head circumference and total cerebral volume in 129 male children with autism and 49
age-matched, typically developing controls. We determined whether 3-year-old boys with brain
size disproportionate to height (which we call disproportionate megalencephaly) demonstrated an
abnormal trajectory of head growth from birth and whether they maintained an enlarged brain at 5
years of age. Findings were based on longitudinal, structural MRI data collected around 3, 4, and 5
years of age and head circumference data from medical records. At 3 years of age, 19 boys with
autism had enlarged brains while 110 had brain sizes in the normal range. Boys with
disproportionate megalencephaly had greater total cerebral, gray matter, and white matter volumes
from 3-5 years compared to boys with autism and normal sized brains and typically developing
boys, but no differences in body size. While head circumference did not differ between groups at
birth, it was significantly greater in the disproportionate megalencephaly group by around 2 years.
These data suggest that there is a subgroup of boys with autism who have brains disproportionate
to body size and that this continues until at least 5 years of age.
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Introduction

Autism spectrum disorder (ASD) is a complex and heterogeneous neurodevelopmental
disorder characterized by deficits in social communication and social interaction, as well as
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restricted and repetitive behaviors. While there has been substantial effort to determine
alterations of neural structure and function in ASD [Anagnostou & Taylor, 2011], much is
still not understood, particularly of the early stages of abnormal brain development. Previous
head circumference and magnetic resonance imaging studies have suggested that there is a
period of precocious brain growth in children with ASD [Courchesne, 2004; Courchesne &
Pierce, 2005; Courchesne et al., 2007; Redcay & Courchesne, 2005a]. However, it is far less
common to observe abnormal brain size in adolescents and adults with ASD [Aylward,
Minshew, Field, Sparks, & Singh, 2002a; Aylward et al., 1999; Hardan, Muddasani,
Vemulapalli, Keshavan, & Minshew, 2006; Herbert et al., 2004; Schumann et al., 2004]. The
question arises, therefore, whether the abnormal trajectory of brain growth in ASD has both
a progressive phase early on followed by a regressive phase that ultimately leads to normal
brain size in adults with ASD. Alternatively, the proposed trajectory of brain growth from
the ASD literature [Redcay & Courchesne, 2005a] may be an artifact due to analyses of
cohorts with very different characteristics at different ages. Longitudinal studies spanning
early childhood through adulthood are needed to clarify trajectories of neurodevelopment in
ASD.

Increased total cerebral volume (TCV) in very young children with ASD has been replicated
in a number of studies [Courchesne, Campbell, & Solso, 2011a; Courchesne et al., 2001;
Hazlett et al., 2005; Piven, Arndt, Bailey, & Andreasen, 1996; Piven, Arndt, Bailey,
Havercamp, Andreasen, & Palmer, 1995; Schumann et al., 2010; Sparks et al., 2002] and is
supported by a comprehensive meta-analysis that found a significant age by total brain
volume interaction with larger brain size associated with early childhood in ASD [Sacco,
Gabriele, & Persico, 2015]. However, most studies with adolescents or adults with ASD
report no significant differences in TCV [Aylward et al., 1999; Aylward, Minshew, Field,
Sparks, & Singh, 2002b; Greimel et al., 2013; Hallahan et al., 2009; Hardan et al., 20086,
2008; Herbert et al., 2004; Jou, Minshew, Keshavan, & Hardan, 2010; McAlonan et al.,
2002, 2005; Schumann et al., 2004; Tamura, Kitamura, Endo, Hasegawa, & Someya, 2010;
Tepest et al., 2010]. One study, using a cohort sequential (accelerated longitudinal) design,
found increased whole brain volumes in children with ASD and reduced whole brain
volumes in adolescents and adults [Lange et al., 2015]. Normal or reduced TCV in
adolescents and adults, however, is not consistently observed. Four previous studies reported
larger TCV in adolescents and adults with ASD [Freitag et al., 2009; Hazlett, Poe, Gerig,
Smith, & Piven, 2006; Palmen et al., 2005; Piven et al., 1995]. In addition, three previous
postmortem studies reported conflicting brain weight findings with one study reporting that
four of six brains were megalencephalic [Bailey et al., 1998], another study reporting
significantly increased brain weights in children with ASD but a nonsignificant reduction in
brain weight in adults [Kemper & Bauman, 1998], and one study reporting all children and
adults had brain weights that were normal for their age [Williams, Hauser, Purpura, DeLong,
& Swisher, 1980]. These studies do not allow one to conclude whether abnormalities in
brain size persist beyond early childhood in ASD.

We have been following the trajectory of brain growth in a large cohort of young children
with ASD and age-matched typically developing controls as part of the UC Davis MIND
Institute Autism Phenome Project (APP). We had previously shown that approximately 15%
of the boys in this study demonstrated megalencephaly at the time of their first MRI scan at
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3 years of age [Nordahl et al., 2011]. The remainder of the boys and virtually all of the girls
had brain sizes within 1.5 standard deviations of the mean of the typically developing
children. Megalencephaly generally refers to abnormal size of the brain. However, brain size
can be confounded by body size, and there is evidence indicating that children with ASD are
taller than typically developing children [Chawarska et al., 2011; Davidovitch, Patterson, &
Gartside, 1996; Dissanayake, Bui, Huggins, & Loesch, 2006; Lainhart et al., 1997; Miles,
Hadden, Takahashi, & Hillman, 2000]. Therefore, we have since revised our definition of
this subgroup to include only children with brain size that is disproportionate to height or
disproportionate megalencephaly (ASD-DM). Many of the APP children have now had two
additional MRI scans at approximately 4 and 5 years of age. The goal of the current study
was to determine whether those boys with ASD-DM at 3 years of age retained the enlarged
brain size until 5 years of age or whether there was any indication that brain growth in the
ASD-DM boys was decelerating relative to the typically developing (TD) boys.

Materials and Methods

Participants

All aspects of the study protocol were approved by the University of California Davis
Institutional Review Board, and informed consent was obtained from the guardian of each
participant. At entry to the study, when the participant was between 2 and 34 years of age,
height, weight, and head circumference were measured. At Time 1, MRIs were carried out
on 129 ASD and 49 TD boys at a mean age of 3.1 years. Longitudinal MRIs were collected
1 year after baseline at Time 2 for 84 ASD and 39 TD returning boys (mean age 4.1 years).
A third MRI was collected 1 year later at Time 3 (mean 5.3 years) for 65 ASD and 31 TD
participants. Height, weight, and head circumference measurements were also collected at
the Time 3 visit. Data from subsets of these participants have been reported previously
[Nordahl et al., 2011, 2012, 2013].

A variety of diagnostic and neuropsychological assessments are carried out as part of the
APP. Diagnostic measures included the Autism Diagnostic Observation Schedule-Generic
(ADOS-G) [DiLavore, Lord, & Rutter, 1995; Lord et al., 2000] and the Autism Diagnostic
Interview-Revised [Lord, Rutter, & Le Couteur, 1994]. Diagnostic criteria for ASD were
based on DSM-1V and criteria established by the Collaborative Programs of Excellence in
Autism network. Developmental quotient (DQ) was measured at Time 1 using the Mullen
Scales of Early Learning (MSEL) [Mullen, 1995]. At Time 3 the MSEL and the Differential
Ability Scale (DAS) [Elliot, 1990] (depending on the child’s language abilities) were used to
measure DQ. In order to perform longitudinal analysis on cognitive data collected from the
MSEL and DAS, a method of standardizing overall scores across the two measures was
used. T-scores from both the MSEL and DAS subtests were converted to standardized scores
with a mean of 100 and standard deviation of 15. These subtest scores were then averaged to
obtain an overall standardized cognitive score. Additional behavioral measures collected at
Time 3 include the Social Responsiveness Scale (SRS) [Constantino & Gruber, 2002], and
the Vineland Adaptive Behavior Scales-11 (VABS-II) [Sparrow, Cicchetti, & Balla, 1989].
The ADOS-G was administered at both Time 1 and Time 3. ADOS-G severity scores were
calculated to allow for comparison of autism severity across all participants [Gotham,
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Pickles, & Lord, 2009]. Socioeconomic status information (maternal and paternal education,
as well as total annual family income in dollars) was collected from each family.

TD boys were screened and excluded for ASD using the Social Communication
Questionnaire (scores below 11) [Rutter, Bailey, & Lord, 2003]. TD boys were excluded if
they had first-degree relatives with ASD. Medical interviews were conducted by a licensed
pediatrician to rule out other neuropsychiatric disorders in the TD controls. TD boys
included in the current study had developmental scores within two standard deviations on all
scales of the MSEL. All boys included in the study (both ASD and TD) were native English
speakers, ambulatory, and had no vision or hearing problems, or known genetic disorders.
Children were not included in the study if they had physical contraindications to MRI (e.g.,
teeth braces).

Neuroimaging

MRI data were collected at the UC Davis Imaging Research Center using a 3T Siemens TIM
Trio MRI scanner (Siemens Medical Solutions, Erlangen, Germany) with an 8-channel head
coil. MRI scans were conducted during natural nocturnal sleep (see Nordahl et al. [2008] for
a description of the protocol). T1-weighted three-dimensional sagittal magnetization
prepared rapid acquisition gradient echo (MPRAGE) scans (TR = 2170 ms, TE = 4.86 ms,
matrix size = 256 x 256, slice thickness = 1.0 mm, isotropic voxel size = 1 mm) were
acquired for each child. T2-weighted images were also collected and reviewed by a
neurologist for clinical abnormalities.

The longitudinal brain imaging began in October 2007. In August 2009, the Siemens 3T
Trio MRI system was upgraded to a Trio TIM MRI system (see Nordahl et al. [2015] for
more details). Throughout all scanning, a calibration phantom (ADNIMAGPHAM, Phantom
Laboratory, Inc., Salem, New York) was scanned at the end of each MRI session using an
MPRAGE pulse sequence matched to the study sequence and using the same landmark and
shim as the corresponding participant to ensure accurate measurement of spatial
characteristics of the MRI volume. A 3D image distortion map was derived to correct for
hardware-induced geometric distortion and subject brain images were corrected using this
map (Image Owl, Inc., Salem, New York). This mitigated the effect of the MRI upgrade on
these volumetric analyses. All TCV measurements were made on distortion corrected
images, as in Nordahl et al. [2012].

TCV and Subgroup Classification

Images were preprocessed by removing nonbrain tissue and correcting inhomogeneity. An
automated template-based method was used to measure TCV (see Nordahl et al. [2011,
2012] for previous description). Gray matter and white matter volumes were estimated using
FSL FAST (FMRIB’s automated segmentation tool) with partial volume estimation for more
accurate quantification of subcortical tissue [Zhang, Brady, & Smith, 2001].

Any cutoff of a continuous variable is somewhat arbitrary. To operationalize our analyses,
we adopted the definition of disproportionate megalencephaly (ASD-DM) as having a
standardized ratio of TCV to height that was 1.5 standard deviations above the mean for the
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TD group. Based on this classification, at Time 1 the ASD participants were divided into
two subgroups: ASD-DM and ASD-N.

Head Circumference

Head circumference (HC) was measured during the medical examinations conducted at
Time 1 and Time 3. Retrospective HC measurements were also obtained from pediatric
medical records (well-baby visits) for every subject. Birth HC measurements were obtained
from labor and delivery records. A total of 1162 measurements (mean = 6.5 per subject,
standard deviation = 4.12, range = 18) were collected from birth through 36 months of age.
The HC measurements for the TD group fall within the interquartile ranges of the World
Health Organization Child Growth Standards at each time point, thus ASD group
comparisons were conducted relative to the current TD group sample. Retrospective reports
of gestational age were collected from pediatric medical records.

Statistical Analyses

Groups were compared on age, height (age as a covariate) and weight (age as a covariate)
using repeated measures analysis of variance (RM ANOVA). To determine whether subject
attrition could systematically bias the longitudinal growth models for TCV, Little’s Missing
Completely at Random (MCAR) test was conducted for all participants in the ASD and TD
groups, as well as the ASD subgroups (ASD-N and ASD-DM) [Little, 1988]. The three
subgroups were compared on DQ at Time 1 and Time 3 using ANCOVA, including age as a
covariate. The two ASD subgroups (ASD-DM and ASD-N) were compared at Time 1 and
Time 3 on behavioral and clinical measures (DQ, ADOS-G severity scores, SRS total t-
score, VABS-I1I adaptive behavior composite score) using ANCOVA, including age as a
covariate. Subscale scores from the ADOS-G, SRS, and VABS-II, and verbal and nonverbal
DQ were also compared between groups (results did not differ from the total scores, so only
the results from analyses including the total standard scores are reported here). Chi-square
tests were conducted to compare the three subgroups on maternal education, paternal
education, and annual family income. ANCOVAs were conducted to directly compare TCV,
gray matter, and white matter content at each time point (age as a covariate) between all
ASD and TD participants and between the three subgroups (ASD-N, ASD-DM, and TD).
The distributions of standardized ratios of TCV to height were compared between ASD and
TD groups using a two-sample Kolmogorov-Smirnov test. To compare body size and brain
growth between groups, longitudinal height, HC, total gray matter volume, total white
matter volume, and TCV measures were analyzed using linear and nonlinear mixed-effects
models [Davidian & Giltinan, 1995; Littell, Stroup, Milliken, Wolfinger, & Schabenberger,
2006; Raudenbush & Bryk, 2002]. In the linear and nonlinear mixed effects models
employed, there were some subjects who did not have MRI data collected at all three MRI
time points. Preliminary analyses were conducted removing those subjects with any missing
data. The main findings of these analyses related to the continuity of brain grown in the
ASD-DM group were consistent with the models including all subjects regardless of missing
data, thus the results of the models including all subjects are reported here. For the nonlinear
mixed effects models of MRI measures and height, it is important for the intercept to fall
within the range of the actual data collected in order to provide a meaningful comparison of
brain size and body size between groups during early childhood. Thus, age was centered at
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the mean age of all boys at Time 1 (37.1 months). For analyses of HC, age was not centered
because the starting point of data collection began with measurements collected at birth. The
fit of the models was assessed with log likelihood and Bayesian information criterion (BIC)
[Schwarz, 1978] (see Supporting Information Table 1). In all cases, smaller values indicate a
better fit. For height, as there are only two data points collected, the linear model of growth
is reported. For gray matter, white matter, and TCV, quadratic models achieved good fit and
are reported here. The data for HC follow a clearly nonlinear pattern. To characterize HC,
we fitted linear, quadratic, and exponential models [Kail & Ferrer, 2007; McArdle, Ferrer-
Caja, Hamagami, & Woodcock, 2002]; the exponential model had the best statistical fit and
is reported in the results. Pearson correlation coefficients were also calculated to determine
the relationship between HC measurements and TCV at Times 1 and 3.

Participant Characteristics

At Time 1, 19 ASD participants (14.7% of the total ASD sample) were classified as ASD-
DM, while 110 ASD participants were considered to have TCV in the normal range (ASD-
N). See Table 1 for total number of MRI scans acquired for each group at each time point,
and group data for age, height, weight, and clinical measure scores. Based on a standard
normal distribution, we would expect 6.7% of the total sample to fall above the 1.5 standard
deviation cutoff. However, 14.7% of the ASD sample falls above 1.5 standard deviations for
the ratio of TCV to height. Results of a two-sample Kolmogorov-Smirnov test revealed a
trend level difference between the ASD and TD groups in the distribution of standardized
ratios of TCV to height (D= 1.33, P=0.058). The ASD distribution is characterized by a
wider range of standard TCV/height ratios (ASD range = 6.18, TD range = 4.8) and more
boys falling 1 standard deviation beyond the mean, compared to the TD distribution which
has most boys falling within £1 standard deviation of the mean (Fig. 1).

In our assessment of subject attrition, we found that the Little’s MCAR test indicated all
missing TCV data are missing completely at random (TD X2 = 4.4, P=0.49; all ASD X2 =
7.8, P=0.16; ASD-N X2 = 6.9, P=0.22; ASD-DM X2 = 6.1, P=0.29). In other words,
boys who did not return at Times 2 or 3 do not systematically bias group comparisons on
brain size and growth.

There were no significant differences in age across the three MRI time points between any
of the three groups. No significant differences were found between the three groups on
height or weight across the Time 1 and Time 3 scans. There were also no significant
differences in gestational age between the three groups (Table 1).

As expected, TD controls had significantly higher DQ than the two ASD subgroups at Time
1 (ASD-DM 56.4, sd 22.4; ASD-N 63.7, sd 21.3; TD 105.5, sd 11.9; A2,174] = 86.24, P<
0.001) and Time 3 (ASD-DM 72.7, sd 26.8; ASD-N 84.4, sd 23.2; TD 108.3, sd 5.8; A2,
84] =17.1, P<0.001). At Time 1, there were no significant differences between the two
ASD subgroups for DQ (A1,126] = 2.00, £=0.15), ADOS-G severity score (A1,126] =
0.15, P=0.70), SRS total t-score (A1,113] = 2.86, = 0.093), but a significant difference in
VVABS-11 adaptive behavior composite score (A1,119] = 6.12, £=0.015) such that the ASD-
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DM baoys had poorer adaptive behavior skills. At Time 3 there were also no significant
differences between the two ASD subgroups for DQ (A1,56] = 1.78, £=0.18), ADOS-G
severity score (A1,56] = 0.53, £=0.46), SRS total t-score (A1,45] = 0.18, £=0.67), or
VABS-11 adaptive behavior composite score (A1,49] = 0.086, £=10.77). No significant
differences were found in socioeconomic status between the three subgroups (maternal
education, X2 = 0.67, P=0.71; paternal education, X2 = 2.23, P=0.32; annual family
income, X2 = 2.43, P=0.29).

TCV Cross-Sectional Findings

All ASD boys compared to TD boys—All ASD boys combined had significantly
greater TCV than the TD boys at Time 1 (F[1,172] = 8.06, £ = 0.005), Time 2 (A1,116] =
7.74, P=0.006), and Time 3 (A1,91] =5.22, P=0.025). All ASD boys combined also had
significantly greater total gray matter volume than TD boys at Time 1 (A1,171] =6.31, P=
0.013), Time 2 (A1,116] = 6.52, P=0.012), and Time 3 (A1,89] = 7.05, A= 0.009), and
significantly enlarged white matter volume at Time 1 (A1,171] = 8.61, A= 0.004) and Time
2 (F1,116] = 6.70, P=0.011), but not at Time 3 (F1,89] = 0.55, A= 0.45) (Table 2).

Subgroup comparisons—The ASD-DM group had significantly greater TCV than the
ASD-N and TD groups at Time 1 (A2,171] = 39.25, < 0.001), Time 2 (H2,115] = 29.59, P
< 0.001), and Time 3 (A2,90] = 26.01, A< 0.001). The ASD-DM group also had significant
enlargement at all three time points in total gray matter volume (Time 1: A2,170] = 41.08, P
< 0.001; Time 2: A2,115] = 26.39, < 0.001; Time 3: A2,88] = 23.45, £< 0.001), and total
white matter volume (Time 1: A2,170] = 28.39, £< 0.001; Time 2: A2,115] = 20.52, P<
0.001; Time 3: A2,88] = 14.89, £<0.001).

The ASD-N group did not significantly differ from the TD group for TCV at any of the three
time points (Time 1: A1,153] =2 .28, = 0.13; Time 2; A1,102] = 2.24, P=0.13; Time 3:
A1,80] = 1.10, P=0.29). The ASD-N and TD groups also did not significantly differ at any
of the time points on gray matter volume (Time 1: A1,152] = 1.21, =0.27; Time 2:
A1,102] = 1.56, P=0.21; Time 3: A1,78] = 2.35, £=0.12) or white matter volume (Time
1: A1,152] = 3.26, P=0.07; Time 2: A1,102] =2.21, P=0.14; Time 3: A1,78] =0.20, P=
0.65). See Table 3 for subgroup means for TCV, total gray matter volume, and total white
matter volume.

Rates of Brain Growth

All ASD boys compared to TD boys—In the mixed effects model analyses, across all
subjects, TCV increased over time (4209] = 21.00, £< 0.0001). The mixed effects model
confirmed that all ASD boys combined had significantly greater TCV at Time 1 compared to
TD boys (4173] = 3.07, =0.002). The model indicated that the whole ASD group also had
a slight but not significant increase in the rate of TCV growth compared to TD boys across
Times 1 through 3 (4207] = 1.70, £=0.09) (Table 4 and Fig. 2). The model also confirmed
that all ASD boys had significantly greater total gray matter volume compared to TD boys at
Time 1 ({176] = 3.24, £=0.001), but not a different rate of growth compared to TD boys
(4213] = 0.91, £A=0.36). For white matter, the model indicated that the whole ASD group
had both significantly greater white matter volume compared to TD boys at Time 1 ({176] =
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3.04, P=0.002) and significantly greater white matter expansion across Times 1 through 3
(4213] = 3.23, P=0.001).

Subgroup comparisons—The mixed effects model indicated that at Time 1 ASD-N
boys did not significantly differ from TD controls in TCV ({172] = 1.75, £=0.08). Nor was
there a significant difference in the overall rate of growth for TCV between the ASD-N and
TD boys (4205] = 1.17, P=0.24). The mixed effects model did confirm that the ASD-DM
boys had significantly greater TCV at Time 1 compared to both ASD-N and TD boys (4172]
= 8.65, £<0.0001). Importantly, the longitudinal analysis indicated that the ASD-DM boys
also had a significantly greater rate of growth between Times 1 and 3 compared to the TD
boys (4205] = 2.52, P=0.01) and a marginally increased rate of growth compared to the
ASD-N boys (4138] = 1.88, A= 0.062) (see Table 5 and Fig. 3).

While the cross-sectional analyses yielded no significant difference in gray matter volume
for the ASD-N group at Time 1, the mixed effects model indicated a greater total gray matter
volume compared to TD controls at Time 1 (4175] = 2.02, P=0.045), but no significant
difference in the rate of growth ({211] = 1.27, P=0.20). The mixed effects model indicated
that the ASD-DM boys had significantly greater total gray matter volume compared to TD
and ASD-N boys ({175] = 8.33, < 0.001) at Time 1 but the rate of growth was not
predicted to be greater (4211] = 0.70, A= 0.48).

The mixed effects model indicated that white matter volume in the ASD-N children did not
differ from TD children at Time 1 ({175] = 1.83, P=0.07), but rate of growth was greater
across Times 1 through 3 (4211] = 3.26, £=0.001). The model indicated that the ASD-DM
boys had significantly greater total white matter volume compared to TD and ASD-N boys
at Time 1 (175] = 7.81, £< 0.0001) and a marginally increased growth rate ({211] = 1.67,
£=0.09).

Rate of HC Growth

Body Size

All ASD boys compared to TD boys—The mixed effects model indicated that there
were no differences between all ASD boys and TD boys for HC at birth ({175] = 0.24, P=
0.80). But, the ASD boys had a significantly greater HC at 36 months ({175] = 3.23, P=
0.001) and a significantly greater rate of growth ({175] = 3.44, P=0.007) (Table 6 and Fig.
4).

Subgroup comparisons—None of the subgroups significantly differed in HC at birth.
However, the ASD-DM group reached a significantly larger head size at 3 years of age
(Time 1) compared to both the ASD-N ({126] = 4.40, £< 0.0001) and TD (465] = 6.01, P<
0.0001) groups. The ASD-N group also reached a significantly larger final head size
compared to the TD group ({165] = 2.16, = 0.03) (Table 7 and Fig. 5).

All subjects experienced an increase in height over time (linear mixed-effects model analysis
for height, t[113] = 33.25, £< 0.001). There were no significant differences between the
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groups on height at Time 1 and no significant differences in the overall rate of body growth
between the groups (Fig. 6).

Classification Change

Of the participants classified as ASD-DM at Time 1, one child was reclassified as ASD-N at
Time 3. Of the boys classified as ASD-N at Time 1, three were reclassified as ASD-DM.
None of the TD boys were reclassified.

Discussion

Summaries of ASD neurodevelopment highlight a pattern of abnormal acceleration of brain
growth from birth until about 4 years of age, which is followed by a normalization of brain
size in middle childhood [Redcay and Courchesne, 2005a]. This perspective has been
supported by studies reporting increased TCV in very young children with ASD
[Courchesne et al., 2011a; Courchesne et al., 2001; Hazlett et al., 2005; Piven et al., 1995,
1996; Schumann et al., 2010; Sparks et al., 2002] but no significant differences in TCV in
older individuals with ASD [Aylward et al., 1999, 2002b; Hardan et al., 2006; Herbert et al.,
2004; Schumann et al., 2004]. However, the lifespan trajectory of brain development in
autism has never been evaluated in a large-scale, longitudinal analysis of children with ASD
and age-matched typically developing children. Moreover, it is how very clear that ASD is a
heterogeneous disorder with different altered trajectories of brain development in different
subsets of affected individuals. We previously reported, for example, that only about 15% of
boys with ASD have abnormal early enlargement of their brains [Nordahl et al., 2011].
When taking body size into account, we have labeled this subgroup disproportionate
megalencephaly (ASD-DM). Interestingly, girls with ASD do not generally have this
abnormal form of brain development.

Children with ASD-DM are defined as having a ratio of brain size to height at the first
neuroimaging time point (approximately 3 years of age) that is at least 1.5 standard
deviations above the mean of the typically developing children. An overarching goal of the
current study was to determine whether the ASD-DM boys persisted in having enlarged
brains across the early childhood years, or whether their brain growth plateaued during this
time period. The data show quite clearly that the ASD-DM subgroup of boys continue to
have disproportionately large brains for the second and third imaging time points which
brings the average age of the cohort to just over 5 years. While there has been an ongoing
debate about whether brain growth differences in ASD are due to enlargement in gray matter
[Hazlett et al., 2006; Palmen et al., 2005] or white matter [Herbert et al., 2004], our findings
indicate that there were similar levels of enlargement of both gray matter and white matter
compartments for the ASD-DM boys. It is worth noting that when all ASD subjects were
combined, the entire group has increased brain volume and growth. However, by separating
the ASD-DM children from the rest of the ASD cohort, we found that this pattern is largely
driven by the ASD-DM group which displays significantly increased TCV and rate of TCV
growth, while the ASD-N group alone does not differ from TD boys in TCV.

We also wanted to examine when brain development in this subgroup diverged from other
boys. While we did not have MRI data prior to age three, the Autism Phenome Project
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collects all available medical records that includes head circumference data from birth
onward. We also measured head circumference at the first and third MRI time points. Head
circumference has previously been shown to be an accurate proxy of brain size in young
children [Bartholomeusz, Courchesne, & Karns, 2002] but is less correlated with brain size
in older children. Our own data are consistent with this finding in that HC is a better
predictor of TCV at Time 1 (r=0.65, < 0.001) than at Time 3 (r=0.50, < 0.001). The
head circumference data show that while the ASD-DM children do not differ in head size at
birth, their trajectory of head growth results in head circumference that is significantly
greater than boys from the other groups by around 24 months of age. Thus, it appears that
the increased brain size may be due, in large part, to abnormal expansion that starts very
early in postnatal life. Some have argued [Chawarska et al., 2011] that the increased brain
size in ASD is simply a reflection of overall greater somatic growth. We have examined this
directly and found that the ASD-DM children are not taller than the ASD-N and TD
children. Thus, the abnormal brain size appears to be organ specific.

A possible explanation for the discrepancy between the results of this longitudinal
investigation (in which only a subgroup of children with ASD have persistent brain
overgrowth from ages 3-5 years) and the previous perspective (that development in ASD is
characterized by accelerated brain growth until around 4 years of age, followed by arrested
growth [Redcay & Courchesne, 2005b]) may be that cross-sectional neuroimaging studies of
ASD have historically used cohorts with vastly different characteristics at different ages.
Studies of young children have typically evaluated a segment of the autism spectrum that has
additional developmental delay as indicated by reported mean subject 1Q scores ranging
from 54.1 to 66.7 [Hazlett et al., 2005; Nordahl et al., 2011, 2013; Schumann et al., 2010].
In contrast, studies including only adolescents and adults have typically reported 1Q scores
above 80 (ranging from 91 to 105 for those reporting means) [Aylward et al., 1999, 2002b;
Freitag et al., 2009; Hardan et al., 2006; Hazlett et al., 2006; Herbert et al., 2004; Palmen et
al., 2005; Piven et al., 1996]. The older subjects tend to have less intellectual disability
because they are selected to be compliant with the demands of the MRI protocol. Young
subjects are typically imaged when they are asleep or anesthetized, whereas older subjects
are imaged while awake. Thus, the proposal that individuals with autism have enlarged
brains as youngsters and normal-sized brains as adolescents or adults may be an artifact of
the samples that are imaged at the different ages. The only way to reliably chart the
trajectories of brain development of ASD is through longitudinal studies that span early
childhood into adulthood.

While the current study helps clarify longitudinal brain growth in ASD during early
childhood, questions still remain as to how the brain continues to develop into adolescence
and beyond. By the age of six, TCV is 90-95% of the maximum (adult) size [Dekaban &
Sadowsky, 1978; Giedd, 2004; Lenroot & Giedd, 2006]. While it appears that the ASD-DM
boys maintain brain enlargement up to 5 years of age, it will be interesting to determine
whether this is sustained at later ages. We are currently carrying out additional imaging of
these children as they enter middle childhood (i.e., 911 years of age).

Although MRI enables the study of global brain development in vivo, it does not provide a
clear understanding of the cellular mechanisms underlying any alterations in trajectory. It is
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currently unclear what the neurobiological basis is for the enlarged brains in the ASD-DM
cohort of children. Both increased [Bailey et al., 1998; Courchesne et al., 2011b] and
decreased [Bailey et al., 1998; Bauman, 1991; Schumann & Amaral, 2006] neuron counts
have been reported in studies using postmortem tissue of individuals with ASD. Since only
around 15% of boys with ASD have enlarged brains, there is clearly a need for a greater
number of brain donations for study and a comprehensive quantitative assessment of neuron
and glial number and size.

In summary, the current study evaluated a subgroup of boys with ASD who have an unusual
trajectory of brain enlargement which cannot be accounted for by body size and which
persists until at least 5 years of age. All analyses indicated that there was no indication of a
slowdown of brain growth in the ASD-DM group relative to the TD group. Our working
hypothesis, therefore, is that this subgroup of individuals will maintain an enlarged brain
size at later ages — a hypothesis that we are currently testing. Moreover, head circumference
data from this cohort indicates that the onset of the abnormal growth trajectory started early
in postnatal life. Given that the ASD-DM group defines a neurophenotype of ASD, one of
the challenges will be to determine whether the behavioral profile of the ASD-DM is
different in any meaningful way.
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Figure 1.
Distribution of subjects. The percentage of subjects in each bin for each group (ASD and

TD) based on their standardized total cerebral volume (TCV) to height ratio. Z-scores are
based on the TD distribution.
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Results from longitudinal analyses of total cerebral volume. (A) Total cerebral volume data
for ASD and TD subjects. Each line connects the data points collected from an individual
subject. (B) Individual subject data are represented as individual data points. The lines
represent the predicted growth trajectories of total cerebral volume for TD boys and all boys
with ASD. All ASD boys combined had significantly greater TCV at the earliest age, and a
slight but not significant increase in the rate of TCV growth over time, compared to TD

boys.
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Figure 3.
Results from longitudinal analyses of total cerebral volume for subgroups. (A) Total cerebral

volume data for the three subgroups: ASD-DM, ASD-N, and TD boys. Each line connects
the data points from each individual subject. The ASD-DM group (red) falls in the upper end
of the distribution, while there is almost complete overlap between the ASD-N (green) and
TD (blue) participants. (B) Individual subject data are represented as individual data points.
The lines represent the predicted growth trajectories of total cerebral volume for each of the
three subgroups, ASD-DM, ASD-N, and TD. ASD-DM boys had significantly greater TCV
at the earliest age and also a significantly greater rate of growth from ages 3-5 years,
compared to ASD-N and TD boys.
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Figure 4.

Results from longitudinal analyses of head circumference. (A) Head circumference data for
ASD and TD subjects collected retrospectively from medical records. Each line connects the
data points collected from an individual subject. A total of 1162 measurements (6.5
measurements per subject on average) were collected from medical records, spanning from
birth to 36 months of age. (B) Predicted growth trajectories for head circumference for TD
boys and all boys with ASD. Dashed lines indicate the lower and upper bounds of the 95%
confidence intervals. There were no differences between ASD and TD boys in head
circumference at birth, but the ASD boys had a significantly greater final overall head
circumference and a significantly greater rate of growth
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Figureb.
Results from longitudinal analyses of head circumference for subgroups. (A) Data for head

circumference for participants from each of the three subgroups: ASD-DM, ASD-N, and
TD. Each line connects the data points from each individual subject. The ASD-DM group
(red) fall in the upper end of the distribution, while there is a large amount of overlap
between the ASD-N (green) and TD (blue) boys. (B) Predicted growth trajectories for head
circumference for each of the three subgroups. Dashed lines indicate the lower and upper
bounds of the 95% confidence intervals. The ASD-DM group did not differ in head
circumference at birth, but reached a significantly larger final overall head size compared to
the ASD-N and TD boys.
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Figure 6.
Distribution of height for subjects in this study. Based on these distributions of height we

obtained the predicted linear growth trajectories for body height for each subgroup as
indicated by the solid lines. No significant differences were found between the three
subgroups for height or rate of growth for height.
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Table 4

Parameter Estimates From Nonlinear Mixed Effects (Quadratic) Models Fitted to Total Cerebral Volume
(TCV), Gray Matter, and White Matter Data for the Typically Developing (TD) Boys, and All Boys With
Autism Spectrum Disorder (ASD). The MRI Data Were Collected at Time 1 (Mean Age 3.1 Years), 1 Year
After Baseline at Time 2 (Mean Age 4.1 Years), and Approximately 1 Year Later at Time 3 (Mean 5.3 Years).
For Each Quadratic Model, Age Was Centered at the Mean Age of Time 1 MRI Collection (37.1 Months)

Group
Measure Parameter (SE) TD ASD
TCV Intercept (cm®) 99108 (13.92) 103381 (7.37) ™™
Linear slope 3.86 (0.32) 4.09 (0.18)

Quadratic slope  —0.039 (0.010) -0.057 (0.005)
Gray matter  Intercept (cm®)  625.67 (8.11) 651.94 (4.27) "
Linear slope 1.52 (0.31) 1.45(0.17)
Quadratic slope  —0.042 (0.011) -0.032 (0.006)
White matter  Intercept (cm3)  364.87 (5.82) 382.60 (3.06) ™
Linear slope 2.23(0.19) 2.34(0.11)
Quadratic slope  —0.005 (0.007) -0.028 (0.003) *

Note. Significant contrast between TD and ASD
*
P<0.01,

Ak
P<0.001.
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Table 5

Parameter Estimates From Nonlinear Mixed Effects Models Fitted to Total Cerebral Volume (TCV), Gray
Matter, and White Matter Data for the Typically Developing (TD), ASD With Normal-Sized Brains (ASD-N),
and ASD With Disproportionate Megalencephaly (ASD-DM) Subgroups. The MRI Data Were Collected at
Time 1 (Mean Age 3.1 Years), 1 Year After Baseline at Time 2 (Mean Age 4.1 Years), and 1 Year Later at
Time 3 (Mean 5.3 Years). For Each Nonlinear Mixed Effects Model, Age Was Centered at the Mean Age of
Time 1 MRI Collection, Thus the Reported Intercepts Correspond to 37.1 Months of Age

Group
Measure Parameter (SE) TD ASD-N ASD-DM
TCV Intercept (cm3) 991.02 (10.00) 1012.20 (12.08)  1154.90 (18.93) 1t
Linear slope 3.88 (0.26) 3.98 (0.33) 4.70 (0. 51)
Quadratic slope ~ —0.040 (0.008) -0.052 (0.01) -0.081 (0.01) ™
Gray matter  Intercept (cm®) 62559 (5.96) 640.07 (7.18) " 719.69 (11.30)7#
Linear slope 1.54 (0.25) 1.36 (0.31) 1.96 (0.49)
Quadratic slope  —0.043 (0.009) -0.028 (0.01) -0.055 (0.01)
White matter  Intercept (cm3)  364.85 (4.36) 374.45 (5.25) 429.46 8.27) 1
Linear slope 2.23(0.16) 2.34 (0.20) 2.38(0.31)
Quadratic slope  -0.0055 (0.006) _q g28 (0.007) e -0.023 (0.01)

Note. Significant contrast between TD and ASD-N
*
P<0.05,

P<0.01; significant contrast between TD and ASD-DM

Hook:

*
P<0.05,

7P< 0.001; significant contrast between ASD-N and ASD-DM

¢P< 0.001.
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Table 6

Parameter Estimates From the Nonlinear Mixed Effects (Exponential) Model Fitted to Head Circumference
Data for the Typically Developing (TD) Boys, and All Boys With Autism Spectrum Disorder (ASD).
Retrospective Head Circumference (HC) Measurements Were Obtained From Pediatric Medical Records
(Well-Baby Visits) for Every Subject. The Exponential Model Was Based on a Total of 1162 Measurements
(Mean = 6.5 Per Subject, Standard Deviation = 4.12, Range = 18) That Spanned Birth Through 36 Months of
Age

Group

Model Parameter (SE) TD ASD

Exponential ~ Asymptote (cm) 49.67 (0.19) 50.32 (0.13) *
Intercept (cm) 34.93 (0.23) 35.12 (0.18)
Rate 0.146 (0.004) 0.160 (0.003)*
Asymptote variance 1.23(0.31) 1.45 (0.24)
Intercept variance 1.60 (0.49) 2.27 (0.47)
Rate variance 0.0001 (0.0001) 0.0002 (0.0001)
Residual variance 0.49 (0.04) 0.71 (0.04)

Note. Significant contrast between TD and ASD

*
P<0.01.
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Table 7

Parameter Estimates From the Nonlinear Mixed Effects (Exponential) Model Fitted to Head Circumference
Data for the Typically Developing (TD), ASD With Normal-Sized Brains (ASD-N), and ASD With
Disproportionate Megalencephaly (ASD-DM) Subgroups. Retrospective Head Circumference (HC)
Measurements Were Obtained From Pediatric Medical Records (Well-Baby Visits) for Every Subject. The
exponential Model Was Based on a Total of 1162 Measurements (Mean = 6.5 Per Subject, Standard Deviation
=4.12, Range = 18) That Spanned Birth Through 36 Months of Age

Group
Model Parameter (SE) TD ASD-N ASD-DM
Exponential ~ Asymptote (cm) 49.67 (0.19) 50.03 (0.14) 51.69 (0.25) %
Intercept (cm) 34.93(0.23) 34.92 (0.21) 36.16 (0.31)
Rate 0.146 (0.004) 0.164 (0.004)*  0.144 (0.006)
Asymptote variance 1.23(0.31) 1.34 (0.25) 0.46 (0.27)
Intercept variance 1.60 (0.49) 2.64 (0.57) 0.73 (0.58)
Rate variance 0.0001 (0.0001)  0.0004 (0.0002)  0.00002 (0.0001)
Residual variance 0.49 (0.04) 0.64 (0.04) 0.95 (0.13)

Note. Significant contrast between TD and ASD-N
*
P < 0.05; significant contrast between TD and ASD-DM
Ak
P <0.0001; significant contrast between ASD-N and ASD-DM

AAA
P<0.0001.
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