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Gray and White Matter Brain Chemistry
in Young Children With Autism
Seth D. Friedman, PhD; Dennis W. W. Shaw, MD; Alan A. Artru, MD;
Geraldine Dawson, PhD; Helen Petropoulos, BE; Stephen R. Dager, MD

Context: The brain pathophysiological abnormalities underlying autism remain unclear. Neuroimaging and histological studies suggest cellular abnormalities early in
the course of the disease.

Setting: The University of Washington Diagnostic Imaging Sciences Center, Seattle.

Results: The children with ASD demonstrated
decreased gray matter concentrations of Cho (P⬍.001),
creatine plus phosphocreatine (P = .02), NAA (P = .02),
and mI (P=.008) compared with children with TD. Gray
matter Cho transverse relaxation was also prolonged for
the ASD sample compared with the TD group (P=.01).
The children with ASD demonstrated significantly
decreased levels of Cho (P=.04) and mI (P=.008) and
trend-level NAA (P=.09) in gray matter compared with
the DD group. For white matter, both children with ASD
and children with DD showed a similar pattern of NAA
and mI level decreases (for children with ASD vs children with TD: NAA, P=.03; mI, P=.04; for children with
DD vs children with TD, NAA, P = .03; mI, P = .07). In
several analyses, cerebral volume contributed significantly as a covariate.

Participants: Forty-five 3- to 4-year-old children with

Conclusions: Reduced gray matter chemical concentra-

ASD, 12 age-matched children with DD, and 10 agematched children with TD.

tions and altered Cho transverse relaxation, in a pattern
distinct from that in children with DD, suggest decreased cellularity, or density, at this early time point in
ASD. Possibly reflecting shared developmental features,
white matter results were common to ASD and DD groups.
The relationship between cerebral volume and neurochemistry at this early time point may indicate processes related to unit scaling.

Objective: To measure the in vivo chemical profile of

gray and white matter tissues in autism.
Design: Cross-sectional spectroscopic imaging study
comparing 3- to 4-year-old children with autism spectrum disorder (ASD) with age-matched comparison
groups of children with delayed development (DD) and
typical development (TD).

Main Outcome Measures: Estimates of gray and
white matter concentrations for choline-containing
compounds (Cho), creatine plus phosphocreatine,
N-acetylaspartate (NAA), and myo-inositol (mI). Transverse relaxation times for Cho, creatine plus phosphocreatine, and NAA expressed relative to control subjects
with TD were examined to evaluate tissue compactness.
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UTISM SPECTRUM DISORDER

(ASD) is characterized by
abnormal social interactions, impaired communication, and behavioral stereotomies.1 Although the etiology of autism
remains unclear, emerging evidence from
neuroimaging and histopathological postmortem studies suggests that early alterations that change over time may be
responsible.
From magnetic resonance imaging
(MRI) and head circumference studies,
there is evidence to suggest that cerebral
volume is not enlarged in ASD at birth (for
review, see the article by Redcay and Courchesne2). Increased brain size is observed
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between approximately 2 and 4 years of
age and may reflect accelerated brain
growth patterns (for review, see the article by Redcay and Courchesne2). Across
the development in ASD, cross-sectional
studies have suggested that this early overgrowth halts in later childhood, affecting
gray and white matter, brain lobes, and nuclei differently (for review, see the article
by Courchesne et al3). The way in which
gray and white matter or regional volumes scale to the overall cerebral volume
may also be important, with several studies4,5 demonstrating that correcting for cerebral volume modifies group differences. Taken together, these morphological
results build on the first observation of
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macrocephaly in autism6 and associate these macroscopic findings to mechanisms expressed in the first few
years of the disease.
The 2 most replicated postmortem findings in ASD are
small, densely packed cells in the medial temporal lobe
(hippocampal regions CA1 and CA4) and a reduction in
Purkinje cells in the cerebellum (for review, see the articles by Palmen et al7 and Bauman and Kemper8). Certain alterations such as enlargement of cells in the nucleus
of the diagonal band of Broca are found in children (aged
⬍13 years), but in adults, the cells are reduced in both
size and number, suggesting developmental changes.8
Other cellular abnormalities appear to have variable localization and expression,9 consistent with the heterogeneous clinical expression of ASD.10 Cortical abnormalities have been described in a number of ASD samples.7-9,11,12
Described findings include thicker, abnormal cortical laminar patterns, increased neuron density, abnormal orientation of pyramidal cells,11 minicolumnar abnormalities,12 and neuroinflammation.9 Although not all of these
processes, eg, inflammation,9 are solely confined to gray
matter, further work is required to evaluate in vivo distributions of such abnormalities early in the disease course.
In vivo proton magnetic resonance spectroscopy
(1H-MRS) provides a noninvasive method for probing
histochemical features in vivo. It has been used to
detect abnormalities in brain regions that appear normal by MRI as well as to elucidate the pathological findings underlying MRI-visible abnormalities (for review,
see the article by Ross and Michaelis13). In brain tissue,
the concentration and mobility of several lowmolecular-weight chemicals such as choline-containing
compounds (Cho), creatine plus phosphocreatine
(Cre), N-acetylaspartate (NAA), myo-inositol (mI), glutamate, glutamine, ␥-aminobutyric acid, and lactate can
be sampled using 1H-MRS. As a brief overview, chemicals are reviewed in turn. The Cho in the 1H-MRS spectrum are observed as a single peak, or a singlet. However, as is evident from phosphorous studies with
proton decoupling, at least 4 major chemicals related
primarily to membranes and myelin contribute to the
bulk of the 1H-MRS Cho signal. Phosphorylethanolamine and phosphorylcholine are the primary
components, with lesser contributions from
glycerophosphorylethanolamine and glycerophosphorylcholine. 14 The peak identified as Cre in the
1
H-MRS spectrum is composed of both creatine and
phosphocreatine, which remain in equilibrium and
serve as the storage and use mechanism for high-energy
phosphate.13 N-acetylaspartate, considered a putative
neuronal marker, contains a small contribution from
N-acetylaspartylglutamate at 1.5 T.15 N-acetylaspartate
functions as a critical osmolyte involved in neuronalglial homeostasis.16 Myo-inositol, another resonance
that shares some functions with Cho, is an important
regulator of brain osmotic balance and a precursor for
phosphoinositides involved in the cellular membrane–
based second messenger system.17-19 Glutamine, produced by astrocytes and in turn shuttled to neurons for
producing glutamate, the major excitatory neurotransmitter in brain, is challenging to resolve without specialized techniques.20 Glutamine and glutamate overlap
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in frequency in the chemical spectrum at 1.5 T and
have a complicated multipeak, or multiplet, shape.
␥-Aminobutyric acid, the major inhibitory neurotransmitter, also overlaps in frequency with glutamate and
glutamine, although lesser in concentration. Because of
the difficulty in separating these neurochemicals and
the low abundance of ␥-aminobutyric acid, many investigations report a combination of these chemicals, commonly as glutamate plus glutamine. Lactate, a major
energy substrate for neurons that is produced primarily
in glial cells, can also be measured in brain, although
levels at rest in healthy brain are quite low.21
The MRS chemical measurements are expressed as
chemical ratios (eg, NAA-Cre ratio) or quantified using an
internal (eg, brain water) or external (eg, solution of known
concentration) reference signal. Altering acquisition delay (echo time [TE]) results in distinct changes in the chemical spectrum that impact neurochemical measurement.
Shorter TEs (⬍30-ms) reduce some potential confounds
associated with chemical quantification, although certain
chemicals, such as lactate, can be obscured by lipid and macromolecule signals. At longer TEs (136-ms or 272-ms), these
macromolecule and lipid peaks are less visible, although
other chemicals, such as mI, are also edited out of the spectrum. Without broad baseline peaks, longer TEs make line
fitting more straightforward. However, because signals have
had more time to evolve (or decay), group differences in
relaxation, should they be present, can significantly bias
neurochemical measurement. The decay in chemical intensity with time can be used to obtain a measure of transverse relaxation (T2). Although many factors impact T2,22
we used this measurement in our prior work23 as a probe
of tissue compactness.
Most MRS studies of autism have used single-voxel techniques that acquire chemical information from a single region of tissue, typically of large volume to obtain sufficient
signal-noise ratios. The first published MRS study24 of autism sampled a right parieto-occipital white matter region
at a long TE and found no alterations in the ratios (eg, NAACre, Cho-Cre, and NAA-Cho ratios) in a sample of children and adolescents with autism. Using a short-TE acquisition method, a subsequent single-voxel MRS study
detected a decreased level of NAA (referenced to brain water) in the right medial temporal lobe region and left cerebellar hemisphere in a childhood to early adult sample25
and an expanded sample.26 From a large sample of children ranging in age from 2 to 21 years who were studied
at an intermediate TE (136 milliseconds), reduced NAA
levels were demonstrated in the temporal lobes bilaterally,
although not in other regions (frontal, parietal, temporal,
brain stem, or cingulate).27 In contrast, a single-voxel study
of high-functioning adults with Asperger syndrome also
conducted at an intermediate TE (136 milliseconds) found
increased levels of all of the chemicals (Cho, Cre, NAA as
a ratio to water) in a right frontal region but not within a
medial parietal region.28 Specifically sampling a white matter region (left centrum semiovale) at a short TE (30 milliseconds), no chemical concentration differences were
found for a recent sample of children with autism.29
Magnetic resonance spectroscopic imaging techniques used to simultaneously acquire 2-dimensional or
3-dimensional voxel arrays for regional chemical assessWWW.ARCHGENPSYCHIATRY.COM
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ment have been used in 2 ASD studies to date. Using shortecho (20-ms) and long-echo (272-ms) proton echoplanar spectroscopic imaging (PEPSI) 30 and water
referencing, we examined a large sample of 3- to 4-yearold children with ASD compared with age-matched control groups with delayed development (DD) and typical
development (TD). The ASD sample exhibited a regional pattern of decreased neurochemical concentrations that included widespread reductions in levels of Cho,
Cre, NAA, and mI.23 Prolonged chemical T2 expressed
as a percentage relative to the TD group (T2r) was also
observed in many regions.23 A subsequent MRS imaging
study31 at a long TE (272 milliseconds) used a multisection approach and quantification based on acquisition parameters to examine 22 children and adolescents with
autism compared with age-matched control subjects. In
that study, a decreased Cho level was found within the
left anterior cingulate, left caudate, and occipital regions, and increased levels of Cho and Cre were found
within the right caudate nucleus.
In our prior work, results of regional reductions in levels of NAA and other tissue-based chemicals were in contrast to our initial hypothesis. Our initial hypothesis had
been that, in conjunction with findings of cerebral enlargement, the children with ASD would exhibit elevated NAA levels and reduced T2r reflecting an overproliferation of cells or a reduction in normal pruning
processes.23 What could not be ascertained from that work
was whether gray matter or white matter was specifically affected in this young ASD sample. In the current
study, based on findings of generalized histopathological alterations in gray matter, we hypothesized that gray
matter chemicals are selectively altered in ASD. To test
this hypothesis, linear regression techniques32,33 were applied to our previously published sample of 3- to 4-year
old children with ASD compared with the age-matched
DD and TD control groups. To evaluate the association
between brain size and these chemical measures, cerebral volume was used as a covariate. To evaluate ASD subgroups (autistic disorder [AD] and pervasive developmental delay not otherwise specified [PDD-NOS]) found
in our prior work5 to have different amygdala volumes,
exploratory analyses were planned as indicated by significant ASD-TD main effects.
METHODS

PARTICIPANTS
Clinical characteristics of the children participating in this research have been described in detail elsewhere.5,23 For these analyses, 45 children with ASD (38 boys, 7 girls; mean ± SD age,
47.4±4.2 months) were compared with 12 children with DD (5
boys, 7 girls; mean±SD age, 47.5±6.1 months) and 10 children
with TD (8 boys, 2 girls; mean±SD age, 46.6±4.5 months). For
exploratory analyses, the ASD sample was further differentiated
into AD (n=29; 26 boys, 3 girls; mean±SD age, 46.9±4.3 months;
age range, 38-54 months) and PDD-NOS (n=16; 12 boys, 4 girls;
mean±SD age, 48.2±4.0 months; age range, 42-54 months) subgroups based on clinical characteristics as previously described.5
Children were recruited from local parent advocacy groups,
preschools, the Department of Developmental Disabilities, Seattle, Wash, clinics and hospitals in the greater Seattle area, and
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the University of Washington, Seattle, infant and child subject
pool. Written parental or guardian informed consent, approved
by the University of Washington internal review board, was obtained for each child participating in the study. Children in the
ASD group received a diagnostic evaluation that included administration of the Autism Diagnostic Interview–Revised,34 a structured clinical interview with the parent, and the Autism Diagnostic Observation Schedule–Generic,35 a structured clinical
observation scale that is scored for the severity of autism symptoms. Both instruments assess symptoms of autism listed in the
DSM-IV.36 Children with DD and with TD were also administered the Autism Diagnostic Observation Schedule–Generic. These
children did not meet criteria for either AD or ASD on the Autism Diagnostic Observation Schedule–Generic or based on a clinical judgment using DSM-IV criteria, and they did not show elevated symptoms of autism on these measures.
Children with ASD and DD were assessed using the Mullen
Scales of Early Learning37 and the Vineland Adaptive Behavior
Scale.38 Mullen Scales of Early Learning group mean±SD scores
on the primary measure, composite standard score, were as follows: for children with ASD, 59.2±15.9; and for children with
DD, 54.9±6.3 (1 child with DD did not receive a Mullen Scales
of Early Learning assessment).

MRI AND SPECTROSCOPY ACQUISITION
Children with ASD and DD were imaged during continuous
intravenous infusion of propofol at 180 to 220 µg/kg per minute.
Studies of children with TD were performed late at night during sleep. Eight children with TD were presedated with 25 mg
of Benadryl (Pfizer, Inc, New York, NY) administered orally and
by the parent on an optional basis if the child previously had
experienced sedation when given this agent.
The PEPSI studies were performed using a clinical 1.5-T GE
Signa whole-body scanner (General Electric Medical Systems,
Milwaukee, Wis) as previously described.23 A 3-dimensional
spoiled gradient recalled echo imaging sequence (repeat time,
33.3 milliseconds; TE, 30 milliseconds; flip angle, 30°; field of
view, 22 cm; matrix, 256⫻256; section thickness, 1.5 mm [3
mm zero filled to 1.5 mm during acquisition]) was acquired in
the coronal plane and used for tissue segmentation.
Two contiguous PEPSI volumes were serially acquired,
one centered at the top of the temporal lobes (the first axial
section centered on the anterior commissure) and the other
through the basal ganglia as previously described (TE, 20 milliseconds and 272 milliseconds; repeat time, 2000 milliseconds; spatial matrix, 32⫻32; nominal voxel size, 1 cm3; field
of view, 22 cm; section thickness, 20 mm). Long-echo (272millisecond) data analysis required a magnitude calculation.
Both chemical TEs were referenced to a short-echo unsuppressed water scan for concentration calculation.23 Lactate
was measured with the 272-millisecond data to avoid inclusion of macromolecule resonances.
In 2 children with ASD and 3 with TD, only 1 slab was available for regression analyses because of poor data quality or because a child with TD awoke prior to completing the acquisition. For 1 child with TD, only a long-echo data set was acquired
and analyzed for lactate.
Because of the smaller proportion of subjects (7 of 10 subjects) in the TD group having both slabs available, fewer voxels were available for the regression (eg, for NAA [TE, 20 milliseconds], the mean±SD number of voxels was 501±60 voxels
for the ASD group, 460 ± 50 voxels for the DD group, and
361±118 voxels for the TD group). To maximize data fidelity
from each subject, all of the available voxels from each individual subject were used to generate estimates of compartmental concentrations and relaxation times.
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DATA PROCESSING

ASD GROUP VS TD GROUP

The high-resolution spoiled gradient recalled echo images
were corrected for field inhomogeneity using the nonparametric nonuniform intensity normalization technique39 and
segmented using a Bayesian classifier.40 Each tissue map was
then spatially filtered to match the PEPSI point-spread function and reduced to match the PEPSI resolution (32 ⫻ 32).
On a voxel-by-voxel basis, cerebrospinal fluid data were
used for partial volume correction of chemical quantification
and gray and white matter maps were used for regression
calculations.
The PEPSI chemical images were analyzed as previously
described using software developed at the University of
Washington that uses the LCModel software package for
spectral fitting41 (for example spectra in a subject with ASD,
see Figure 1 ). The T2r values derived from the paired
short- and long-echo PEPSI data were determined for NAA,
Cre, and Cho on a voxel-by-voxel basis. Using T2r is synonymous to using institutional units for chemical measurement, and although its use does not allow determination of
absolute T2 differences between groups, the direction and
magnitude of findings are comparable to absolute T2 measurements.
For each subject, regression analyses used all of the valid
spectroscopy voxels to compare the fractional tissue volume
(percentage of gray or white matter per voxel) with concentration and relaxation values using Matlab version 6.0 software for UNIX (Mathworks, Inc, Natick, Mass). This
approach, similar to that used by other investigators,32,33
takes advantage of the large number of voxel samples
obtained using spectroscopic imaging to calculate estimates
of gray or white matter neurochemistry (regression intercepts) (for an example data set from a single subject, see
Figure 2).

The ASD sample demonstrated decreased gray matter concentrations of Cho (17.4%), Cre (6.5%), NAA (4.8%), and
mI (10.3%) compared with the TD group. The Cho T2r
was elevated (12.4%) in gray matter in the ASD group
compared with the TD sample. In white matter, the ASD
group showed decreases in concentrations of NAA (5.1%)
and mI (10.7%) compared with TD controls. After covarying for cerebral volume, no differences in white matter T2r were demonstrated between the ASD and TD
groups (Table 3).

STATISTICAL ANALYSIS
No differences in the gray matter–white matter ratio within the
spectroscopy slabs were found between groups (mean±SD gray
matter–white matter ratio, 0.67±0.03 for the ASD group,
0.68±0.04 for the DD group, and 0.65±0.07 for the TD group;
F2,67 =1.79; P=.18). No group differences in age were found
(F2,67 =0.54; P=.59). Differences in sex distribution were present
between groups (Fisher exact test, 8.57, df=2; P=.01), reflecting a greater proportion of girls to boys in the DD sample. Because of this group difference, sex was included as a covariate
in analyses of covariance performed in SPSS version 11.0 software for Macintosh (SPSS, Inc, Chicago, Ill). Cerebral volume
was also included as a covariate because exploratory correlations
revealed association to chemical measures (data not shown). Statistical significance for all of the tests was set at 2-tailed ␣=.05.
For main effects reaching significance, Tukey post hoc testing
was used.
Follow-up analyses paralleling significant group main effects (ASD vs TD differences) were planned, stratifying the ASD
group into AD and PDD-NOS subgroups.
RESULTS

Descriptive statistics for the subject samples, concentration, and relaxation values (estimated marginal
means±SEs) and statistical results are shown in Tables 1,
2, and 3. Cerebral volume and sex, entered as covariates, were significant where indicated. For significant main
effects, post hoc results are described here.
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ASD GROUP VS DD GROUP
In gray matter, the ASD sample demonstrated decreased
Cho (6.7%) and mI (10.6%) concentrations compared
with the DD group. Decreases in NAA concentrations were
at the trend level (3.5%). After covarying for cerebral volume, white matter T2r main effects were not significant. For this reason, post hoc tests are not described,
although the P values are included in Table 3 for descriptive purposes.
DD GROUP VS TD GROUP
The DD sample demonstrated decreased gray matter concentrations of Cho (11.5%) compared with the TD group.
In white matter, significant NAA (6.4%) and trend-level
mI (12.3%) concentration decreases were observed for
the DD group. After covarying for cerebral volume, white
matter T2r main effects were not significant. Post hoc tests
are not described, although the P values are included in
Table 3 for descriptive purposes.
AD SUBGROUP VS PDD-NOS SUBGROUP
For significant gray and white matter main effects, exploratory analyses were performed for the AD and PDDNOS subgroups. Of all of the tests, only gray matter NAA
concentration reached trend significance (F1,43 = 2.79;
P=.10), with the PDD-NOS group demonstrating slightly
higher (2%) NAA concentration than the AD sample
(mean±SE NAA concentration, 10.71±0.09 for the PDDNOS subgroup and 10.52 ± 0.07 for the AD subgroup)
(other statistics not shown). Since Mullen Scales of Early
Learning scores between ASD groups revealed trend differences (t44 =3.09; P=.09) (mean±SD Mullen Scales of
Early Learning scores, 56.2±13.4 for the AD subgroup
and 64.6±18.0 for the PDD-NOS subgroup), a further
follow-up analysis included Mullen Scales of Early Learning performance as an additional covariate. Although
Mullen Scales of Early Learning performance did not contribute significantly to the model (F1,41 =0.04; P=.84), the
model was no longer significant with this addition
(F1,41 =1.71; P=.20).
COMMENT

In this study, regression analytic techniques used to investigate gray and white matter chemical characteristics
WWW.ARCHGENPSYCHIATRY.COM
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Figure 1. A high-resolution prescription image with the proton echo-planar spectroscopic imaging grid overlaid is shown. Spectra from differing anatomical
locations are shown, with corresponding spectra identified by letter. The 32 ⫻ 32-voxel array is overlaid on the central high-resolution image from a proton
echo-planar spectroscopic imaging slab. Representative 20-millisecond spectra from gray and white matter voxels in a subject with autism spectrum disorder.
mI indicates myo-inositol; Cho, choline-containing compounds; Cre, creatine plus phosphocreatine; Glx, glutamate plus glutamine; and NAA, N-acetylaspartate.
For each spectrum, the lower plot shows the fitted baseline (smooth gray line), the raw data (thin gray trace), and the LCModel software fit (red line). At the top of
each plot, the remaining signal following fitting, or residual signal, is displayed.

revealed a distinct pattern of gray matter chemical abnormalities in 3- to 4-year-old children with ASD compared with age-matched groups of children with DD and
TD. The ASD sample demonstrated decreased gray matter Cho, Cre, NAA, and mI concentrations and prolonged gray matter Cho T2r compared with the TD
sample. Compared with the DD group, the ASD sample
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demonstrated decreased gray matter Cho and mI concentrations and a trend for decreased NAA concentration. Compared with the TD group, children with DD
demonstrated reduced gray matter Cho concentration.
Follow-up analyses comparing the ASD subgroups revealed a small but significant gray matter NAA concentration reduction in the AD subgroup compared with the
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Figure 2. Example regression data set from the subject with autism spectrum disorder (the same subject referred to in Figure 1) showing chemical concentrations
(in 20-millisecond spectra) by voxel gray matter–white matter fraction for choline-containing compounds (Cho) (A), creatine plus phosphocreatine (Cre) (B),
N-acetylaspartate (NAA) (C), myo-inositol (mI) (D), and glutamate plus glutamine (Glx) (E). Regression lines computed from each chemical map are also plotted,
demonstrating the derived estimates of white and gray matter chemical concentration (intercepts).

PDD-NOS subgroup. This finding may reflect the greater
disease burden in the AD subgroup; further study is necessary to fully characterize the behavioral correlate of this
group difference.
As shared features perhaps common to behavioral delay in general, both children with ASD and children with
DD exhibited a similar pattern of white matter NAA and
mI concentration decreases compared with the TD sample,
although mI concentration differences were at the trend
level for the DD group. In both gray and white matter,
glutamate and glutamine or lactate concentration increases, not observed for the ASD or DD samples, militate against postulated mitochondrial dysfunction.21,42
However, it should be noted that propofol used for both
ASD and DD studies may reduce metabolic rate43 and,
(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 63, JULY 2006
791

Table 1. Descriptive Statistics for Subjects
With Autism Spectrum Disorder, Delayed
Development, and Typical Development

Variable

Subjects
With ASD

Subjects
With DD

Subjects
With TD

Subjects, No.
Age, mean ± SD, mo
Age, range, mo
Male/female, No.
Anesthesia
Other medication

45
47.4 ± 4.2
38-54
38/7
Propofol
None

12
47.5 ± 6.1
40-58
5/7
Propofol
None

10
46.6 ± 4.5
41-55
8/2
Benadryl (n = 8)
None

Abbreviations: ASD, autism spectrum disorder; DD, delayed development;
TD, typical development.
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by extension, shift glycolytic flux. This methodological
factor may have obscured possible disease-related lactate or glutamate and glutamine alterations if they were
present. However, distinct patterns of chemical alterations between the ASD-TD and DD-TD pairings provide indirect support that propofol sedation, used in the
ASD and DD groups, is not overly confounding.
These compartmental results extend our prior observations of regional neurochemical concentration decreases and T2r prolongation within this group and provide support for a specific abnormality of gray matter early
in the clinical course of ASD. These findings may be the
result of differences in gray matter connectivity or density. For example, although it remains unclear whether
reactive gliosis,9 minicolumnar pathological abnormalities,12 serotonergic alterations (as discussed in the article by Gustafsson44), or disorganized pyramidal cells11
are present in cortex at ages 3 to 4 years in ASD, these
alterations, if present, could lead to decreased dendritic
arborization. Since synaptosomes express high levels of
chemicals by MRS45 and likely have shorter T2 owing to
their smaller diameter, such a decrease in dendrite number or density could account for the observed findings.
Alternatively, as suggested in our prior work,23 construction of the brain with larger cellular units would also result in equivalent MRS findings. Although invoking differences in unit size is more speculative, emerging
literature describes the host of mechanisms by which developmental pace impacts unit size. Since the signifi-

Table 2. Chemical Measures

Tissue and
Metabolite
Gray matter
Cho
Cre
NAA
mI
Glx
Lac
White matter
Cho
Cre
NAA
mI
Glx
Lac
T2r in gray matter
Cho
Cre
NAA
T2r in white matter
Cho
Cre
NAA

ASD, Estimated
Marginal
Mean (SE)

DD, Estimated
Marginal
Mean (SE)

TD, Estimated
Marginal
Mean (SE)

2.15 (0.03)
8.12 (0.10)
10.57 (0.09)
4.42 (0.08)
21.07 (0.28)
0.78 (0.03)

2.30 (0.07)
8.29 (0.21)
10.96 (0.20)
4.95 (0.17)
20.41 (0.60)
0.78 (0.07)

2.60 (0.07)
8.68 (0.21)
11.11 (0.20)
4.93 (0.17)
21.48 (0.60)
0.76 (0.07)

2.90 (0.04)
6.05 (0.08)
8.89 (0.09)
3.42 (0.08)
14.91 (0.31)
0.56 (0.02)

2.90 (0.10)
6.33 (0.17)
8.77 (0.19)
3.36 (0.18)
15.18 (0.67)
0.51 (0.05)

2.74 (0.10)
6.26 (0.17)
9.37 (0.19)
3.83 (0.18)
16.38 (0.67)
0.61 (0.05)

12.37 (1.98)
−1.02 (1.10)
−1.91 (0.85)

5.76 (4.32)
−3.57 (2.39)
−2.91 (1.86)

0.00 (4.30)
0.00 (2.38)
0.00 (1.85)

−6.32 (1.70)
1.74 (1.29)
2.62 (1.12)

−10.06 (3.67)
−4.44 (2.81)
−1.87 (2.43)

0.00 (3.69)
0.00 (2.80)
0.00 (2.42)

Abbreviations: ASD, autism spectrum disorder; Cho, choline-containing
compounds; Cre, creatine plus phosphocreatine; DD, delayed development;
Glx, glutamate plus glutamine; Lac, lactate; mI, myo-inositol; NAA,
N-acetylaspartate; T2r, transverse relaxation expressed as a percentage
relative to the TD group; TD, typical development.

Table 3. Statistics and Post Hoc Test Statistics
Statistics
Covariates

Overall
Tissue and
Metabolite
Gray matter
Cho
Cre
NAA
mI
Glx
Lac
White matter
Cho
Cre
NAA
mI
Glx
Lac
T2r in gray matter
Cho
Cre
NAA
T2r in white matter
Cho
Cre
NAA

Post Hoc Test Statistics

F Statistic

P Value

Sex,
P Value

Cerebral Volume,
P Value

ASD vs TD,
P Value

DD vs TD,
P Value

ASD vs DD,
P Value

19.970
2.930
3.689
6.115
0.837
0.051

⬍.001
.06
.03
.004
.44
.95

.39
.55
.26
.82
.90
.38

.07
.39
.97
.11
.35
.70

⬍.001*
.02*
.02*
.008*
.53
.76

.002*
.19
.59
.94
.20
.80

.04*
.48
.09*
.008*
.34
.99

1.179
1.401
3.071
2.435
1.975
1.245

.32
.25
.05
.10
.15
.30

.23
.29
.90
.09
.95
.33

.59
.99
.79
.21
.70
.82

.14
.26
.03*
.04*
.05
.28

.24
.76
.03*
.07*
.20
.12

.98
.15
.58
.76
.73
.38

3.669
0.625
0.682

.03
.54
.51

.11
.30
.17

.99
.008
⬍.001

.01†
.70
.35

.34
.29
.27

.19
.36
.64

2.005
1.857
1.506

.14
.16
.23

.04
.87
.42

.32
.007
.03

.13
.58
.33

.06
.26
.58

.38
.06
.11

Abbreviations: ASD, autism spectrum disorder; Cho, choline-containing compounds; Cre, creatine plus phosphocreatine; DD, delayed development;
Glx, glutamate plus glutamine; Lac, lactate; mI, myo-inositol; NAA, N-acetylaspartate; T2r, transverse relaxation expressed as a percentage relative to the TD
group; TD, typical development.
*Decrease in the statistic (eg, the mean for the ASD group is less than the mean for the TD group).
†Increase in the statistic (eg, the mean for the ASD group is greater than the mean for the TD group).
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cant contribution of cerebral volume as a covariate was
an unexpected finding of the present study, a brief consideration of scaling seems justified.
A large body of research has investigated brain scaling
between species, demonstrating that as cerebral volume
increases, the amount of white matter expands with a 4-3
power rule relative to gray matter.46 This largely reflects
the requirement for additional cabling (white matter) necessary to join processing units (gray matter) as cerebral
volume expands. For cellular subunits, research on insectivorian species has demonstrated that as the brain enlarges, the neuron-glial ratio and the prevalence of glial
subtypes change.47 Within human brains, it is not clear
whether an actual scaling of the cellular subunits occurs
in conjunction with increasing brain size. For example,
does the number of units scale within a species for a brain
that is 10% larger? Or instead, does the size of the units
increase with relative conservation of number? In this latter case, it is possible that the observed chemical T2r–
cerebral volume relationships reflect the same amount of
chemical (eg, NAA) per cellular subunit within a larger
intracellular volume as the subunit size increases. The
somewhat stronger covariate effect for NAA compared with
Cre and Cho might be related to the signal-noise ratio of
the measured chemical, the complexity of compartments
contributing to the measured signal, and the number of
individual resonances contributing to the measured signal.13 Future work using phosphorous spectroscopy with
proton decoupling to measure the separate components
of Cho will be helpful to evaluate what underlies this proportionally greater prolongation in ASD.
What remains unclear from the observed relationship
between chemical T2r and cerebral volume is whether the
association reflects normal scaling factors at ages 3 to 4 years
or specific pathological processes in the ASD or DD groups.
From the few differences between chemical T2r in premature infants and adults,48 the latter supposition appears to
be more likely. Within the ASD sample, gray matter Cho
T2r remained prolonged even after scaling for the effect of
cerebral volume, suggesting that this cellular feature may
be specifically related to an underlying disease process.
Specific genes that regulate subunit size in mammalian
species49 and may, in part, be mediated through glial signaling and developmental pace50 have been identified. As
proteins such as BCL2 and p53, which are related to apoptosis, have been found to be altered in autism,51 it seems
plausible but clearly speculative that such alterations could
impact the size of cell components at this stage in development. A recent animal knock-out study of BCL2 demonstrated severe white matter degeneration that began postnatally,52 a temporal evolution that has intriguing parallel
to many diseases in which early postnatal development appears normal. In other related diseases such as Rett syndrome having symptom overlap with regressive subtypes
of autism, alterations in MECP2, a transcriptional regressor, may decrease spine density affecting brain connectivity.53 Thus, although it is conceptually easier to build a larger
brain from more normal-sized units, the potential role of
other mechanisms affecting unit size and, by extension, cerebral volume in ASD remains intriguing.
A further point to consider is the potential effect of age
or stage of development on the cellular profile in ASD.
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Whereas 2 studies in older children31 and adults28 have
found local regions of increased neurochemistry, we did
not observe significantly increased levels of any neurochemical at ages 3 to 4 years in ASD. Although differences
in ASD samples (eg, high vs low functioning) and methodological factors (eg, short-echo vs long-echo acquisitions) represent possible methodological confounds, it is
notable that the 2 regions identified in those studies (left
caudate and right frontal lobe) were not found to be reduced in our initial study,23 leaving open the possibility that
these regions show increasing levels across development.
Since the children described in this article are part of an
ongoing longitudinal study, it will be important to evaluate this possible progression in future work.
In summary, these results support an altered gray matter chemical environment for children with ASD who are
aged 3 to 4 years that is characterized by decreased gray
matter chemical concentrations and Cho T2r prolongation. White matter alterations appear to be less specific
to autism and may be more related to general developmental pace. Future studies merging genetic subtyping
with detailed MRS examination may be helpful to extend and refine the specificity of these observations.
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