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A Magnetization Transfer Imaging Study of Corpus

Callosum Myelination in Young Children with Autism

Marta Gozzi, Dylan M. Nielson, Rhoshel K. Lenroot, John L. Ostuni, David A. Luckenbaugh,
Audrey E. Thurm, Jay N. Giedd, and Susan E. Swedo

Background: Several lines of evidence suggest that autism may be associated with abnormalities in white matter development. However,
inconsistencies remain in the literature regarding the nature and extent of these abnormalities, partly because of the limited types of
measurements that have been used. Here, we used magnetization transfer imaging to provide insight into the myelination of the corpus
callosum in children with autism.

Methods: Magnetization transfer imaging scans were obtained in 101 children with autism and 35 typically developing children who did
not significantly differ with regard to gender or age. The midsagittal area of the corpus callosum was manually traced and the magnetization
transfer ratio (MTR) was calculated for each voxel within the corpus callosum. Mean MTR and height and location of the MTR histogram peak
were analyzed.

Results: Mean MTR and MTR histogram peak height and location were significantly higher in children with autism than in typically
developing children, suggesting abnormal myelination of the corpus callosum in autism.

Conclusions: The differences in callosal myelination suggested by these results may reflect an alteration in the normally well-regulated

process of myelination of the brain, with broad implications for neuropathology, diagnosis, and treatment of autism.
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ized by impairments in social interaction and communica-

tion, along with the presence of repetitive behaviors and
restricted interests (1). Although autism is an urgent public health
concern (2-4), the neuropathology of the disorder remains widely
unknown (5,6).

A number of studies have suggested that autism is a disorder of
functional and anatomic connectivity (7-9), with alterations found
in both short- and long-distance white matter fiber tracts (10,11).
Evidence from diffusion tensor imaging (DTI) supports the hypoth-
esis that white matter microstructure is abnormal in autism (12).
The magnitude and direction of the results, however, vary greatly
across studies, with both decreased (13-18) and increased (19,20)
values of fractional anisotropy (FA). Findings in the corpus callo-
sum, the major interhemispheric white matter tract, have been
mixed, with reductions in the total area of the corpus callosum and
its subregions varying significantly across studies (see Frazier and
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Hardan for a recent review) (21). Given the critical role that altered
development of the corpus callosum may play in the social, emo-
tional and communication deficits of autism (21), additional com-
plimentary information is needed to clarify the nature of corpus
callosum abnormalities in autism.

Magnetization transfer imaging (MTI) is a magnetic resonance
imaging (MRI) technique that is considered to be sensitive to the
presence of myelinin the brain (22). MTlis based on the exchange of
magnetization between protons that are bound to large, poorly
mobile macromolecules such as myelin and mobile protons in free
water (23). In the white matter of the pediatric brain, age-related
changes in the amount of magnetization transfer quantified by
calculation of the magnetization transfer ratio (MTR) are consistent
with expected myelination patterns (24).

It has been demonstrated that MTR values vary among anatomic
structures in the normal brain, presumably reflecting differences in
the degree of myelination. Higher MTR values are found in the
white matter compared with the gray matter, and within the white
matter, the highest MTR values are found in the corpus callosum
(25,26). High MTR values in the corpus callosum are consistent with
the histological appearance of a large number of heavily myelin-
ated white matter fibers in this structure (25,26).

Compared with DTI, MTI has been interpreted to represent a
better indicator of myelin (27-29). Although DTI was initially
thought to provide a measure of myelin status (30), subsequent
studies found similar degrees of diffusion anisotropy in myelinated
and unmyelinated axons (31,32), and it is now clear that DTl does
not measure a single characteristic of white matter development.
Rather, DTl reflects a number of changes in addition to myelination
(30). MTI, in contrast, provides a more specific measure of myelin
status, as demonstrated by studies showing that the primary source
of magnetic transfer in the white matter is the lipids in myelin,
especially galactocerebroside (24,33). Postmortem data from mul-
tiple sclerosis brains also confirm that the primary magnetic reso-
nance correlate of myelination is MTR (34). A recent study showing
different heritability patterns for FA and MTR, and a low correlation
between the two, adds to the evidence that FA and MTR measure-
ments provide different types of information (27).
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To date, changes in MTR have been reported in disorders known
to affect myelin, such as multiple sclerosis (34-36), progressive
multifocal leucoencephalopathy (37), and central pontine my-
elinolysis (38). MTI has also been used to detect previously un-
known alterations in individuals with schizophrenia (29,39) and
Tourette syndrome (40). Given that autism has been repeatedly
associated with abnormal white matter development (9,20,41),
there are a priori reasons to believe that MTR may be abnormal in
children with autism compared with typically developing children.

Here, we report the first study using MTl in autism. We used MTI
to investigate the myelination of the corpus callosum in a group of
young children with autism compared with typically developing
children. The relationships between MTI measures and potentially
relevant variables such as gender and age were also explored.

Methods and Materials

Participants

The study included 136 subjects with MTl scans, divided into 101
children with autism (82 boys, 19 girls; mean age = 4.5, SD = 1.4)
and 35 typically developing children (23 boys, 12 girls; mean age =
4.0,SD = 1.7).These and additional demographic data are reported
in Table 1. Potential participants were recruited through a variety of
methods, including flyers and advertisements posted in the local
community and communication with autism organizations. Inter-
ested and potentially eligible participants completed an on-site
screening visit to determine study eligibility.

Children with autism were included after an evaluation with
research-reliable administrations of the Autism Diagnosis Inter-
view—Revised (42), the Autism Diagnostic Observation Schedule
(ADOS) (43), and clinical observation by qualified clinicians at the
National Institutes of Health (NIH). All children fulfilled the DSM-IV
diagnostic criteria for autism.

Screening for typically developing children was done through
clinical assessment, including cognitive testing, administration of
the ADOS, and parent-report questionnaires that included the So-
cial Communication Questionnaire (44) and the Child Behavior
Checklist (45). We administered the ADOS to both groups to collect
comparable information from typically developing children and
children with autism. Typically developing children were included if
they had no cognitive impairments or signs of an autism spectrum
disorder (ASD). Children in this group were also excluded if they had
a history of a substantial medical, neurological, or developmental
disorder.

Nonverbal developmental quotients (DQ) were estimated on
the basis of age- and developmentally-appropriate cognitive/de-

Table 1. Comparison of Children with Autism (n = 101) and Typically
Developing Children (n = 35)

Characteristic TYP AUT p Value
Male/Female, n 23/12 82/19 .06
Nonverbal DQ, Mean *+ SD 108.2 = 13.0 59.1 = 18.3 <.001¢
Age, Mean £ SD 40+ 1.7 45+14 14
Total CC Midsagittal Area,

Mean *+ SD 380 = 72 368 = 70 40
ADOS Total (SA + RRB),

Mean = SD 14+15 195 =35 <.0017

ADOS scores were obtained on 128 of the 136 children, and 8 children
were tested using the toddler version of the ADOS.

ADOS, Autism Diagnostic Observation Schedule; AUT, autism; CC, cor-
pus callosum; DQ, developmental quotient; RRB, restrictive repetitive be-
haviors; SA, social affect; TYP, typically developing children.

ap < 05.
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Figure 1. Corpus callosum tracing. The corpus callosum was manually
traced on the midsagittal T2-weighted image.

velopmental tests (Mullen Scales of Early Learning [MSEL; (46)] or
Differential Ability Scales [DAS; (47)] depending on age and skill
level. Children were administered the MSEL even if they were out of
the normed age range when they could not achieve a basal score on
the majority of the DAS subtests.

In all cases, written informed consent was obtained from the
participants’ parent(s). The study was approved by the Institutional
Review Board at the NIH.

Image Acquisition and Analysis

The study was conducted at the NIH Clinical Center in Bethesda,
Maryland, using a Signa 1.5-Tesla (General Electric, Milwaukee, Wis-
consin) Signa scanner equipped with an eight-channel receiver
head coil. Head motion was restricted using foam pads placed
around the participant’s head. Given the challenges of gathering
high-quality neuroimaging data in young children, and particularly
in those with autism, control subjects were scanned without seda-
tion during normal sleep, and autistic subjects were scanned under
sedation using propofol. Sedation was performed by board-certi-
fied anesthesiologists following a strict clinical protocol.

All subjects were scanned using the same protocol, which included
MTlimages (T1 spin echo sequence with and without saturation pulse,
repetition time = 500 msec, echo time = 12 msec, flip-angle = 90, slice
thickness = 3 mm, gap = 0 mm, acquisition matrix = 256 X 192, and
field of view = 24 cm) and T2-weighted images (two-dimensional fast
spin echo, repetition time = 6000 msec, effective echo time = 12-14
msec, flip-angle = 90, slice thickness = 3 mm, gap = 0 mm, acquisition
matrix = 256 X 192, and field of view = 24 cm).

Using Medical Image Processing, Analysis, and Visualization
software (MIPAV) (48), we applied the midsagittal line alignment
algorithm for the automatic detection of the midsagittal line in the
T2-weighted image, which was then placed in standard Talairach
alignment. A mask of the corpus callosum was manually traced by
an experienced tracer (blind to diagnosis) on the midsagittal slice of
the T2-weighted image (Figure 1). The adjacent slices were checked
to ensure that the midsagittal slice contained the entirety of the
corpus callosum. Using the intraclass correlation coefficient,
the intrarater reliability for corpus callosum measurement was .87.
The MTI scans were then coregistered to the T2-weighted image,
and the corpus callosum mask was used to select the region of
interest in the MTl image.

Using software developed in house (49), the MTR values were
calculated on a voxel-by-voxel basis within the corpus callosum
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using the equation MTR = [1 - (MT,,/MT)] X 100%, with MT,,,
and MT_ representing the signal intensity of the voxels with the
saturation on and off, respectively (22). MTR values were assembled
into MTR histograms, which were smoothed to make them mono-
tonic. Voxels were included in the histograms if 1) MT,, > 0,2) MT ¢ >
0, 3) MTR > 0, and 4) MTR < 1. If a voxel did not meet all of these
qualifications, it was ignored.

On the basis of previous studies (22,50), the following parame-
ters were computed from the MTR histogram of each subject: 1) the
mean MTR, which indicates the average MTR value; 2) the peak
location of the MTR histogram, which corresponds to the mode, or
most common MTR value; and 3) the peak height of the histogram,
which represents the number of voxels having the most common
MTR value and can be considered as a measure of the uniformity of
brain tissue in terms of MTR values. Because the number of voxels
having a given MTR value is affected by the size of the corpus
callosum, the peak height was normalized by dividing the number
of voxels having the most common MTR value by the number of
voxels in the corpus callosum.

Statistical Analysis

Between-group differences in age, gender, and nonverbal DQ
were determined using t test or chi-square analyses. The MTI mea-
sures were compared between children with autism and typically
developing children using t tests. Bivariate correlations were used
to examine relationships between MTI measures and potential con-
founding factors. Additional analyses (such as inclusion of covari-
ates, use of an individually age- and gender-matched sample, and
repetition of the analyses with and without female subjects) were
performed to explore the effects of potential confounding factors
such as age, gender, IQ, and total brain volume (TBV). All statistical
analyses were carried out using SPSS 16.0 (SPSS Inc., Chicago, llli-
nois). The significance level was set at p < .05, two-tailed.

Results

Characteristics of the Samples

The scanning success rate was greater than 95% for the children
with autism and greater than 70% for the typically developing
children (after multiple attempts). As shown in Table 1, the autism
and control groups did not differ significantly on age (p = .14) or
gender (p = .06). Nevertheless, we conducted additional analyses
to explore whether these variables affected the results. In addition,
the groups differed in nonverbal DQ (p < .001) with the control
group performing better than the autism group. The autism and
control groups did not differ significantly on total corpus callosum
area (p = .40).

Group Differences in MTI Measures

The mean MTR value was significantly higher in children with
autism than typically developing children (mean = SD; autism
group: 23.86% = 2.17%; control group: 22.85% = 1.85%; p = .015;
d = 43, 95% confidence interval [CI] .04-.82]). When mean MTR
signal was corrected for callosal area, the results remained signifi-
cant (p = .008), suggesting that area did not influence the results.
We also looked at the median, which is less affected by outliers or
extreme values. Again, we found that children with autism had
higher median MTR value (mean * SD; autism group: 24.52 *+
2.20%; control group: 23.49 = 1.77%; p = .014; d = .43, 95% Cl
.04-.82) than typically developing children.

Compared with typically developing children, children with au-
tism also showed higher MTR histogram peak location (mean = SD;
autism group: 24.074 = 2.252; control group: 23.186 *+ 1.549; p =
.032;d =.37,95%Cl.02-.76) and higher MTR histogram peak height
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Figure 2. Magnetization transfer ratio (MTR) histograms. Normalized MTR
histograms are shown for (A) each subject in the control group and (B) each
subject in the autism group.

(mean = SD; autism group:.091 = .008; control group:.085 = .012;
p =.007;d = .83,95% Cl .43-1.23; Figure 2).

The results did not change substantially when outliers (i.e., val-
ues exceeding = 2.5 SD from the mean) were excluded from the
analyses, ruling out the possibility that the results were driven by
outliers.

Given the group differences in nonverbal DQ, we tested
whether it correlated with mean MTR or MTR histogram peak
height and location. The correlation was not significant for either
the children with autism (mean MTR: r = .01, p = .90; peak height:
r = —.03, p = .76; peak location: r = .02, p = .86) or the controls
(mean MTR: r = —.19, p = .26; peak height: r = —.26, p = .13; peak
location: r = .13, p = .47). When covarying for nonverbal DQ, we
found no significant main effect of DQ and no significant interac-
tion between DQ and group for mean MTR value (DQ: p = .39; DQ X
group: p = .33), MTR histogram peak height (DQ: p = .06; DQ X
group: p = .10), and MTR histogram peak location (DQ: p = .57;
DQ X group: p = .67). This suggests that DQ does not influence
potential group differences.

Because there was a trend towards between-group differences
in gender distribution, additional analyses were performed using
gender as a covariate. These analyses revealed no significant main
effect of gender and no significant interaction between gender and
group for mean MTR value (gender: p = .88; gender X group: p =
.69), MTR histogram peak height (gender: p = .95; gender X group:
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p = .64),and MTR histogram peak location (gender: p = .53; gender X
group: p = .58). Analogously, when performing further analyses
using age as a covariate, we found no significant main effect of age
and no significant interaction between age and group for mean
MTR value (age:p = .15; age X group: p = .18), MTR histogram peak
height (age:p = .09; age X group: p = .68), and MTR histogram peak
location (age: p = .68; age X group: p = .43).

As a further confirmation that the findings were not the result of
differences in gender or age distribution between the groups, 35
children in the autism group were individually age- and gender-
matched to 35 typically developing children based on the following
criteria: same gender and closest age within one year. As a result,
there were 12 females and 23 males in each group; 80% of our
matches were within 4 months of age. Mean MTR and MTR histo-
gram peak height and location were compared between groups,
and the results remained significant (mean MTR value:p = .002,d =
1.17,95% CI [.76, 1.58]; median MTR: p = .001,d = 1.19,95% CI [.78,
1.60]; MTR histogram peak location: p = .006; d = 1.01,95% CI [.61,
1.41]; MTR histogram peak height: p = .032, d = .77, 95% Cl [.37,
1.17]). We also repeated the analyses excluding females, and once
again the results remained significant.

When performing an additional analysis covarying for TBV, we
found no significant main effect of TBV and no significant interac-
tion between TBV and group for mean MTR value (TBV: p = .32;
TBV X group: p = .87), MTR histogram peak height (TBV: p = .11;
TBV X group: p = .87), and MTR histogram peak location (TBV: p =
.73;TBV X group: p = .93).This suggests that TBV does not influence
potential group differences.

In line with a previous study of myelination in children younger
than 7 years (24), we found a positive correlation between age and
mean MTR in typically developing children younger than 7 years
(N =31, r = .464, p = .009). When including children aged over 84
months (N = 4), the significance decreased to a p value of .05 (r =
.333). The children with autism did not show any significant corre-
lations between age and mean MTR (r = .009, p = .929). When
including gender, nonverbal DQ, and TBV in a linear regression
model, with mean MTR as the dependent variable, we found that
none of these variables significantly contributed to the model. It is
important to note that age effects in our study should be inter-
preted with caution because of the modest sample size (especially
of the control group), the paucity of subjects in the upper end of the
age spectrum, and the cross-sectional design. A longitudinal study
would be required to establish meaningful correlations between
MTR and age.

Using the Hofer scheme (51), the corpus callosum was automat-
ically divided into five discrete partitions. Area, mean MTR, and
median MTR were computed for each of the five subregions (Hofer
I, 1, 11, IV, and V) and compared between children with autism and
typically developing children using t tests. We found that area did
not differ significantly between the groups for any of the five sub-
regions (Hofer |: p = .377; Hofer Il: p = .546; Hofer lll: p = .216; Hofer
IV: p = .751; Hofer V: p = .756). When considering mean MTR, we
found significant differences between the groups for Hofer Il and
Hofer Ill (Hofer I: p = .073; Hofer Il: p = .016; Hofer Ill: p = .005; Hofer
IV:p = .076; Hofer V: p = .065), and when looking at median MTR, we
found significant differences between the groups for Hofer II, Hofer
ll,and Hofer V (Hofer I: p = .119; Hofer Il: p = .019; Hofer lll: p = .004;
Hofer IV: p = .060; Hofer V: p = .026) with higher values in children
with autism than controls. Overall, these results suggest that subre-
gions of the corpus callosum may be driving the observed differ-
ences, but establishing the role of specific subregions was behind
the scope of this study.

www.sobp.org/journal

M. Gozzi et al.

Discussion

Here, we investigated corpus callosum abnormalities in autism
using MTI, which provides a relatively specific measure of myelina-
tion. Compared with a group of 35 typically developing children, a
group of 101 children with autism showed increased mean MTR
and increased MTR histogram peak height and location in the mid-
sagittal corpus callosum, suggesting abnormal myelination of the
corpus callosum in autism.

In the developing brain, myelination occurs following an orderly
and predetermined pattern (52). Previous MTI studies have shown
that during typical brain development, there is a shift from a homo-
geneously unmyelinated brain to inhomogeneous myelination be-
cause different regions of the brain are myelinated at different
paces (22, 24). Because MTR values are heavily dependent on spe-
cific pulse sequence characteristics, MTR results are difficult to com-
pare across studies (30); however, our results suggest that this
process of maturation may be disturbed in young children with
autism, at least in the corpus callosum.

Given previous studies on the relationship between MTR and
myelination, we suggest that abnormal MTR values in the corpus
callosum may indicate abnormal myelin development, which could
possibly be associated with previously described altered connectiv-
ity among individuals with autism. Future studies are needed to
further determine the type of abnormality of myelination, for exam-
ple, by combining MTI with other types of noninvasive imaging
techniques sensitive to different aspects of myelination, such as T1-
or T2-weighted imaging methods. Integration of imaging results
with postmortem findings or indices of myelination in animal mod-
els would also serve to illuminate physiologic bases for differences
in MTR. We should also note that MTR measurements represent an
indirect measure of myelination (53), and other macromolecules
may contribute to the MTR signal (27).

The results of this investigation are consistent with recently
reported differences in axons and their insulation, demonstrated
via postmortem examinations of the brains of five individuals with
autism and four controls (54). Even though the corpus callosum was
not specifically examined, the group with autism had atypical my-
elin thickness below the orbitofrontal cortex (area 11). In the discus-
sion, the authors combined data from nonhuman and human pri-
mates to propose a model in which orderly myelin development in
the typical brain is controlled by gene-development interactions.
Of particular importance would be the growth-associated protein
43 kDa (GAP-43), which stimulates axon branching, inhibits myelin
growth and drops after myelination begins. In the autistic brain,
there may be a disturbance that affects the onset and perhaps the
duration of expression of GAP-43 and its interaction with myelin.
Another postmortem study (55) analyzed brains from 19 individuals
with autism and 17 controls. The authors found that regional pat-
terns of gene expression that typically distinguish frontal and tem-
poral cortex are attenuated in the autistic brain, suggesting abnor-
malities in cortical patterning. Typical gene-expression patterns are
disrupted by genetic vulnerabilities and environmental influences.

Our assessment of MTR was confined to the corpus callosum
because of its major role in interhemispheric communication and
previous reports of neuropathological abnormalities of the corpus
callosum associated with autism. Numerous investigations have
focused on the size of the corpus callosum and its subregions,
reporting abnormalities in the midsagittal area (56) and volume
(41). Recent studies using functional MRI and positron emission
tomography have shown aberrant functional connectivity during
rest (57) and during a variety of tasks such as sentence comprehen-
sion (58), working memory (59,60), and attribution of mental states
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(61). It has been suggested that abnormalities in white matter my-
elination may contribute to this connectivity dysfunction, yet there
is a lack of data specifically examining myelination of the corpus
callosum. DTl investigations have reported differences in the cor-
pus callosum of children and young adults with autism (12,13).
However, MTI provides a more specific measure of myelination than
DTI. Because this is the first MTI study in autism, focusing on the
corpus callosum represents a good starting point, but future re-
search should examine other white matter tracts, including intra-
hemispheric fibers such as the arcuate fasciculus.

Notably, the results of the MTI analyses in this sample of young
children cannot be attributed to variables such as gender, age, DQ,
or TBV. Sample size for the typically developing control group was
limited by age and gender matching at the time of recruitment.
Furthermore, because children with autism were scanned under
sedation while controls were scanned without sedation during nor-
mal sleep, there were many more scans excluded from the control
group because the MRl was not complete or unusable due to exces-
sive motion artifacts, leaving a sample size of N = 101 children with
autism and 35 typically developing children. There are currently no
studies addressing the possible effect of sedation on MTR, but the
short duration of exposure to propofol is unlikely to have had an
effect on MTR. It is possible that differential use of sedation across
groups could affect image quality, but this would have been miti-
gated by the exclusion of scans with excessive motion artifacts.
Another potential limitation of the study is that the intrarater reli-
ability for total corpus callosum measurement was .87, which may
be considered a relatively low reliability in light of the usually clear
boundaries of this structure. This may be due to the decreased
sharpness of borders when converting the images from axial into
sagittal orientation and magnifying them to trace the corpus callo-
sum (Figure 1).

Degenerative and inflammatory disorders, such as multiple scle-
rosis, progressive multifocal leucoencephalopathy, and central
pontine myelinolysis, are generally associated with decreased MTR
values due to destruction of myelin by the disease processes (34—
38). Our finding of increased MTR values may reflect atypicalities of
neurodevelopment in children with autism.

Currently, we cannot make claims about the specificity of our
findings to autism. Future studies including individuals with other
neuropsychiatric disorders are necessary to determine whether the
callosal abnormalities reported here are specific to autism or are a
more generalized marker of abnormal brain development.

In conclusion, in this first study using MTI in autism, we found
that corpus callosum myelination may be abnormal in young chil-
dren with autism. If replicated, these findings may provide impor-
tant clues to understanding the role of myelination in the etiology
and pathogenesis of autism. If abnormalities in myelination are
confirmed, this could lead to the identification of a diagnostic bio-
marker and influence the development of diagnostic criteria based
on specific neural mechanisms.
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