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Abstract Over the past 5 years, Diffusion Tensor Imaging
(DTI) has begun to provide new evidence about the effects of
prenatal alcohol exposure on white matter development. DTI,
which examines microstructural tissue integrity, is sensitive to
more subtle white matter abnormalities than traditional
volumetric MRI methods. Thus far, the available DTI data
suggest that white matter microstructural abnormalities fall on
a continuum of severity in Fetal Alcohol Spectrum Disorder
(FASD). Abnormalities are prominent in the corpus callosum,
but also evident in major anterior-posterior fiber bundles,
corticospinal tracts, and cerebellum. These subtle abnormali-
ties are correlated with neurocognitive deficits, especially in
processing speed, non-verbal ability, and executive function-
ing. Future studies using larger samples, increasingly sophis-
ticated DTI methods, and additional functional MRI
connectivity measures will better characterize the full range
of abnormalities in FASD. Ultimately, these measures may
serve as indices of change in future longitudinal studies and in
studies of interventions for FASD.

Keywords Fetal alcohol (FAS, FASD) - Brain - Diffusion
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Introduction

In the past 5 years, a series of brain imaging studies using

Diffusion Tensor Imaging (DTI) has broadened our under-
standing of the neurodevelopmental effects of prenatal
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alcohol exposure. It has been known for some time that
prenatal alcohol exposure is associated with serious
cognitive consequences including low IQ, attention and
executive functioning deficits, memory impairments,
visual-spatial abnormalities, and fine motor deficits among
others (Mattson and Riley 1998) (also see review in this
same edition). Earlier neuroimaging studies demonstrated
that gross structural brain anomalies were common in Fetal
Alcohol Syndrome (FAS), a diagnosis with an incidence of
about 1 in 1,000 (Abel 1995) that is made on the basis of
heavy prenatal alcohol exposure, growth deficiency, dys-
morphic facial features, and significant cognitive impair-
ment. DTI may be uniquely suited to the study of a broader
range of effects due to prenatal alcohol exposure known as
Fetal Alcohol Spectrum Disorder (FASD) (incidence~1 in
100) (Sampson et al. 1997) because it is non-invasive, it is
sensitive to normal brain development, and it provides
measures of tissue organization and integrity at a micro-
scopic level not achievable with conventional volumetric
MRI methods.

Thus far, despite differences in populations and
methodologies across studies, DTI studies have provided
relatively consistent results in major white matter tracts,
including the corpus callosum, in FASD. The findings
demonstrate that subtle white matter disruption may be
an important neurodevelopmental component of FASD
and highlight the need for a more complete understand-
ing of the cognitive consequences of white matter
disturbance during brain development.

A Brief Overview of DTI Methods

DTI is a Magnetic Resonance Imaging (MRI) technique
that measures the diffusion of water molecules in tissue (Le
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Bihan 1995; Stejskal and Tanner 1965). Molecules that are
unrestricted by tissue structure diffuse via Brownian motion
in an isotropic manner—equally in all planes (see Fig. 1).
In tissue, the orientation of the diffusion is often differen-
tially restricted, such as by cell membranes, fibers, and
myelin (Moseley et al. 1990). For example, in white matter,
the diffusion occurs more readily parallel to the axons
rather than perpendicular to the axons. This orientation-
specific diffusion is called anisotropic (Beaulieu 2002).
DTI measures the orientation and magnitude of diffusion
in three dimensions and subsequently reconstructs the data
into a three-dimensional volume, (Basser et al. 1994b),
allowing for mapping of white matter structure as well as
measurement of tissue “integrity” on a voxel-by-voxel
level. The tensor in DTI simply refers to a mathematical
construct for representing the magnitude of water diffusion
in three-dimensional space (Basser and Pierpaoli 1996).
Following data acquisition, a diffusion tensor matrix is
constructed and matrix diagonalization is used to compute
three eigenvectors (Basser and Pierpaoli 1998). Scalar
measures are derived from the eigenvectors. The sum total
of the three eigenvalues (A;+A,+A;3) is the defined as the
trace of the diffusion tensor. The average of the three
eigenvalues is the mean diffusivity (MD). In white matter,
the first and largest of the eigenvalues, A;, represents
diffusivity parallel to the axons and is referred to as the
axial diffusivity (Basser 1995) or parallel diffusivity.
Similarly, the second and third eigenvalues, A, and As,
represent diffusivity in the planes orthogonal to the axons
and are usually averaged (A,+A3)/2, resulting in a measure
of radial diffusivity or perpendicular diffusivity. The most
commonly reported measure, fractional anisotropy (FA),
represents the fraction tensor’s magnitude that is due to
anisotropic diffusion (Basser et al. 1994a; Masutani et al.
2003). Abnormal brain development or acquired brain
damage typically contributes to lower FA and higher MD
values in affected white matter compared with normal white

Fig. 1 The panel on the left
illustrates isotropic diffusion
which is equal in all orienta-
tions. Diffusion is more isotro-
pic in tissue that contains few or
no restrictions. The panel on the
right illustrates anisotropic
diffusion which is orientation-
specific. Diffusion is more
anisotropic in structured tissue
such as white matter fiber
bundles (illustrated)
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matter (Neil et al. 2002). Fig. 2. contains examples of
fractional anisotropy maps, color-coded to show the
orientation of major white matter fiber bundles.

Currently, the physiological meaning of DTI measures
such as FA and MD is not yet fully understood (for a
review, see (Beaulieu 2009)). With the recent publication of
numerous DTI studies, it has now become clear that DTI
does not measure a single characteristic of white matter
development or integrity. Rather, DTI reflects underlying
aspects of tissue organization at numerous levels (Neil, et
al. 2002). Although DTI is often thought to predominantly
reflect myelin status, it is clear that DTI is sensitive to
several aspects of axonal integrity as well as the general
organization and alignment of groups of axons and fibers in
white matter tissue (Beaulieu 2002; Neil, et al. 2002). Thus,
although DTI is sensitive to the type of damage caused by
prenatal alcohol exposure, it seems unlikely that DTI by
itself will be able to substantially increase our understand-
ing of the actual physiological mechanisms of alcohol
damage in the brain.

In addition, as a further caveat in understanding the
strengths and limitations of DTI, a detailed example
illustrating the scale of the measurements is worthwhile
(Wozniak et al. 2008): Free water molecules diffuse an
average of 10 wm during a typical diffusion encoding
sequence (Le Bihan 2003; Mori and Zhang 2006). Axons in
the corpus callosum have a median diameter of about 1 pm
with a range of 0.2 to 10 um (Aboitiz et al. 1992). The
actual spatial resolution of the DTI image is many orders of
magnitude larger than the scale of the individual axon. For
example, a common DTI voxel (a single three-dimensional
‘volume pixel’ in the image) is 2.5%2.5x2.5 mm, or
2500 pm per side and 6.25 million square microns in
cross-section. Thus, the measured diffusion in a single
corpus callosum voxel is the result of millions of axons that
pass through that single voxel. Even at 1.0x1.0x1.0 mm,
there are still approximately one million axons passing
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Fig. 2 The first column illus-
trates raw diffusion-weighted
images with diffusion weighting ¥
applied in “X” (left-right),
“Y”’(anterior-posterior), and “Z” m|
(superior-inferior) planes. Signal
attenuation (dark regions) is the
result of water diffusion in the
plane of the diffusion encoding
gradient. The second column
shows fractional anisotropy (FA)
maps at the same slices. The
third column shows diffusion
encoded color maps, where red
indicates diffusion in “X”, green
indicates diffusion in “Y”, blue
indicates diffusion in “Z”, and
combinations of the colors indi-
cates diffusion in combinations
of “X”, “Y”, and/or “Z”. Yellow
boxes highlight structures within
each image to illustrate signal
attenuation in the diffusion
images and the corresponding
color encoding in the diffusion
encoded color maps
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through the voxel. Therefore, despite the impressive images
that DTI produces and the fact that it measures aspects of
microstructural integrity, DTI remains a relatively blunt tool
in our investigation of the brain.

Lastly, despite the proliferation of DTI papers and
software tools, DTI remains a highly technically challeng-
ing methodology with many opportunities for errors and
biases along the complex path from data acquisition to
processing to final analysis. For a comprehensive discus-
sion of these issues, the interested reader is referred to an
excellent paper on the many potential pitfalls inherent to
DTI methods (Jones and Cercignani 2010).

Nonetheless, with a clear understanding of the limita-
tions of the technique, it remains evident that DTI is a
promising tool that has now become a staple in the
investigation of a wide range of neurodevelopmental
conditions (Alkonyi et al. 2010; Cykowski et al. 2010;
Filippi et al. 2003; Groen et al. 2010; Kao et al. 2010;
Kumar et al. 2010; Mullen et al. 2010; Radua et al. 2010;
Shukla et al. 2010; Utsunomiya 2010; Wozniak et al.
2011b; Yoshida et al. 2010). Ultimately, DTI’s primary
advantage lies in its sensitivity: to neurodevelopmental
abnormalities, to normal developmental changes (reviewed
below), to changes in disease status including progression
and recovery (Teipel et al. 2010; Wu et al. 2010), and to the
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effects of both biological and behavioral treatments (Fox et
al. 2010; Keller and Just 2009; Schweder et al. 2010;
Trivedi et al. 2008). As we move into the era of new
interventions for FASD, including micronutrient supple-
mentation and others, the availability of sensitive, non-
invasive measures of brain status—like DTI—will become
increasingly important.

The Role of White Matter in the Brain: Context for DTI
Studies of FASD

Cerebral white matter is made up of three major types of
fibers: commissural fibers (including the corpus callosum,
anterior and posterior commissures, and hippocampal
commissure) that connect corresponding regions in the
right and left hemispheres; association fibers that connect
regions within the same hemisphere, locally across long
distances; and projection fibers that connect cortex to deep
gray matter structures. White matter’s appearance is largely
due to myelin, the fatty layer that surrounds axons.
Myelination of axons is essential for efficient neural
transmission. Myelination unfolds as part of an orderly
developmental sequence: posterior regions are myelinated
prior to anterior regions (Barkovich et al. 1988; Hayakawa
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et al. 1991; Kinney et al. 1988). In the cerebrum,
myelination occurs rapidly and broadly during the prenatal
period and into the second year of life; it continues more
slowly into adolescence and young adulthood (Holland et
al. 1986). Long fibers, including those that bridge the two
hemispheres, are myelinated first, followed by the shorter
inter-cortical associational neurons (Yakolev and Lecours
1967). The final stages of myelination occur in the frontal
lobes during adolescence, accompanied by significant
cognitive growth, especially in executive functioning.
Although historically white matter has been thought to be
primarily important for motor and sensory functioning, more
recent conceptualizations suggest that white matter’s principal
role may be to serve as the infrastructure of the brain’s neural
networks. Thus, white matter is critical for complex high-level
cognitive processes involving attention, executive functioning,
non-verbal/visual-spatial processing, and speed (Filley 1998;
Geschwind 1965). Data from numerous studies of white
matter diseases including Multiple Sclerosis (Rao 1995),
toxic leukoencephalopathy (Filley and Kleinschmidt-
DeMasters 2001), cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADA-
SIL), and others (Pantoni and Garcia 1995) provide direct
evidence that intact white matter is necessary for normal
executive function, attention, processing speed, and motor
skill (Sullivan and Pfefferbaum 2011). White matter integrity,
as measured by DTI, has also been shown to be associated
with working memory, processing speed, and attention in
adults with alcoholism (Chanraud et al. 2010; Pfefferbaum et
al. 2000). Processing speed deficits have also been associated
with DTI abnormalities in children with shear-damaged white
matter as a result of traumatic brain injury (TBI) (Wilde et al.
2006). Similarly, Wozniak et al. (2007) showed associations
between DTI measures of white matter damage and both
attention and executive functioning deficits in children with
TBI. Thus, DTI appears to be sensitive to the kind of
underlying brain damage that is known to contribute to the
types of cognitive deficits frequently observed in FASD.

White Matter Macrostructure in FASD

Before the advent of DTI, a number of studies using
macrostructural methods demonstrated white matter abnor-
malities in FASD. Riley et al. (1995) showed smaller
corpus callosum area in prenatally-exposed individuals,
even after correcting for smaller brain size. Archibald et al.
(2001) reported white matter hypoplasia, especially in the
parietal region, in subjects with histories of prenatal alcohol
exposure. In a study using voxel-based morphometry,
Sowell et al. reported lower white matter density in left
posterior temporo-parietal cortex, a region that is connected
inter-hemispherically by posterior callosal fibers (Sowell,
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Thompson, et al. 2001). In another study, Sowell et al. did
not observe lower callosal area after adjusting for brain
size, but did report highly significant alterations in callosal
shape in prenatally-exposed subjects (Sowell, Mattson, et
al. 2001). Specifically, they reported displacement of the
callosum, primarily in the posterior regions (isthmus and
splenium). Moderate correlations were observed between
callosal shape abnormalities and performance on cognitive
measures, including a verbal learning measure. Callosal
shape abnormalities have also been reported in FAS and
Fetal Alcohol Effects (FAE) in a series of studies (Book-
stein et al. 2002a; b; Bookstein et al. 2001. Bookstein et al.
(2002a; b) also demonstrated relationships between callosal
shape disruption and cognition. Specifically, they reported
that higher callosal thickness was associated with executive
functioning deficits whereas lower callosal thickness was
associated with motor abnormalities. A significant relation-
ship between callosal volume and performance on a finger
localization task (which is dependent on callosal transfer)
has also been shown in FASD (Roebuck et al. 2002).
Slower inter-hemispheric transfer of information was
associated with lower callosal volume. Overall, the evidence
for macrostructural abnormalities in FASD, especially in the
more severe forms such as FAS, led to the search for more
subtle microstructural abnormalities across the full spectrum
using methods such as DTI.

DTI Findings in Fetal Alcohol Spectrum Disorders:
The First 5 Years

The first DTT study of FASD (Ma et al. 2005) examined adults
(ages 18-25) with FAS. The study involved measurements of
fractional anisotropy (FA) and apparent diffusion coefficient
(ADC) (also called Mean Diffusivity (MD)) from hand-
drawn regions of interest (ROIs) in the genu and splenium of
the corpus callosum at the mid-sagittal slice. Lower FA and
higher MD were found in both ROIs for the FAS group
compared with controls, suggesting microstructural abnor-
malities in the alcohol-exposed brains. No correlations
between DTI measures and facial dysmorphia were observed.
Although higher FA in the genu was correlated with faster
processing speed in controls, there was no significant correla-
tion in the FASD group. The correlations between FA measures
and full-scale IQ were not significant in either group.
Wozniak et al. (2006) examined children with mild to
moderate severity FASD (none had FAS), ages 10 to 13,
using DTI and found predominantly posterior corpus
callosum abnormalities among six midline ROIs that were
examined (Fig. 3). Specifically, higher MD was seen in the
isthmus region for children with FASD compared with
control subjects. None of the DTI metrics was found to be
associated with the degree of facial dysmorphology.
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Fig. 3 Locations of six regions of interest (ROIs) placed in corpus
callosum illustrated on a Tl-weighted anatomical image (reprinted
from Wozniak et al. 2006 with permission)

Using a voxel-wise approach, Sowell et al. (2008) found
lower FA in children with FASD (ages 7 to 15). Lower FA
was seen in several regions including the right and left
lateral aspects of the splenium, although not at the midline
(primarily in superior parietal regions). In that study, lower
FA in the lateral splenium was associated with lower
performance on a measure of visuomotor skill among the
children with FASD. Other regions in which the FASD
group showed lower FA included bilateral posterior
cingulate, right temporal lobe (inferior longitudinal fascic-
ulus and inferior fronto-occipital fasciculus), right internal
capsule, and brainstem. No significant relationship between
reading ability and white matter status was observed.

Lebel et al. (2008) used a semi-automated DTI tractog-
raphy method in children with FASD (ages 5 to 12).
Compared with controls, the FASD group had lower FA in
the splenium tract and lower MD for the tract involving the
genu. The finding of lower MD in the genu among those
with FASD is noteworthy because lower MD is thought to
reflect a higher degree of fiber coherence/organization and
this finding contrasted the Ma et al. (2005) study. Group
differences in DTI measures were also seen in a number of
other white matter and grey matter regions including
bilateral inferior and superior longitudinal fasciculi, right
cingulum, bilateral globus pallidus, and left thalamus. In
this study, no significant correlations were observed
between the DTI metrics and measures of executive
functioning, working memory, reading, vocabulary, or
mathematical ability.

Fryer et al. (2009) examined white matter in a group of
children (ages 8 to 18) with heavy prenatal alcohol exposure
compared with controls using Tract-Based Spatial Statistics

(TBSS) (Smith et al. 2006), a voxel-wise method that
focuses on central white matter voxels in order to minimize
the effects of inter-subject registration problems. They
reported lower FA in a significant number of white matter
tracts including right superior longitudinal, uncinate, and
fronto-occipital fasciculi, bilateral anterior/superior corona
radiata, bilateral posterior corona radiata, and bilateral
forceps major. The abnormalities were most prominent in
the medial regions of frontal and occipital lobes. They also
observed low FA in the body of the corpus callosum.
Although FA in each of these white matter regions
distinguished the FASD group from controls, only FA in
the body of the callosum distinguished those with FAS from
those with prenatal exposure to alcohol (PEA). Thus, DTI
measures in midline structures, such as the corpus callosum,
may reflect severity and, perhaps the extent of the alcohol
exposure. Despite a preponderance of regions that showed
lower FA in subjects with alcohol exposure relative to
control subjects, there were some regions—including the
right cingulum and right posterior limb of the internal
capsule—in which the opposite (higher FA) was observed
in the alcohol-exposed group. These somewhat counterintu-
itive findings and those of Lebel cited above should be
evaluated in the context of evidence that higher than normal
FA and lower than normal MD could be indicative of
pathology such as damage to regions of crossed fibers
(which normally have very low FA and high MD) for
example. Alternatively, such findings could be related to
other developmental insults that commonly co-occur with
FASD. For example, high FA and low MD have been seen in
samples of individuals with prenatal exposure to tobacco and
other drugs, as discussed in detail in a section below.

In another study employing a TBSS examination of the
corpus callosum among adults with FASD (ages 19 to 27), Li
etal. (2009) reported lower FA, higher MD, and higher radial
diffusivity (RD) in the isthmus for individuals with dysmor-
phic facial features compared with controls. Significant group
differences in FA were also seen in the splenium. These
abnormalities were at the midline but they also extended into
the lateral callosal fibers (see Fig. 4). There were no
statistically significant differences between the FASD group
without dysmorphic facial features and controls, but the FA,
MD, and radial diffusivity (RD) values fell between the other
two groups, suggesting a continuum of effects. Correlations
between the DTI measures and full-scale 1Q as well as facial
dysmorphia ratings were non-significant.

In a study utilizing DTI tractography, Wozniak et al.
(2009) examined the integrity of corpus callosum tracts at
the midline and extending into the cerebral hemispheres in
children with FASD (ages 10 to 17) (see Fig. 5). FA in the
inter-hemispheric fibers of the posterior midbody, isthmus,
and splenium of the corpus callosum was significantly
lower in the FASD group compared with controls. No
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Fig. 4 The results of TBSS analysis among the CONT, DYSM and
ETOH groups. (a) The schematic of the positions of the selected
volume shown in (b); the yellow arrow shows the order of the axial
slices starting from upper left corner of (b); (b) FA difference maps
(red) superimposed on the mean FA skeletons (green, thresholded at
FA>0.3) of the 82 subjects between CONT and DYSM group pair.

Fig. 5 Six inter-hemispheric Posterior
connectivity distribution masks
(tracts) generated by tractogra-
phy: (anterior to posterior) 1.
genu; 2. rostral body; 3. anterior
mid-body; 4. posterior mid-
body; 5. isthmus; 6. Splenium
(reprinted from Wozniak et al.
2009) with permission)
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The isthmus and the lateral branches of the isthmus part of the corpus
callosum in DYSM group showed significantly lower FA values than
these of the control group (cluster-wise, prwg <0.05); (¢) 3D rendering
of the FA difference maps (red) superimposed on the mean FA
skeletons (green, thresholded at FA>0.3) (cluster-wise prwg<0.05)
(reprinted with permission from Li et al. 2009)
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significant correlation was found between the DTI meas-
ures of white matter integrity and facial dysmorphology. In
the FASD group, a significant correlation was observed
between the Wechsler Working Memory Index and FA in
the genu but not FA in the splenium. Similarly, significant
correlations were seen between MD in the splenium and
both the Working Memory and Perceptual Organizational
indices. There were no associations between Perceptual
Organization and the DTI measures in the genu. Although
the findings do not represent a double dissociation, they do
indicate a degree of regional specificity.

Most recently, Lebel et al. (2010) used a voxel-wise
approach to examine relationships between white matter DTI
measures and math ability in a sample of children with
FASD (ages 5 to 13). They observed significant associations
between FA and math ability in the left cerebellum, left
parietal lobe, and bilateral brainstem after controlling for age.
Fiber tracking revealed that the significant parietal clusters
were part of the superior longitudinal fasciculus, a tract
known to be related to overall cognitive functioning and to
math ability in particular.

As an illustration of the relative consistency of DTI
evidence of white matter abnormalities in individuals with
FASD thus far, Table 1 provides a summary of findings
specifically highlighting the corpus callosum. For purposes of
comparison, we computed Cohen’s d effect sizes for the
studies that used defined ROIs. Variability in findings across
studies may be related to differences in age, diagnosis,
severity, sample size, and DTI methodology. As would be
expected, the largest group effect sizes come from the study
of the most severely affected population, those with FAS and
mean IQ=58 (Ma, et al. 2005), but moderate effects are also
evident in less severely affected individuals on the FASD
spectrum. Looking across studies, it is apparent that micro-
structural abnormalities occur throughout the corpus callosum
(as well as elsewhere in the brain) but are most consistently
seen in the posterior regions of the callosum — especially in
the isthmus and splenium. In evaluating the various methods
of data analysis used in these studies, it is apparent that ROI-
based methods have significant power to discriminate groups,
voxel-wise analyses are useful for characterizing the extent of
the effects across the whole brain, and tractography methods
are essential in moving forward to better understand the
specific functional implications of these structural effects.
Overall, these studies consistently demonstrate that DTI is
sensitive to white matter abnormalities in FASD, including
those who do not meet full criteria for FAS.

Importantly, the consistent findings of specific abnormali-
ties in the posterior portion of the corpus callosum highlight
the fact that white matter tracts such as the corpus callosum
are complex and heterogeneous. Corpus callosum projections
are known to be regionally specific (Innocenti 1986).
Anterior portions of the callosum, including the genu and

rostrum, project mostly to caudal, orbital, and inferior
prefrontal regions. Anterior midbody regions project to pre-
motor and motor regions, while posterior midbody regions,
including the isthmus, project to posterior parietal and
superior temporal regions. The splenium projects widely to
inferior temporal, occipital, superior temporal and posterior
parietal cortices. In addition, the microstructure of the corpus
callosum also varies significantly, with proportionally more
high density, small-diameter fibers in the genu and more
large-diameter fibers in the midbody, as seen by light
microscopy (Aboitiz, et al. 1992). Figure 6 dramatically
illustrates the regionally-specific corpus callosum abnormal-
ities in a child with FASD compared with a same-age control.
The fiber tracking suggests significant abnormalities in tracts
that would normally project through the posterior midbody
and isthmus regions into parietal and temporal cortices.
Interestingly, although the callosum is clearly malformed in
the posterior region, the splenium is present and its fibers
clearly project to the occipital cortex.

Ultimately, as research moves forward in FASD, it will be
important to begin to understand the relationships between the
initial effects of alcohol on white matter tissue, the interaction
of specific exposure timing and an unfolding developmental
process, and the differential sensitivity of the measures at
various points in bran development. It is likely that large DTI
datasets will be necessary to explore these specific issues in
FASD at the necessary level of detail.

Context: DTI in the Developing Brain

The majority of DTI studies of FASD thus far have been
done in childhood—a period during which the brain is
changing in ways that are reflected in the DTI measures
themselves. Fortunately, in FASD (and in many other
neurodevelopmental disorders), DTI measures are proving
to be very sensitive to underlying abnormalities in tissue
integrity despite the “moving target” of predictable changes
that occur with normal development (Gao et al. 2008;
Hasan et al. 2008; Hermoye et al. 2006; Huang et al. 2006;
Qiu et al. 2008). Understanding normative white matter
development is essential in gaining further insight into
abnormalities that occur in FASD. Characterizing the
maturational processes fully, especially using tools such as
DTI, will ultimately guide future studies of FASD. Over the
last few years, the application of DTI to the study of normal
brain development has steadily increased, with over 30
published reports at present. Here, we will briefly highlight
the literature that has thus far characterized the develop-
ment of white matter in healthy children and adolescents
using DTIL. For a more detailed report, Schmithorst and
Yuan (2009) have compiled a thoughtful review of the
literature on DTI and adolescent brain development.
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Table 1 Summary of published DTI findings and effect sizes in FASD specifically highlighting abnormalities in the corpus callosum

Study Population Method Cohen’s d effect size Percent difference
Ma et al. Controls vs. adults (ages 18-25) Two hand-drawn Genu: Genu:
(2005) with FAS, mean IQ=58 mid-sagittal ROIs MD=2.39 MD=14.3%
FA =-3.11 FA=25.6%
Splenium: Splenium:
MD=1.91 MD=16.6%
FA =-2.98 FA=14.9%
Wozniak Controls vs. children (ages 10-13) Six hand-placed Genu: Genu:
et al. (2006) with FASD (non-FAS), mean 1Q=89 mid-sagittal ROIs MD=0.21 MD=1.7%
FA =-0.25 FA=2.2%
Splenium: Splenium:
MD=0.07 MD=0.9%
FA =-031 FA=2.9%
Isthmus: Isthmus:
MD=1.05 MD=15.2%
FA =-0.42 FA=6.6%
Sowell Controls vs. children (ages 7-15) Voxel-wise analysis with Right lateral splenium: Right lateral splenium:
et al. (2008) with FASD, mean 1Q=89 post-hoc ROI analysis. FA: -1.20 FA: 15.8%
Left lateral splenium: Left lateral splenium:
FA: -1.17 FA: 17.7%
Lebel Controls vs. children (ages 5-12) Semi-automated tractography Genu: Genu:
et al. 2008 with FASD, mean IQ not reported MD = —0.41° MD~=2.5%?
FA = —0.04 FA=0%
Splenium: Splenium:
MD=0.22 MD=2.4%
FA =-0.62 FA=3.5%
Body of the callosum: Body of the callosum:
MD=0.05 MD=1.1%
FA =-0.12 FA=0%
Fryer Controls vs. children (ages 8 — 18) Voxel-wise analysis with pos-hoc Body of the callosum: N.A.
et al. (2009) with FASD, mean 1Q=88 ROI analysis (Tract Based FA = —1.27
Spatial Statistics — TBSS)
Li Controls vs. adults (ages 19-27) Voxel-wise analysis with pos-hoc Genu: Genu:
et al. (2009) with FASD [effect sizes are for ROI analysis (Tract Based MD=0.12 MD=1.7%
controls vs. FASD with facial Spatial Statistics — TBSS)
dysmorphia (mean 1Q=78]. FA=-054 FA=5.2%
Splenium: Splenium:
MD=0.26 MD=3.4%
FA =-2.26 FA=15.1%
Isthmus: Isthmus:
MD=0.72 MD=38.6%
FA =-0.75 FA=10.1%
Wozniak Controls vs. children (ages 10-17) Semi-automated tractography Genu: Genu:
et al. (2009) with FASD, mean 1Q=77. MD=0.25 MD=0.9%
FA =—-0.59 FA=2.8%
Splenium: Splenium:
MD=0.35 MD=2.1%
FA =-0.78 FA=4.1%
Isthmus: Isthmus:
MD=0.24 MD=1.2%
FA =-0.72 FA=3.7%

#MD was lower in the FASD group compared to controls, an unexpected finding
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Fig. 6 Inter-hemispheric fiber
tracking through the corpus
callosum in a 12 year-old boy
with partial FAS and gross struc-
tural abnormalities including
partial agenesis of the corpus
callosum (left panel) compared
with a non-exposed 12 year-old
male control subject (right panel).
The top panels are DTI
tractography images overlaid on
fractional anisotropy maps. The
bottom panels are T1-weighted
anatomical images. Tractography
images were generated using the
Diffusion Toolkit (http://trackvis.
org/dtk)
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Of particular relevance to FASD, some studies of develop-
ment have explicitly examined the development of the corpus
callosum using both region of interest (ROI) and fiber
tractography analyses (Bonekamp et al. 2007; Hasan et al.
2009; Hasan, et al. 2008; Lebel et al. 2008; Muetzel et al.
2008). Other studies have reported DTI associations with age
in the callosum using whole-brain voxel-wise analyses
(Barnea-Goraly et al. 2005; Giorgio et al. 2010; Giorgio et
al. 2008). In general, these studies have shown regionally-
dependent associations between age and DTI metrics.
Specifically, there is evidence indicating that mid-callosal
and posterior callosal regions (e.g., the body and splenium)
mature later in life compared with anterior regions (e.g., the
genu). Just as the cortex follows a particular spatial pattern of
development, these data suggest the callosum may follow an
anterior-to-posterior gradient in terms of maturation. As
described earlier in this review, depending on the diffusion
metric used, these data could potentially reflect the differ-
ences in myelin, axonal caliber and packing, or other
processes (Beaulieu 2009; Paus 2009). Some studies have
also reported within-subject, regional differences in diffusion
metrics in the callosum and its inter-hemispheric connec-
tions. For example, there is evidence suggesting that
posterior regions have significantly higher FA compared
with anterior regions (Hasan, et al. 2009). The normative
data presented in these published studies have the potential
to assist future FASD studies by allowing for adjustment for
developmental trends and other region-specific variability.

Because FASD is associated with midline physical
dysmorphia, neurocognitive impairment, and gross structural
midline brain anomalies (e.g., callosal agenesis), the corpus

ractography t

callosum has been the subject of the majority of DTI reports
on FASD. However, it is clear that there are abnormalities in
other brain regions in individuals with FASD. In healthy
individuals, studies examining large fiber bundles using DTI
tractography—including the cingulum bundle, cortico-spinal
tract, inferior longitudinal fasciculus, superior longitudinal
fasciculus, and the uncinate fasciculus—have demonstrated
continued maturation throughout the brain (Eluvathingal et al.
2007; Giorgio et al. 2010; Lebel, Rasmussen, et al. 2008). As
in the callosum, the developmental timing of white matter
maturity throughout the brain has been shown to be
regionally dependent. For example, the fornix appears to be
fully developed by age 5, whereas the inferior longitudinal
fasciculus attains 90% of its maximum FA value by age 11
(Lebel, Rasmussen, et al. 2008). Some structures, including
the fronto-temporal connections of the uncinate fasiculus and
the cingulum bundle, do not reach this plateau until after age
25 (Lebel, Rasmussen, et al. 2008). Because both linear and
nonlinear associations between DTI white matter measures
and age have been described, it remains critical to consider
the age range of the sample and the handling of age as a
matching variable/co-variate when evaluating the results of
DTI studies in FASD.

Context: DTI in Other Prenatal Exposures
Many individuals who have been exposed to alcohol
prenatally were also exposed to other drugs of abuse (Della

Grotta et al. 2010; Perham-Hester and Gessner 1997). The
DTI literature examining individuals with prenatal exposure
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to substances other than alcohol is still in its infancy.
Although the underlying mechanisms contributing to dis-
ruptions in white matter development following prenatal
exposure to other substances are likely to be distinct from
the mechanisms of damage caused by prenatal alcohol
exposure, the careful characterization of these deficits using
DTI is relevant to the understanding of alcohol effects in
the case of FASD. In one study of non-exposed controls
(ages 8-to-14) and children whose mothers were polysub-
stance abusers (primarily opiates), Walhovd et al. (2010)
used DTI with a whole-brain voxel-wise approach. They
reported significantly lower FA in the exposed children in
central, inferior and posterior white matter (i.e., occipital
and temporal lobes). These effects remained significant,
even after controlling for age and sex. It was found that
most of the difference in FA between groups was driven by
higher radial diffusion in the exposed children. In terms of
associations between white matter microstructure and
cognition, the authors reported a positive correlation
between Freedom from Distractibility (a measure of
working memory) and FA in the temporal lobe, indicating
better performance is associated with higher FA. As part of
a prospective longitudinal study, Warner and colleagues
(2006) used DTI to study children (ages 10 to 12) with
prenatal cocaine exposure and compared them with well-
matched non-exposed controls. Neurocognitive assessments
focusing on executive functioning were also administered.
The study found higher MD in frontal ROIs among
exposed children compared with non-exposed controls.
One of the ROIs consisted of inter-hemispheric projections
of the corpus callosum. Interestingly, only MD was found
to be different between groups; FA was not significantly
different. The authors also reported an interaction between
cocaine exposure and marijuana exposure, such that
children exposed prenatally to both substances had the
highest MD values in frontal white matter. Task perfor-
mance on the Stroop and Trail Making Task (both measures
of executive functioning) correlated with FA in frontal
white matter—with better performance corresponding to
higher FA.

As described previously, lower FA and higher MD are
suggestive of underlying pathology. However, some studies
have reported the opposite effect in prenatal substance
exposure. Jacobsen et al. (2007) examined the following
four groups of children (ages 10 to 18): 1) prenatal
exposure to tobacco smoke and current smoker; 2) prenatal
exposure to tobacco smoke and current non-smoker; 3) no
prenatal exposure and current smoker; and 4) no prenatal
exposure and current non-smoker. They used a voxel-wise
approach and found higher FA in the genu of the corpus
callosum and in frontal white matter in those individuals
exposed to tobacco prenatally, compared with the un-
exposed. Current smoking exacerbated these effects in
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exposed children with additional regions showing abnor-
malities, including the corpus callosum and associated
inter-hemispheric fibers, frontal white matter, and internal
capsule. Interestingly, the number of weeks of exposure to
tobacco prenatally was not significantly related to FA,
however amount of exposure during adolescence was—
especially in the genu of the corpus callosum (those who
smoked had higher FA). They also examined tasks
assessing auditory attention and motor speed and found a
significant positive correlation between reaction time on an
auditory attention task and FA in the internal capsule, but
only in the group of current smokers. This effect was not
modulated by prenatal exposure, meaning only current
smoking status contributed to the model. There were no
significant correlations between motor ability and DTI
measures. As another example, Cloak et al. (2009)
evaluated young children, ages 3 to 4 years, with prenatal
methamphetamine exposure. The study used an ROI
analysis of DTI data and found lower ADC in multiple
regions, particularly frontal and parietal lobes, among the
exposed children. The authors also reported higher FA (at a
trend-level) in frontal white matter of the exposed group.
These results were contrary to the author’s hypotheses
given the expected trends in DTI data with pathology and
the findings reported in cocaine exposed children (Warner,
et al. 2000).

Taken together, these data indicate that not all abnor-
malities measured by DTI methods are specific to prenatal
alcohol exposure. Rather, DTI abnormalities likely reflect a
wide range of negative effects during prenatal brain
development. Because many children exposed to alcohol
have also been exposed to tobacco and other substances
during prenatal development, studies should account for
these factors as much as possible in the sample description
and in the data analysis. Despite the caveats raised by these
potential confounding factors, it remains clear that the DTI
effects seen in FASD are not due solely to the effects of
confounding variables. Perhaps some of the most convinc-
ing evidence along these lines comes from emerging DTI
data from controlled animal studies which clearly do show
that alcohol exposure by itself is highly disruptive to the
development of white matter (see O’Leary-Moore et al.
(2011) in this edition).

Context: DTI Findings in ADHD

Another potential confound in studies of children with
FASD is the frequent co-morbid diagnosis of attention-
deficit/hyperactivity disorder (ADHD), a condition that is
known to be associated with its own underlying neuro-
developmental abnormalities. The DTI literature on ADHD
provides additional context in which to interpret DTI
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studies of FASD. Ashtari et al. (2005) examined children
with ADHD and healthy controls (ages 7 to 11), using a
voxel-wise analysis of DTI data. They reported lower FA in
children with ADHD in the internal capsule, cerebral
peduncle, cerebellar peduncle, and the pre-motor area.
The effect of medication on DTI measures was also
examined, and no relationship was observed. Ratings of
inattention severity were negatively correlated with FA
values in the cerebellum, where lower FA was associated
with more severe inattention. Using an ROI approach,
Hamilton et al. (2008) found lower FA in the corticospinal
tract and the superior longitudinal fasciculus in male
subjects (mean age=12) with ADHD compared with
controls. The study did not find a relationship between
hyperactivity scores or medication status and FA. In another
study of all boys (ages 11 to 16), Cao et al. (2010)
conducted an ROI analysis of the corpus callosum. The
authors found significantly lower FA in the isthmus of the
corpus callosum in children with ADHD (a number of these
boys also had co-morbid Oppositional Defiant Disorder
and/or Conduct Disorder). In another study that examined
all boys, Kobel et al. (2010) found lower FA in children
with ADHD (ages 9 to 13) in the anterior corona radiata
and middle cerebellar peduncle. Mean FA in left temporal-
occipital white matter was actually found to be higher in
children with ADHD. Finally, Davenport et al. (2010)
studied children and young adults (ages 10 to 20) with
ADHD and healthy controls. Contrary to other reports, the
authors found higher FA in the anterior corona radiata in
the ADHD group, compared with both healthy controls and
another sub-sample of children with psychosis. However,
children with ADHD did show lower FA in the fornix,
when compared with healthy controls.

Managing the confound of co-morbid ADHD in studies
of FASD is a significant challenge because the rates of
ADHD among children with FASD are so high—reportedly
as high as 41% to 94% (Bhatara et al. 2006; Fryer et al.
2007; Streissguth et al. 1994). It is worth noting that none
of the DTI studies of ADHD cited above included any
screening for potential pre-natal alcohol exposure (either
through history or facial evaluation). Given the high
incidence of pre-natal alcohol exposure in the general
population and the presumed higher incidence in clinical
populations, it seems possible and even likely that some
children with unidentified prenatal alcohol exposure may be
represented in these studies of ADHD.

Studies of other neurodevelopmental disorders further
highlight the non-specific nature of the white matter abnor-
malities observed in FASD. In individuals with autism, similar
corpus callosum abnormalities have been observed (Barnea-
Goraly et al. 2004) and have been found to be associated
with poor processing speed (Alexander et al. 2007). Children
with developmental disabilities have been found to have

lower FA and higher MD in the genu and splenium (Filippi,
et al. 2003). Clearly, the interpretation of small studies of
clinical populations (ADHD, autism-spectrum, FASD, other
drug exposure, etc.) will continued to be hampered by
confounding variables that can only be fully addressed by
large-scale studies that incorporate comprehensive measures
of potential confounds.

Future Directions: Incorporating New Measures
of Functional Connectivity

DTI has provided us with a unique window into the fine
details of structural connectivity in the brain—during
development and also following insults to the developmen-
tal process such as those resulting from prenatal alcohol
exposure. The next logical step is to incorporate measures
of functional connectivity into future investigations. Mod-
e functional connectivity studies take the approach of
measuring brain activity with functional MRI across
multiple brain regions during an awake period of rest/
inactivity and then use correlational techniques to “map”
networks in the brain based on levels of synchronized
activity over time (Biswal et al. 1995). Using methods such
as these, Raichle et al. (2001) and others have described a
“default mode network™ that is essentially a collection of
brain regions that are “pulled together” as a functional
circuit during periods of rest. The default mode network is
specifically active during an eyes-closed, at-rest state and
then shows decreased activity when the brain engages in an
activity (Raichle and Snyder 2007). The examination of
these types of networks using resting-state fMRI is thought
to provide a measure of “intrinsic” brain activity—brain
activity that is distinct from the brain response that occurs
to extrinsic stimuli, such as during a task-based fMRI study.
Brain activity during the resting state may reflect ongoing
integration of information, consolidation of memories,
maintenance of salient connections, and even preparation
for action. The patterns of functional connectivity that are
seen during rest are also a reflection of the underlying
structural connectivity in the brain. For example, a loss of
inter-hemispheric functional connectivity has been shown
in cases of surgical severing of the corpus callosum
(Johnston et al. 2008) and studies are now beginning to
demonstrate strong relationships between resting functional
connectivity measures and anatomical connectivity as
defined by DTI maps (Skudlarski et al. 2008). For an
extensive review of the effects of disrupted connectivity,
the reader is referred to a special issue of Neuropsychology
Review (Sullivan 2010).

Functional connectivity methods will likely prove very
relevant to the study of developmental disorders including
FASD. As the brain matures structurally, it’s ability to

@ Springer



144

Neuropsychol Rev (2011) 21:133-147

coordinate itself in real-time in the form of functional
networks follows a developmental trajectory—as evidenced
by stronger functional connectivity with increasing age in
children (Fair et al. 2008). Functional connectivity studies
are already beginning to shed light on developmental
conditions such as autism and ADHD (Broyd et al. 2008;
Greicius 2008; Uddin et al. 2008). Recently, Wozniak et al.
(2011a) have demonstrated the applicability of functional
connectivity measures to FASD and related these measures
to the commonly observed microstructural abnormalities in
posterior callosal regions. Using functional MRI (fMRI)
during a resting state, they demonstrated abnormalities in
inter-hemispheric functional connectivity, specifically in
those cortical regions that are connected by posterior
callosal fibers. Functional connectivity was lowest in the
FASD group compared with controls (12.7% lower) for the
right and left para-central regions. These regions are highly
interconnected by posterior-midbody and isthmus callosal
fibers—the same posterior callosal regions that have been
found to be abnormal in a number of the published DTI
studies (see Table 1). Across patients and controls, a trend-
level association was seen between para-central functional
connectivity and white matter integrity (MD) of the isthmus
tract as measured by DTI. Future studies of FASD will be
able to examine whole brain connectivity in greater detail,
combining structural connectivity measures from DTI with
functional connectivity measures from resting-state fMRI to
better characterize the extent of the abnormalities in this
population.

Conclusions

Although the existing body of work using DTT in the study
of FASD is small, the available data clearly indicate that the
method is sensitive to the underlying brain abnormalities in
this condition. Furthermore, the data suggest that the
microstructural abnormalities that can be detected are
functionally significant—as indicated by correlation with
neurocognitive functioning and with measures of functional
connectivity. Although these small studies have thus far
provided important insights into the effects of prenatal
alcohol exposure on white matter development, it is clear
that much larger studies will be needed in order to address
the variability in results due to heterogeneity of the
population, significant co-morbidity, and the need to
understand differential effects across development. The
availability of a normative DTI database, such in the form
of a developmental white matter “atlas”, would go a long
way toward advancing our understanding of DTI results in
neurodevelopmental disorders such as FASD. The applica-
tion of an atlas-based technique to individual children with
cerebral palsy has recently been demonstrated (Faria et al.
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2010). Ultimately, multi-center studies and other data-
sharing arrangements involving data from large numbers
of individuals with FASD will significantly advance our
understanding of this condition.
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