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Abstract
Background—Exposure to alcohol during gestation is associated with CNS alterations,
cognitive deficits, and behavior problems. This study investigated microstructural aspects of
putative white matter abnormalities following prenatal alcohol exposure.

Methods—Diffusion tensor imaging was used to assess white matter microstructure in 27 youth
(age range: 8 to 18 years) with (n = 15) and without (n = 12) histories of heavy prenatal alcohol
exposure. Voxelwise analyses, corrected for multiple comparisons, compared fractional anisotropy
(FA) and mean diffusivity (MD) between groups, throughout the cerebrum.

Results—Prenatal alcohol exposure was associated with low FA in multiple cerebral areas,
including the body of the corpus callosum and white matter innervating bilateral medial frontal
and occipital lobes. Fewer between-group differences in MD were observed.

Conclusions—These data provide an account of cerebral white matter microstructural integrity
in fetal alcohol spectrum disorders and support extant literature showing that white matter is a
target of alcohol teratogenesis. The white matter anomalies characterized in this study may relate
to the neurobehavioral sequelae associated with gestational alcohol exposure, especially in areas
of executive dysfunction and visual processing deficits.
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Introduction
The continuum of effects following heavy prenatal alcohol exposure can range from
perinatal mortality to Fetal Alcohol Syndrome (FAS) (Jones and Smith, 1973; Lemoine et
al., 1968) to more subtle cognitive and physical growth detriments. Cognitive dysfunction
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associated with prenatal alcohol exposure may occur independently of the physical growth
deficiency and craniofacial features required to diagnose FAS (e.g., Mattson et al., 1998;
Streissguth and O'Malley, 2000). Accordingly, use of the term Fetal Alcohol Spectrum
Disorders (FASDs) reflects the variable and continuous nature of the sequelae associated
with fetal alcohol exposure (Bertrand et al., 2005). The incidence of FASDs has been
estimated at 9 per 1000 live births (Sampson et al., 1997).

Alcohol can exert teratogenic effects on the central nervous system (CNS) via multiple
mechanisms, which may be influenced by maternal and fetal characteristics, and pattern of
exposure (for review, see Goodlett et al., 2005). Structural magnetic resonance imaging
(MRI) has revealed that not all brain structures are equally vulnerable to the effects of
prenatal alcohol exposure; for example, the corpus callosum, caudate nucleus, and
cerebellum appear to be disproportionately affected (for review, see Riley and McGee,
2005). Despite this complex pathology, data converge across multiple disciplines to suggest
that white matter is a specific target of alcohol teratogenesis. A study of premature infants
found a 9.5-fold increase in the odds of observing white matter damage, as indexed by
cranial ultrasound, in subjects born to mothers who drank heavily, compared to those born to
mothers who abstained or used moderate amounts of alcohol (Holzman et al., 1995).
Magnetic resonance spectroscopy techniques have revealed CNS metabolic abnormalities in
children with FASDs, attributable to increases in glial markers choline and creatine in
several brain regions, including frontal lobe white matter and the corpus callosum
(Fagerlund et al., 2006). In addition to regional vulnerabilities within the brain, there is
evidence that volumetric reductions may vary by tissue type, as one volumetric MRI study
of children with FASDs showed that cerebral white matter volumes were decreased beyond
grey matter volume reductions (Archibald et al., 2001).

Preclinical models of prenatal alcohol exposure have identified white matter damage as well.
White matter lesions have been induced in the developing sheep brain by binge exposure to
alcohol in early gestation (Watari et al., 2006). The microglia-macrophage rich lesions
observed in this study likely indicate inflammation and cell death. At least some of the white
matter damage associated with prenatal alcohol exposure appears to specifically target
axons. Rat models of fetal alcohol exposure have observed decreases in axon size, with
concomitant increases in packing density, thinner myelin sheaths (Miller and Al-Rabiai,
1994), increased growth rate (Lindsley et al., 2003), and reduced conduction velocity (Miller
et al., 1990). In addition to axonal damage, glial cells are vulnerable to the effects of
prenatal alcohol exposure. For example, oligodendrocytes from alcohol-exposed rats were
morphologically aberrant, decreased in number, and showed lower expression levels of
markers important for myelination, including myelin basic protein (Chiappelli et al., 1991).

Diffusion tensor imaging (DTI) is an MRI technique that can be used to study white matter
pathology. Within white matter of the brain, diffusion of water molecules is restricted by
microstructural barriers (Moseley et al., 2002). The directional dependence of this diffusion
can be estimated by acquiring a collection of images with different diffusion sensitivities,
and then modeling the directional dependence of the signal in each voxel, based on a
Gaussian model for diffusion. Though there are several measurements that can be derived
from DTI analysis, two of the most common are 1) mean diffusivity (MD), which is the
average of the eigenvalues of the diffusion tensor and 2) fractional anisotropy (FA). MD is
an estimate of local diffusion of water molecules, averaged across space, while FA is a
normalized variance of the eigenvalues of the diffusion tensor. FA ranges from 0 to 1, with
values closer to 0 characterizing more isotropic diffusion and values closer to 1
characterizing more anisotropic diffusion (Basser and Pierpaoli, 1996). Thus, within white
matter, which is expected to be highly organized, high MD and low FA values are typically
interpreted as reflecting compromised tissue integrity. Research on both chronic alcoholism
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(Pfefferbaum and Sullivan, 2002; Pfefferbaum et al., 2000) and prenatal alcohol exposure
(Ma et al., 2005) have suggested that, at least in some cases, microstructural integrity as
revealed by DTI may be more sensitive to alcohol-induced white matter damage than
traditional structural neuroimaging.

DTI studies of FASDs have revealed poor fiber integrity in the corpus callosum (CC), the
brain's largest white matter tract, providing further support that alcohol exerts damaging
effects on developing white matter. CC diffusion alterations have been localized to the
lateral splenium (Sowell et al., 2008a), isthmus (Wozniak et al., 2006), and to the genu and
splenium (Ma et al., 2005; Lebel et al., 2008). Differences across studies in participant age
and amount and pattern of alcohol exposure may account for the discrepancy within
subregional localization, though the consensus of findings suggests that fiber integrity
within the CC is altered following gestational alcohol exposure. Global investigation of
white matter microstructure is warranted to further characterize diffusion-related changes, as
one recent DTI study in this population showed FA deficits in white matter innervating
posterior cortical regions (Sowell et al., 2008a) and an initial tractography study is
suggestive of microstructural abnormalities extending well beyond the CC (Lebel et al.,
2008). Therefore, the aim of the present study was to use a voxelwise approach to
characterize cerebral white matter microstructure (as indexed by FA and MD) in a sample of
youth with FASDs. In addition, based on previous literature identifying the CC as a specific
target of alcohol teratogenesis, we evaluated the CC using an ROI approach. We expected
that prenatal alcohol exposure would be associated with low FA and high MD in cerebral
white matter compared with typical development.

Methods
Subject Recruitment and Inclusion

Study participants were children with histories of heavy prenatal alcohol exposure (ALC;
n=15) and typically developing controls (CON; n=12). The sample was recruited from a
cohort of children being followed by the Center for Behavioral Teratology, San Diego State
University. Study inclusion criteria were: age range 8 to 18, right-handed, and English
fluency. Exclusion criteria were: history of head trauma, contraindication for MRI, or
medical conditions that could interfere with the neuroimaging procedure.

All subjects in the ALC group had histories of heavy prenatal alcohol exposure. Because the
sample was recruited retrospectively, exact dose and timing of maternal alcohol
consumption is not known. However, in order to be included in the study, documentation of
an abusive pattern of maternal alcohol consumption was required, and mothers consumed a
minimum of 4 drinks per occasion at least once per week or 14 drinks per week during
pregnancy. Children in the alcohol-exposed group were evaluated by a dysmorphologist
with expertise in alcohol teratogenesis (Kenneth Lyons Jones, MD). Multimodal
examination was based on physical measurements (e.g., pre- and or postnatal growth
measures), craniofacial structure analysis (e.g., evaluation of palpebral fissures, philtrum,
vermillion), alcohol exposure history, and historical record review. Nine of the children in
the ALC group met criteria for FAS (Bertrand et al., 2005; Jones and Smith, 1973). Alcohol-
exposed subjects were referred by medical providers, or were self-referred. Comparison
children were recruited via community outreach, and were selected to be demographically
similar to ALC participants on age, socioeconomic status (SES), and sex. The groups were
not matched on IQ, as heavy prenatal alcohol exposure is associated with impaired
intelligence (for review, see Mattson & Riley, 1998), and IQ matching might produce a
nonrepresentative sample. About one third of the youth screened for the study were
ineligible, most commonly for metallic dental work. Intelligence testing was conducted
using the Wechsler Intelligence Scale for Children, III (Wechsler, 1991), and the IQ scores
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of study participants ranged from 61-105 (ALC) and 73-128 (CON). See Table 1 for subject
demographic characteristics.

Neuroimaging Procedures
Informed consent was obtained via protocols approved by the Institutional Review Boards
of San Diego State University and University of California, San Diego (UCSD). Brain
images were acquired at the UCSD Center for Functional MRI on a General Electric 3.0
tesla magnet using an 8-channel gradient head coil. A high-resolution anatomical scan was
collected for co-registration with the diffusion protocol: fast spoiled gradient sequence, TR =
8000 ms, TE = 3.1 ms, flip angle = 12 degrees, 256 × 192 matrix, 1 millimeter (mm) slice
thickness, 24 centimeter (cm) field of view (FOV), acquisition time = 7 minutes, 24 seconds.
Diffusion was encoded with a high angular resolution echo planar imaging sequence along
15 diffusion directions with b = 2000 s/mm2 and 4 averages. A dual spin echo preparation
was used to mitigate the effects of eddy currents (Reese et al., 2003). Image parameters for
the DTI sequence were: TR = 12000 ms, TE = 93.4 ms, 128 × 128 matrix, FOV = 24 cm, 31
slices covering cerebral white matter, in-plane resolution = 1.875 mm2, acquisition time
approximately 14 minutes.

Data Analysis
Analysts blind to group classification processed diffusion data using Analysis of Functional
NeuroImages (AFNI) software (Cox, 1996; Cox and Hyde, 1997) and software from the
Oxford Centre for Functional Magnetic Resonance Imaging of the Brain software library
(FSL) (Smith et al., 2004). Fieldmaps, collected at the time of scanning, were applied to the
diffusion images, in order to mitigate geometric distortion due to susceptibility artifact.
Image preprocessing included eddy current distortion correction using a 2-dimensional 6-
degree of freedom model, motion correction via a 6-degree of freedom affine registration of
the diffusion directions to the b = 0 image, and visual inspection of data for gross artifact
(data from 2 ALC and 2 CON subjects were not included in the reported sample of 27
subjects due to movement artifact). FA and MD values were derived from the non-linear
estimation of the diffusion tensor model (AFNI: 3dDWItoDT), and a whole-brain mask was
applied to the diffusion dataset in order to mitigate extraneous non-brain signal.

Upon completion of individual image processing, FA and MD maps were analyzed using
FSL's Tract Based Spatial Statistics (TBSS) (Smith et al., 2006), a voxelwise approach to
diffusion data analysis. TBSS, which aligns individual data into common space via a non-
linear registration algorithm, was chosen for this study in part because standard registration
processes can prove problematic when applied to brain images from pediatric and clinical
populations. More specifically, TBSS uses nonlinear transformation to first align subject
images to a representative target image and then achieves affine-alignment to a standard
space, using the MNI-152 template. The transformed data are next averaged to create a
mean FA (or MD) image, and then a tract skeleton of the mean image is computed, which
represents the center of each white matter tract, common to all images. Finally, to mitigate
problems due to poor alignment of individual images, each participant's aligned image is
projected onto the mean skeleton. Planned between-group comparisons (ALC versus CON)
examining voxelwise cerebral FA and MD values within the TBSS skeleton were conducted
using independent samples t-tests. Type I error was controlled at an experiment-wise alpha
rate of 0.05 by setting both a voxel significance threshold (p<0.05) and a cluster volume
threshold, which was determined via a Monte-Carlo simulation based algorithm (Forman et
al., 1995). Based on the overall volume of analysis and a 1mm connectivity radius, the
threshold used to define clusters was 34 mm3 for the whole brain analysis and 23 mm3 for
the CC region-of-interest analysis. Neuroanatomical regions surviving threshold were
identified manually using a white matter atlas of the brain (Mori et al., 2005). The high
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resolution anatomical image of each participant was processed via FSL's brain extraction
and automated segmentation tools (Smith, 2002; Zhang et al., 2001) and whole-brain voxel
counts were conducted using AFNI's 3dROIstats function (Cox, 1996; Cox and Hyde,
1997). Whole brain volume estimates are presented by group in Table 1.

Results
Between-group Comparison of Cerebral White Matter FA

Voxelwise comparison revealed cerebral loci showing significantly lower FA in alcohol-
exposed participants, compared to their typically developing peers, including bilateral
portions of the anterior and posterior coronae radiatae. More specifically, FA was
significantly lower in the ALC than CON group in regions in the frontal lobes (e.g., right
superior longitudinal, uncinate, and fronto-occipital fasciculi, bilateral anterior/superior
coronae radiatae), parietal lobes (e.g., right superior longitudinal fasciculus, left posterior
corona radiata) and occipital lobes (e.g., bilateral posterior coronae radiatae and forceps
major). Findings were most prominent in medial portions of the frontal and occipital lobes.
Additionally, a region-of-interest analysis focused on the CC revealed abnormally low FA in
the CC body of the ALC group. Although the majority of clusters were in the direction of
lower FA in ALC compared to CON, three clusters showed the opposite pattern. These
findings were located along the right posterior limb of the internal capsule and cingulum, on
the CC border. Table 2 summarizes regions showing between-group FA differences. See
Figure 1 for select regions of between-group FA differences.

Evaluation of Age Effects on Between-group FA Differences
Pearson's correlation coefficients were used to quantify the relationship between FA and
participant age. Mean FA values in the regions identified in the previous analysis were
extracted for each individual. No significant correlations were observed between FA and
participant age (−0.38<r<0.25; 0.05<p's<0.90), providing some evidence that the group
differences in FA observed in this sample are independent of participant age.

Evaluation of FAS Diagnosis on FA Values
In an effort to examine the effect of FAS diagnosis on the present study's findings, analysis
of variance (ANOVA) was used to examine FA in the regions identified in the original
analysis across three participant groupings: CON (n = 12), and ALC subjects with (n = 9;
FAS) and without (n = 6; nondysmorphic prenatal exposure to alcohol (PEA)) a diagnosis of
FAS. Omnibus F tests were held to an alpha level of 0.05 and planned contrasts (FAS vs.
CON, PEA vs. CON, and PEA vs. FAS) were held to an alpha of 0.017, in order to control
Type I error rates. As expected based on the main between-group (CON vs. ALC) analysis
described previously, omnibus effects were significant among the three participant
groupings for all regions described in Table 2 (0.001<p's<0.04); however, results were non-
significant at the Type I error corrected alpha level for individual contrasts comparing FA of
ALC participants with and without a FAS diagnosis for all but one of the anatomical regions
investigated (0.04<p's<0.82).The one exception to this pattern was within the body of the
CC, where FA was significantly lower in FAS participants, compared to PEA (p = 0.01).
These results suggest that for the vast majority of anatomical locations identified by the
between-group (CON vs. ALC) analysis, FA values did not differ significantly between
alcohol-exposed subjects with and without a FAS diagnosis. See Figure 2 for FA values
plotted by participant grouping.
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Between-group Comparison of Cerebral White Matter MD
Voxelwise comparison revealed fewer cerebral loci showing significantly different MD in
ALC vs. CON groups, compared to the FA analysis. Two areas emerged in support of our
hypothesis of higher MD in ALC than CON, that were both located in the left hemisphere:
one in the superior frontal lobe and another in the anterior limb of the internal capsule.
Additionally, there were two between-group differences in MD that did not support our
hypothesis, as these regions showed lower MD in ALC than CON. These findings were
localized to the fibers within the right inferior frontal lobe and the right temporo-parieto-
occipital junction.

Pearson's correlation coefficients revealed significant associations between MD and
participant age in two of the regions showing between-group MD differences: 1) right
temporo-parieto-occipital junction; r = −0.51, p = 0.007, and 2) left superior frontal lobe; r =
−0.53, p = 0.004. We conducted post-hoc analyses to examine the influence of age on the
relationship between group and MD in these regions. Age was entered into the first step of a
hierarchical regression model, followed by group status (ALC or CON). For both regions,
the two-step model was retained. Right temporo-parieto-occipital junction MD cluster: (F
(2, 24) = 9.21; p = 0.001; Adjusted R2 = 0.39; ΔR2 = 0.18); group status was a significant
predictor (p = 0.01), above and beyond participant age (p = 0.007). Left frontal MD cluster:
(F (2, 24) = 19.74; p < 0.001; Adjusted R2 = 0.59; ΔR2 = 0.34); group status was a
significant predictor (p < 0.001), above and beyond participant age (p < 0.001). In summary,
group status remains a significant predictor of MD within these regions, after accounting for
variance associated with participant age.

Lastly, we used ANOVA to investigate the impact of FAS diagnosis within the four regions
showing MD differences. As expected, omnibus effects were significant among the three
participant groupings for all regions described in Table 3 (0.001<p's<0.02); however, results
were non-significant at the Type I error corrected alpha level for individual contrasts
comparing MD of ALC participants with and without a FAS diagnosis (0.10<p's<0.79). This
suggests that MD values did not differ significantly between alcohol-exposed subjects with
and without a diagnosis of FAS, within the regions examined.

Discussion
In summary, we used TBSS to conduct a voxelwise comparison of cerebral white matter
microstructure in youth with and without FASDs, and observed a number of regions
showing lowered FA in alcohol-exposed participants, compared to typically developing
peers. Regions of between-group differences were concentrated mainly in white matter
innervating the bilateral medial frontal and occipital lobes, but were also observed in inferior
parietal white matter and in the body of the corpus callosum. While the majority of between-
group differences indicated that FA was lower in the ALC group than CON, there were
findings in the right posterior internal capsule and cingulum that showed the opposite
pattern. With regard to MD, there were two regions that supported our hypothesis of higher
MD in ALC than typically developing peers. MD was higher within the anterior limb of the
left internal capsule, and in an area of frontal white matter located superiorly in the anterior
left hemisphere. In addition, there were two regions in which MD was unexpectedly lower
in ALC than CON. These regions were located along a frontal inferior portion of the right
anterior corona radiata and within the right forceps major. We did not observe between-
group MD differences in the CC. Auxiliary analyses provide some evidence that FA and
MD findings were independent of participant age and, within the alcohol-exposed group,
largely independent of FAS diagnosis.
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Prominent FA deficits located bilaterally within the posterior corona radiata and forceps
major of the occipital lobes suggest that prenatal alcohol exposure was associated with
compromised white matter integrity in cortical areas associated with visual processing.
Visuospatial cognition is impaired in individuals with FASDs (Mattson and Riley, 1998),
and fetal alcohol exposure is associated with marked ocular abnormality and visual deficit,
including optic nerve hypoplasia, decreased visual acuity, abnormal retinal vasculature and
strabismus (Stromland, 2004). In addition to sensory organ damage, there is evidence that
the visual system is disrupted at a cortical level. Preclinical models have shown that
gestational alcohol exposure can disrupt ocular dominance plasticity (Medina et al., 2003),
cortical column organization and orientation selectivity in the visual cortex of the ferret;
these effects are not driven by decreased visual neuronal response as would be expected if
damage were solely ocular (Medina et al., 2005). Despite findings of occipital damage in
experimental models, volumetric studies of human brain structure have not identified the
occipital lobes as targets of alcohol teratogenesis, beyond global microcephaly. However, a
study of cortical thickness observed a relationship in typically developing comparison
subjects between cortical thinning in left occipital regions and better performance on a
visuospatial test that was not observed in the alcohol-exposed group, which may be
reflective of abnormal pruning and myelination processes in areas important for processing
visual information (Sowell et al., 2008b).

In addition to occipital regions, several frontal loci of low FA in the ALC group were
identified, mostly in superior frontal regions including bilateral anterior coronae radiatae,
and the right superior longitudinal fasciculus. There was one small area of high MD in the
ALC group in left superior frontal white matter pathways, further suggesting compromised
fiber integrity within superior frontal regions. In addition, the high diffusivity in the anterior
limb of the left internal capsule may be indicative of alterations in frontal-subcortical
connectivity. Executive dysfunction is well described in the neurobehavioral literature on
fetal alcohol effects (for review, see Mattson et. al, 2008). Moreover, at least some EF
deficits, such as those in set shifting and aspects of working memory, are associated with
FASDs independently of IQ, and thus may represent direct consequences of prenatal alcohol
exposure rather than effects mediated through general intellectual detriment (Connor et al.,
2000). Our findings suggest that fiber integrity within regions of the frontal lobes is
compromised and this may help to explain the behavioral profile of individuals with FASDs.
Also, there was an area of low FA located in the right inferior frontal cortex, which included
the frontal-occipital fasciculus, comprised of fibers thought to support spatial cognition
(Schmahmann and Pandya, 2006). Poor fiber integrity in this region may relate to
visuospatial processing and visuospatial attention deficits in affected individuals. Findings in
inferior parietal regions, including the right superior longitudinal fasciculus, may also
contribute to visuospatial deficits, including spatial working memory impairment, in this
population. Interestingly, inferior parietal regions are thought to be specifically vulnerable to
alcohol teratogenesis, with reports of parietal lobe hypoplasia occurring above and beyond
reduced total brain volume (Archibald et al., 2001) and inferior parietal shape abnormalities
(Sowell et al., 2002). Taken together, there is convergent evidence that alcohol teratogenesis
is associated with disruption of fronto-parietal integrity.

We also noted low FA in the body of the CC, although the location of the difference
diverges from previous DTI studies in this population, in which differences were observed
in the genu and splenium (Ma et al., 2005; Lebel et al., 2008), isthmus (Wozniak et al.,
2006), and lateral splenium (Sowell et al., 2008a). At a relaxed significance threshold of p =
0.07, the between group FA differences observed in the present study extend from the CC
body posteriorly to the isthmus, indicating a subthreshold effect of compromised fiber
integrity within the posterior CC. This is consistent with macrostructural studies that have
implicated the posterior CC as a target of alcohol teratogenesis (Sowell et al., 2001). It is
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possible that variability among CC-related diffusion findings reflects sampling differences
across studies. However, variable CC effects have been suggested in both clinical and
preclinical literature (Bookstein et al., 2002; Miller et al., 1999). Examination of the effect
of diagnosis within the alcohol-exposed group (FAS vs. PEA) revealed that the CC was the
sole region that differed from the consensus of findings that FA and MD did not differ
significantly from alcohol-exposed subjects with and without a diagnosis of FAS. Rather,
within the body of the CC, participants with FAS had lower FA than non-dysmorphic
alcohol-exposed subjects. This finding may provide further evidence for the notion that
alcohol-induced effects within the CC are especially variable.

Though the majority of between-group differences were in the direction of lower FA in ALC
than CON, the opposite pattern occurred in the posterior limb of the right internal capsule
and cingulum. Similarly, we found two regions, located in the right anterior corona radiata
and forceps major, in which MD was unexpectedly lower in ALC than CON. Typically,
higher FA and lower MD values are interpreted to indicate more coherent fiber structure.
Accordingly, regions of abnormally low anisotropy have been associated with numerous
developmental psychopathological conditions, including ADHD, generalized developmental
delay, autism and fragile X syndrome (for review, see Cascio et al., 2007). Thus, it is
possible that regions of high FA or low MD in the ALC group reflect sparing, or even
compensation. Alternatively, abnormally high FA can also be present in fiber bundles where
crossing fibers have been deleted by disease or trauma (Virta et al., 1999). Restricted
diffusion within in white matter in clinical compared to typically developing control groups
is not necessarily an indication of optimal cognition. For example, a recent clinical DTI
study observed abnormally high FA in the right superior longitudinal fasciculus in
association with visuospatial deficits in individuals with Williams syndrome (Hoeft et al.,
2007).

This study is limited by several factors. Our sample size is small and so results, particularly
regarding negative effects, must be considered in light of this fact. Owing to this limitation,
the comparable findings between alcohol-exposed youth with and without a diagnosis of
FAS ought to be considered preliminary, until replicated with a larger sample size. In
addition, youth with FASDs may be at risk for developing white matter damage from
etiological sources other than (or in addition to) gestational alcohol exposure. It is possible
that uncontrolled factors in this study, such as IQ differences, or factors not assessed such as
childhood trauma, contributed to the observed group differences in fiber integrity. Another
limitation rests on our relatively high functioning ALC sample, which did not differ from
our CON group on total brain volume. Indeed, only one child in our ALC sample had an IQ
<70. Though we did not exclude participants on the basis of IQ, the demands of the lengthy
scan acquisition protocol may have inadvertently discouraged participation of individuals
with lower IQ scores. These factors may limit the generalizability of these findings to other
individuals with histories of heavy prenatal alcohol exposure. Given this limitation, it is
possible that the findings presented in this study are a conservative account of the
microstrutural white matter abnormalities associated with FASDs. Despite these limitations,
this study's characterization of cerebral fiber structure in the context of prenatal alcohol
exposure points to various loci of compromised white matter integrity, particularly in frontal
and occipital regions. Future studies should seek to build upon the findings of the present
study by identifying cognitive performance correlates of the cerebral white matter
microstructural alterations described herein.
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Figure 1.
Selected areas (p<0.05, corrected) of lower FA in the ALC group than the CON group: A)
bilateral anterior/superior coronae radiatae, B) bilateral posterior coronae radiatae and
forceps major, and right uncinate/inferior fronto-occipital fasciculi, C) left anterior/superior
corona radiata, posterior corona radiata, and forceps major, and D) body of the CC.
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Figure 2.
Mean FA by diagnostic category: control (CON); nondysmorphic prenatal exposure to
alcohol (PEA); fetal alcohol syndrome (FAS). Note: numbers on X axis refer to regions of
FA group (CON vs. ALC) differences, as labeled in Table 2.
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Table 1

Sample demographics for youth in the alcohol-exposed (ALC) and non-exposed control (CON) groups

ALC (M±SD) CON (M±SD) p

N 15 12

Age (years) 13.85 ± 3.11 13.18 ± 2.94 n.s.*

Sex (% female) 33 50 n.s.

Race (% Caucasian) 73 58 n.s.

SES§ 48.63 ± 9.18 52.29 ± 13.23 n.s.

IQ† 87.79 ± 11.54 106.75 ± 14.90 0.001

Cranial Volume (cm3) 1229.67 ± 137.07 1325.15 ± 153.22 n.s.

Grey + White tissue Volume (cm3) 1076 .78 ± 142.28 1173.32 ± 144.67 n.s.

*
n.s. = non-significant (p > 0.05)

§
SES: Socioeconomic status as determined by Hollingshead's Four Factor Index.

†
IQ measured with Wechsler Intelligence Scale for Children
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Table 2

Regions of significant FA differences between alcohol-exposed (ALC) and non-exposed control (CON)
groups (n = 27, p<0.05, corrected)

# Location White Matter Tract Cohen's d Cluster
Volume
(mm3)

Regions Showing Decreased FA in ALC Group Compared to CON

1 R Occipital
Lobe

R Posterior Corona Radiata, Forceps
Major

1.54 388

2 R Temporo-parieto-
occipital Junction

R Posterior Corona Radiata, Sagittal
Stratum

1.57 245

3 L Superior Frontal
Lobe

L Anterior Corona Radiata/ Superior
Corona Radiata

1.40 119

4 L Occipital Lobe L Forceps Major 1.38 105

5 L Occipital Lobe L Forceps Major 1.27 79

6 L Temporo-occiptal
Junction

L Posterior Corona Radiata, Sagittal
Stratum

1.22 57

7 R Parietal Lobe R Superior Longitudinal Fasciculus 1.32 57

8 R Superior Frontal
Lobe

R Anterior Corona Radiata/ Superior
Corona Radiata

1.21 50

9 L Inferior Parietal
Lobe

L Posterior Corona Radiata 1.12 47

10 L Superior Frontal
Lobe

L Superior Corona Radiata 1.10 47

11 R Inferior Frontal
Lobe

R Uncinate Fasciculus 1.26 44

12 R Lateral Frontal
Lobe

R Superior Longitudinal Fasciculus 1.22 44

13 L Occipital Lobe L Posterior Corona Radiata 1.12 40

14 R Lateral Frontal
Lobe

R Uncinate Fasciculus, Fronto-
Occipital Fasciculus

1.32 36

15 L Superior Frontal
Lobe

L Anterior Corona Radiata/ Superior
Corona Radiata

1.10 36

16 L Frontal Lobe L Anterior Corona Radiata 1.09 34

17 Corpus Callosum
Body

Corpus Callosum 1.27 24

Regions Showing Decreased FA in CON Group, Compared to ALC

18 R Subcortex R Posterior Limb of Internal Capsule −1.70 85

19 R Subcortex R Posterior Limb of Internal Capsule −1.36 34

20 R Cingulate Gyrus R Cingulum −0.98 34

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fryer et al. Page 16

Table 3

Regions of significant MD differences between alcohol-exposed (ALC) and non-exposed control (CON)
groups (n = 27, p<0.05, corrected)

Location White Matter Tract Cohen's d Cluster
Volume
(mm3)

Regions Showing Increased MD in ALC Group Compared to CON

L Subcortex L Internal Capsule, anterior limb 1.61 39

L Superior Frontal
Lobe

White matter lateral to L Anterior
Corona Radiata

1.17 34

Regions Showing Decreased MD in ALC Group Compared to CON

R Inferior Frontal
Lobe

R Anterior Corona Radiata −1.30 42

R Temporo-occipito-
parietal junction

R Forceps Major −1.04 38
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