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Children of mothers who abuse alcohol during pregnancy can
suffer varying degrees of neurological abnormality, cognitive
impairment, and behavioral problems, and in the worst case,
are diagnosed with fetal alcohol syndrome (FAS). The purpose
of the present study was to localize brain abnormalities in a
group of children and adolescents prenatally exposed to
alcohol using high resolution, 3D structural MRI data and
whole-brain voxel-based morphometry (VBM). Data were
collected for 21 children and adolescents with histories of
prenatal alcohol exposure (ALC) and 21 normally developing

individuals. Statistical parametric maps revealed abnormalities
most prominent in the left hemisphere perisylvian cortices of
the temporal and parietal lobes where the ALC patients tended
to have too much gray matter and not enough white matter.
These results provide further support for dysmorphology in
temporo-parietal cortices above and beyond the overall micro-
cephaly that results from severe prenatal alcohol exposure.
NeuroReport 12:515±523 & 2001 Lippincott Williams & Wilk-
ins.
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INTRODUCTION
Few neuroimaging studies in the literature have focused
on fetal alcohol syndrome (FAS), despite its relatively
common occurrence (�0.33/1000 [1]), and the well-docu-
mented teratogenic effects of prenatal exposure to alcohol
described with animal models [2]. Microcephaly and neu-
ronal migration abnormalities are among the most com-
monly observed anomalies in the few autopsy studies in
the literature, and callosal and cerebellar vermal abnormal-
ities have also been reported [3]. In vivo MRI studies have
con®rmed microcephaly [4±7], callosal area [8], basal gang-
lia [4±6], mesial temporal lobe [9] and cerebellar vermal
abnormalities [10] in FAS patients.

In a recent report, we described abnormalities in the
shape and location of the corpus callosum that were
con®ned to posterior splenium and isthmus regions in
children and adolescents prenatally exposed to alcohol
(ALC patients) [7]. This would suggest that more distal
cortices connected by the posterior regions of the corpus
callosum might be more severely affected in ALC patients
while the more anterior cortices connected via the anterior
body and genu regions of the corpus callosum remain less
affected. This hypothesis is consistent with volumetric
studies of some of the same patients studied here that

reveal disproportionate volume reductions in white matter
relative to gray matter, most prominently in parietal
regions [6] (those probably innervated by posterior callosal
®bers [11]). While these studies have provided some
converging evidence for regional speci®city of brain ab-
normalities as a result of prenatal exposure to alcohol, the
spatial localization of dysmorphology has been assessed
only at the relatively gross level of cortical lobes and
subcortical structures [6].

The purpose of the present study was to localize brain
abnormalities in a group of children and adolescents
prenatally exposed to alcohol using whole-brain voxel-
based morphometry (VBM). Using these methods, the
whole brain can be analyzed at once without the labor-
intensive slice-by-slice region de®nition required of volu-
metric studies. Additionally, brain regions without clear
gyral or structural boundaries (i.e. white matter) can also
be assessed with VBM. Similar methods have been used to
study other developmental disorders such as autism [12]
and childhood-onset schizophrenia [13].

Given that posterior callosal regions are abnormal in
these ALC patients [7], and volumetric studies have shown
abnormalities somewhat speci®c to the parietal lobes [6],
we predicted that we would see more abnormalities in the



posterior temporo-parietal junction in the ALC patients
and that the abnormalities would be better localized than
in prior volumetric studies.

MATERIALS AND METHODS
Subjects: Twenty-one children, adolescents, and young
adults with prenatal alcohol exposure who were between
the ages of 8 and 22 years (mean� s.d. 13� 4 years; 11
female, two left handed) were studied with MRI. All
alcohol-exposed children were evaluated by a dysmorphol-
ogist, and all of the children and young adults had
histories of heavy prenatal alcohol exposure. Results from
neuropsychological testing in these subjects are presented
elsewhere [14,15]. Fourteen had the characteristic facial
appearance [16] that allowed for a diagnosis of fetal alcohol
syndrome (FAS; mean age 12.6� 4 years, eight female, one
left handed). Seven other subjects did not have the facial
features to warrant a diagnosis of FAS (mean age 13� 3.8
years, three female, one left handed) but were exposed to
large quantities of alcohol in utero (prenatally exposed to
alcohol; PEA). The alcohol-exposed subjects were com-
bined for the basic analyses, though some post-hoc analyses
were conducted with the 14 FAS and seven PEA subjects
in separate groups. Mothers of all 21 ALC subjects were
known from medical, personal, or relative reports to be
alcohol abusers and to have continued drinking heavily
during their pregnancies. Speci®cs about the amount of
alcohol consumed during pregnancy were not available.

Twenty-one normal children, adolescents and young
adults between 8 and 25 years were studied as a compari-
son group (mean age 13.5� 5 years, 12 female; all right
handed). All child and adolescent subjects were recruited
as normal controls for a large, multidisciplinary neuro-
developmental research center or for the Center for Beha-
vioral Teratology, both in San Diego. Each subject was
screened for neurological impairments and for any history
of learning disability, or developmental delay. Informed
consent was obtained from all children and their parents.
The young adult subjects were recruited as normal controls
for neuropsychiatric studies of adult patient populations.
These subjects were thoroughly screened for medical,
neurological, and psychiatric disorders, and informed con-
sent was obtained from each subject.

The subjects studied here (ALC and control subjects) are
the same patients examined earlier in our report on callosal
abnormalities [7]. These subjects (ALC patients and con-
trols) also comprise a subset of a larger group studied
earlier with volumetric methods [6].

Imaging protocol: MRI was performed with a 1.5 T mag-
net (Signa: General Electric, Milwaukee). A gradient-echo
(SPGR) T1-weighted series was collected for each subject
with TR� 24 ms, TE� 5 ms, NEX� 2, ¯ip angle� 458, ®eld
of view 24 cm, section thickness 1.2 mm, no gaps (shown in
Fig. 1), with an imaging time of 19 min.

Image Analysis: Image preprocessing methods are de-
scribed in detail in an earlier report [17], and are brie¯y
summarized here. First, image data was resliced into a
standard orientation by trained operators tagging 10 stan-
dardized anatomical landmarks in each subject's image
data set that corresponded to the same 10 anatomical

landmarks de®ned in an average brain atlas (ICBM-305)
[18]. This reslicing step was performed only to provide
image analysts with a standard view of the brain, making
it easier to apply standardized rules for de®ning cerebral
and non-cerebral regions. A 3-dimensional spatial ®lter
was then applied to each brain volume to remove low
frequency changes, or drifts in signal value across the
volume that commonly occur as a result of magnet
inhomogeneity artifact. This step is important for accurate
gray matter/white matter tissue classi®cation. Semi-auto-
mated tissue segmentation was then conducted for each
spatially ®ltered volume data set to classify voxels based
on signal value as most representative of gray matter,
white matter, or cerebrospinal ¯uid (CSF). A detailed
discussion of the reliability and validity of the tissue
segmentation protocol is presented in Sowell et al. [17]. A
sample tissue segmented image slice can be viewed in Fig.
1. Tissue classi®ed images were then used to aid in
creating a mask of the brain where the CSF around the
outer edge of the cortex (in most places) could be used as a
prede®ned border between brain and skull. Using the brain
mask, non-brain tissue and cerebellar structures were then
removed from the image volumes.

Fig. 1. Representative axial slices from one individual subject illustrating
the gray-scale T1-weighted protocol (a), tissue segmentation where
voxels most representative of gray matter are shown in blue, white
matter in red, and CSF in green (b), binarized image where all gray
matter voxels are labeled 1, and all non-gray matter voxels are labeled 0
(c), and gray matter binary image smoothed with an 8 mm FWHM kernel
(d).
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The tissue classi®ed supratentorial volume from each
subject was scaled into a standard space using an auto-
mated 12 parameter linear transformation [19]. This proce-
dure, in effect, removes variability due to head size
differences. After spatial normalization, the segmented
volumes were binarized to include only voxels that seg-
mented as gray matter (blue regions in Fig. 1) as one data
set, and voxels that segmented as white matter (red regions
in Fig. 1), as a second data set. Both were imported into the
SPM99 software [20]. The spatially normalized gray and
white matter maps were smoothed with an 8 mm FWHM
isotropic Gaussian kernel to create a spectrum of gray or
white matter intensities needed for the statistical analyses
(see sample smoothed gray matter image in Fig. 1).

Statistical analyses: Previous reports have shown a simi-
lar pattern of dysmorphology in the FAS and PEA groups
[6,7]. Thus to maximize statistical power, the planned
analyses were conducted with all 21 ALC patients.

Volumetric measures of total supratentorial intracranial
volume (SIV; in native space prior to scaling), total gray
matter, total white matter, and total CSF were assessed for
group differences with t-tests. Next, total gray matter, total
white matter, and total CSF were assessed for group
differences in three separate simultaneous multiple regres-
sion analyses where both group membership and total SIV
were used to predict the volume measure of interest (i.e.
gray matter, white matter or CSF). In this way, it could be
determined how much of the group difference in each
tissue type was accounted for by generalized brain volume
reduction.

We used VBM to localize morphological differences
between the 21 ALC subjects and the 21 controls (using
SPM99 software [20]). VBM analyses, which allow assess-
ment of group differences at every point in the brain, result
in statistical parametric maps (SPMs) showing a t-statistic
at every voxel. Inferences about the localization and
regional speci®city of brain tissue abnormalities (gray
matter or white matter) can be made based on the resultant
maps. Here, two basic analyses were conducted: one
contrast assessing localization of gray matter differences
between ALC and control groups and the other contrast
assessing localization of white matter differences between
ALC and control groups. For both analyses, we required
that each voxel be different between groups using a thresh-
old of p� 0.0001 to be considered signi®cant. Additionally,
only clusters extending to > 50 contiguous voxels (signi®-
cant at p� 0.0001) were considered signi®cant. These
thresholds were chosen because they seemed to best
characterize expected structural differences between
groups and are similar to those we have used in previous
studies [17,21].

In order to assess the validity and overall statistical
signi®cance of the gray and white matter SPMs, the ALC
subjects and controls were randomly assigned to groups
for 20 new analyses (for each tissue type) from which the
results (using the same voxel threshold of p� 0.0001 and
extent threshold of > 50 voxels as the group comparisons)
were tabulated. In these analyses, we counted the number
of signi®cant clusters revealed in the group difference
analyses and compared that number to the number of
signi®cant clusters revealed in the randomized SPMs. This

randomization approach has been reported previously as a
method for protecting against false positive errors given
the large number of multiple comparisons required for
VBM [13,17,21,22]. Randomization is essential in this type
of analysis (i.e. where structural imaging data are as-
sessed). This is because false positive errors have an
unacceptably high rate when using SPM99's correction for
multiple comparisons which relies on the theory of Gaus-
sian random ®elds [23,24]. The number of false positives
varies depending on the required cluster size, extent
threshold and the spatial smoothness of the residuals of
the statistical model [23]. Thus, while a recent methodolo-
gical report has shown that the use of a theoretical null
distribution is inappropriate in VBM analyses that use
SPM99's correction for multiple comparisons [23] this is
not the case when one relies on randomization, as we did
here, to protect against type 1 error.

Post hoc SPM analyses were conducted to assess for gray
matter differences between the 14 FAS patients and control
subjects, and then between the seven PEA patients and
control subjects. This was in order to determine whether
differences in the patterns of tissue distribution occurring
in individuals with milder symptoms of prenatal alcohol
exposure could also be detected with VBM.

RESULTS
Volume measures: All volume measures reported here are
for supratentorial regions computed in native space (before
spatial normalization). Signi®cant group differences were
observed for total intracranial volume (t� 4.5, p , 0.001),
total gray matter volume (t� 2.8, p , 0.01), total white
matter volume (t� 4.8, p , 0.001), and total CSF volume
(t� 3.5, p, 0.01). In all cases, the ALC patients had smaller
volumes than the controls. Results from the simultaneous
multiple regression analyses revealed a partial correlation
between group membership and the measure of total white
matter that was no longer signi®cant when SIV was used
as an additional predictor. The same was true for CSF. This
suggests that group differences in these measures are not
independent of overall SIV reduction. The partial correla-
tion coef®cient for gray matter, however, was still at trend
level signi®cance in predicting group membership
(â� 0.16, p� 0.08) even when the highly signi®cant effects
of SIV were controlled (â� 0.98, p , 0.001). Notably, the
group effect indicates that relative to the overall reduced
brain volume, the ALC patients may have too much gray
matter.

Gray matter SPM: The SPM of the gray matter differ-
ences (voxel threshold p , 0.0001) between the two groups
shows 17 signi®cant clusters of > 50 signi®cant voxels with
a large cluster in the left posterior temporo-parietal cortex
that tends to segment as gray matter in the ALC group and
not gray matter (e.g. white matter or CSF) in the controls.
The SPM can be seen mapped onto the spatially normal-
ized surface rendering of one individual's brain in Fig. 2,
and mapped onto orthogonal slices of the same individual
in Fig. 3. Note that only clusters near the surface of the
brain can be seen on the surface rendering in Fig. 2, and
deeper clusters are mapped onto orthogonal slices shown
in Fig. 3. No signi®cant clusters were observed in the
opposite contrast for regions of gray matter in the controls
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Fig. 2. Gray matter SPM showing regions that tend to segment as gray matter in the ALC subjects and non-gray matter in the controls mapped onto
a surface rendering of one representative subject's brain. Note that only clusters near the surface of the brain are shown on the surface rendering and
clusters deeper within the brain can be seen mapped onto the orthogonal slices.

Fig. 3. Gray matter SPM mapped onto three orthogonal slices of one individual subject's brain. In blue are regions that segmented as gray matter in
the ALC patients and non-gray matter in the controls (Top), white matter SPM where regions in red represent voxels that segment as white matter in
the controls and non-white matter in the ALC patients.
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that segment as non-gray matter in the ALC group (with
voxel threshold p� 0.0001, > 50 signi®cant voxels). These
data are presented in Table 1 where the Talairach coordi-
nate [25] and z-score for the most signi®cant voxel in each
of the 17 clusters are reported in addition to the number of
signi®cant voxels in each cluster.

Permutation tests were conducted to con®rm the signi®-

cance of group differences between the ALC subjects and
controls. In 20 new tests where subjects were randomly
assigned to groups and the same voxel threshold and
cluster size were used as in the group test, an average of
0.3 signi®cant clusters occurred by chance. The maximum
number of signi®cant clusters in any one randomized gray
matter SPM was 1, compared with the 17 signi®cant

Table 1. Talairach coordinates and z-scores for the most signi®cant voxel in each of the clusters, and volumes for all signi®cant clusters in the gray
and white matter SPMs.

Gray matter SPM White matter SPM

Cluster No. Cluster Size z-score x,y,z (mm) Cluster No. Cluster Size z-score x,y,z (mm)

1 10516 ÿ5.82 ÿ63,ÿ30,ÿ2 1 4872 ÿ5.54 ÿ62,ÿ30,ÿ2
2 275 ÿ5.01 59,ÿ27,17 2 262 ÿ5.18 59,ÿ27,17
3 69 ÿ4.62 30,ÿ27,65 3 1061 ÿ4.81 ÿ1,26,48
4 423 ÿ4.57 ÿ58,ÿ14,ÿ12 4 534 ÿ4.81 ÿ59,ÿ43,33
5 63 ÿ4.33 52,26,17 5 1069 ÿ4.57 ÿ58,ÿ35,48
6 272 ÿ4.29 ÿ5,27,46 6 202 ÿ4.43 ÿ2,ÿ40,45
7 116 ÿ4.21 ÿ58,ÿ22,42 7 57 ÿ4.36 30,ÿ27,65
8 305 ÿ4.17 ÿ29,35,56 8 77 ÿ4.29 ÿ20,ÿ65,45
9 54 ÿ4.14 ÿ20,ÿ65,45 9 64 ÿ4.25 ÿ13,40,35

10 104 ÿ4.14 64,ÿ35,3 10 82 ÿ4.24 ÿ48,ÿ2,59
11 80 ÿ4.11 63,ÿ11,ÿ17 11 103 ÿ4.18 63,ÿ35,2
12 64 ÿ4.06 ÿ8,44,22 12 114 ÿ4.13 39,29,31
13 63 ÿ4.04 57,ÿ7,37 13 53 ÿ4.09 29,ÿ16,ÿ14
14 113 ÿ4.01 47,33,32 14 143 ÿ4.08 ÿ13,ÿ71,ÿ3
15 53 ÿ4.00 59,ÿ33,35 15 115 ÿ4.08 ÿ27,7,ÿ28
16 168 ÿ3.95 4,ÿ44,16 16 85 ÿ4.07 44,49,ÿ7
17 118 ÿ3.95 ÿ56,ÿ52,ÿ13 17 86 ÿ4.06 63,ÿ27,47

18 218 ÿ4.06 62,ÿ33,35
19 103 ÿ4.04 ÿ32,ÿ74,ÿ11
20 81 ÿ4.04 ÿ3,ÿ50,29
21 75 ÿ4.02 55,ÿ8,37
22 94 ÿ4.02 ÿ64,ÿ47,1
23 75 ÿ4.00 ÿ56,ÿ13,38
24 96 ÿ3.99 ÿ1,43,20
25 67 ÿ3.90 60,ÿ15,47

Fig. 4. SPMs for gray matter group difference (left) and for gray matter where subjects were randomly assigned to groups (right). The random map
shows a single, small, circumscribed, cluster that occurred by chance which is quite dissimilar to the large regionally speci®c cluster observed in the real
group difference gray matter SPM.
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clusters in the group comparison ( p , 0.05, permutation
test). A sample gray matter random SPM can be seen in
Fig. 4 in relation to the SPM for the group difference.

White matter SPM: The SPM of the white matter differ-
ences (voxel threshold p� 0.0001) between the two groups
is shown mapped onto the spatially normalized surface
rendering of one individual's brain in Fig. 5, and mapped
onto orthogonal slices of the same individual in Fig. 3. The
white matter SPM has 25 signi®cant clusters of > 50 signi®-
cant voxels with the largest cluster in the left posterior
temporo-parietal region, spatially corresponding to the
largest cluster observed in the gray matter SPM. These
voxels tended to segment as white matter in the controls
and not white matter (e.g. gray matter or CSF) in the ALC
group. Again, no signi®cant clusters were observed in the
opposite contrast. Scatterplots of the signal value by group
effect for the most signi®cant voxel in the temporal lobe
region for the gray and white matter SPMs can be seen in
Fig. 6. Details for the 25 signi®cant clusters are presented
in Table 1.

Permutation tests using the same thresholds as the
group test revealed an average of 0.7 signi®cant clusters
occurring by chance in the 20 random white matter SPMs.
The maximum number of signi®cant clusters in any one
randomized SPM was four compared to the 25 signi®cant
clusters in the group comparison ( p , 0.05, permutation
test).

FAS vs control SPM: The SPM of the gray matter
differences (voxel threshold p , 0.0001) between the 14
FAS subjects and the 21 controls reveals 30 clusters of > 50
signi®cant voxels. The pattern is very similar to that
observed for the combined ALC group where the largest
cluster is in the left posterior temporo-parietal cortex.
Again, this region tends to segment as gray matter in the
FAS group and not gray matter in the controls. The SPM
can be seen mapped onto the spatially normalized surface
rendering of one individual's brain and mapped onto
orthogonal slices of the same individual in Fig. 7 (shown in

red). Note the overlap with the total ALC group vs control
differences (mapped on the same brain surface in green) is
almost complete, with the FAS vs control comparison
yielding slightly larger clusters centered within �4 mm of
the same peak voxel (e.g. Talairach coordinates ÿ63, ÿ30,
ÿ2 for all ALC patients vs controls and coordinates ÿ65,
ÿ33, ÿ4 for the FAS vs control comparison).

PEA vs control SPM: The SPM of gray matter differences
between the seven PEA subjects and the 21 controls
revealed 16 signi®cant clusters (voxel threshold p� 0.001)
with > 50 signi®cant voxels, one of which was in the left
temporo-parietal region within �2 mm of the same peak
voxel (Talairach coordinates ÿ61, ÿ29, ÿ3) as the other
two gray matter SPMs (i.e. ALC vs control and FAS vs.
control). The results were somewhat less robust (note the
lower voxel threshold used here), either because of a
smaller sample size, or because the PEA patients are less
severely affected than the FAS patients. The SPM can be
seen mapped onto the spatially normalized surface render-
ing of one individual's brain and mapped onto orthogonal
slices of the same individual in Fig. 7 (shown in blue).
Again, there is considerable overlap of the clusters in the
PEA vs control comparison as observed in the other two
gray matter SPMs.

DISCUSSION
Voxel-by-voxel analyses of gray matter and white matter
tissue maps reveal regional brain abnormalities in the ALC
subjects that are generally consistent with our a priori
hypotheses, and consistent with the brain imaging litera-
ture on prenatal alcohol exposure. Abnormalities are found
primarily in a large region of the posterior temporo-
parietal cortex in the left hemisphere where ALC patients
tend to have too much gray matter and too little white
matter. Interestingly, posterior callosal ®bers connect tem-
poro-parietal cortices between the two hemispheres and
this is the same region of the corpus callosum found to be
abnormal in these subjects in an earlier study [7]. Volume
reductions of gray and white matter in the parietal lobes

Fig. 5. White matter SPM showing regions that tend to segment as white matter in the controls and non-white matter in the ALC subjects mapped
onto a surface rendering of one representative subject's brain.
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have also been observed in these patients, though hemi-
spheric measures were not presented in the earlier report
[6]. The regional differences in tissue distribution do not
appear to strongly in¯uence overall volumes of gray matter
and white matter in these patients given that total white
matter volume is not reduced disproportionate to brain
size reduction in the ALC patients. There is only a trend
towards a volume increase in gray matter in the ALC
subjects relative to controls once brain size differences are
controlled. Perhaps the subtle increase in total gray matter
in ALC patients is disproportionately carried by a larger
relative increase in gray matter speci®c to the perisylvian
region in the left hemisphere. Taken together, these results
provide evidence for local dysmorphology above and
beyond the overall microcephaly that results from severe
prenatal alcohol exposure.

As in our previous reports of brain morphology in ALC
patients [6,7], the PEA subjects also displayed an abnormal
pattern of tissue distribution revealed here with VBM.
Notably, the pattern of results from gray matter SPMs in
PEA patients relative to controls was spatially similar to
that observed for the entire group of ALC patients and for
the FAS patients compared to controls, but the statistical
effect was much smaller. The FAS group without the PEA
subjects appear to be more severely affected (i.e. larger
clusters at the same statistical threshold), despite some-
what reduced statistical power with the reduced sample
size. PEA patients are not as severely cognitively affected
as the FAS patients [14]. Perhaps in a similar vein, their
brain morphology is also less severely affected by the
prenatal alcohol exposure. It should be noted, however,
that statistical power was signi®cantly reduced with only
seven PEA patients, relative to the 21 ALC patients studied

in the planned analyses. Thus, it is possible that with a
larger sample larger differences in brain morphology
would also be observed. Regardless, differences were ob-
served in the PEA patients, again, illustrating that they do
have brain dysmorphology in the absence of facial dysmor-
phology required for the diagnosis of FAS.

Strictly speaking, direct conclusions about the localiza-
tion of abnormalities cannot be made with these data. That
is, while left perisylvian cortices appear to be the most
affected in the SPMs, one cannot conclude that other
regions are completely unaffected by prenatal alcohol
exposure. Nor can one conclude that the left perisylvian
region is necessarily more affected than any other region.
This is because the statistical signi®cance of the difference
in effect sizes in various regions of the brain has not been
assessed in the VBM analyses. Other regions of the brain
are probably affected beyond the overall microcephaly
resultant from prenatal exposure to alcohol, though they
are not apparent at the voxel threshold utilized for these
analyses. Nonetheless, it can be con®dently concluded
from these results that the statistical distribution of effects
related to prenatal alcohol exposure is most prominent in
the perisylvian cortex, an anatomic region consistent with
our a priori hypotheses.

The etiology of the abnormalities observed in the ALC
patients cannot be directly assessed with MRI. However,
the general location of gross dysmorphology in relatively
lateral cortices and the tendency for ALC subjects to have
too little white matter with too much gray matter lead to
speculation regarding the cellular developmental processes
which may have gone awry. Animal studies have shown
that prenatal alcohol exposure during different periods of
brain development can result in regional differences in cell

Fig. 6. Scatterplots representing the group effect for gray matter signal differences (left) and white matter differences (right) in the left temporal lobe
at Talairach coordinates ÿ63, ÿ30, ÿ2. Note that this general voxel location (within a 1 mm radius) was the most signi®cant in both the gray and white
matter SPMs representing a region where there is too much gray matter and too little white matter in the ALC patients. The mean for each group is
represented by the black diamond symbols in each graph.
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death depending on the timing of the exposure [26]. In
addition to cell death, depending on the timing, alcohol
can disrupt the division and proliferation of new cells, cell
growth, and differentiation and migration patterns [27].
These cellular events might result in local abnormalities of
gray matter observable with MRI. Regional glial cell
abnormalities such as in aberrant myelinogenesis and
neuroglial heterotopias are also prominent in animals
prenatally exposed to alcohol, [28]. These cellular events
could be related to the regionally variable reduction of
white matter observed in the ALC subjects.

Less understood from human or animal research is the
link between exposure to alcohol at a static point in
embryogenesis, and the disruption of cellular events that
occur much later in development. For example, myelina-
tion continues to occur in humans into the third decade of
life and beyond [29], long after prenatal exposure to
alcohol has ceased. Brain maturational changes, probably
continued myelination, have been observed in humans in
vivo using methods similar to those reported here
[17,21,30]. Longitudinal MRI studies of maturation in

individuals prenatally exposed to alcohol may help shed
light on the long-term effects of alcohol and its interaction
with developmental processes.
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