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Abstract
Background—Many children with heavy exposure to alcohol in utero display characteristic
alterations in brain size and structure. However, the long-term effects of low-to-moderate alcohol
exposure on these outcomes are unknown.

Methods—Using voxel-based morphometry and region-of-interest analyses, we examined the
influence of lower doses of alcohol on gray and white matter composition in a prospectively
recruited, homogeneous, well-characterized cohort of alcohol-exposed (n=11, age 19.5±0.3 yr)
and control (n=9, age 19.6±0.5 yr) young adults. A large proportion of the exposed individuals
were born to mothers whose alcohol consumption during pregnancy was in the low-to-moderate
range.

Results—There were no differences in total brain volume or total gray or white matter volume
between the exposed and control groups. However, gray matter volume was reduced in alcohol-
exposed individuals in several areas previously reported to be affected by high levels of exposure,
including the left cingulate gyrus, bilateral middle frontal gyri, right middle temporal gyrus, and
right caudate nucleus. Notably, this gray matter loss was dose dependent, with higher exposure
producing more substantial losses.

Conclusions—These results indicate that even at low doses, alcohol exposure during pregnancy
impacts brain development and that these effects persist into young adulthood.
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INTRODUCTION
Prenatal alcohol exposure (PNAE) influences fetal as well as postnatal brain development
and its impact on behavior can be devastating. Heavy prenatal exposure frequently leads to
fetal alcohol syndrome (FAS), with its defining phenotypic triad of facial dysmorphic
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features, pre and/or post-natal growth deficiency, and central nervous system dysfunction
(Benz et al., 2009). Many individuals with a history of alcohol exposure in utero who do not
meet the diagnostic criteria for FAS–specifically the facial dysmorphology–nonetheless
exhibit one or more of its phenotypic characteristics. These individuals, together with those
diagnosed with FAS, meet the broader diagnostic criteria of fetal alcohol spectrum disorder
(FASD). With an estimated prevalence of 2-5%, FASD is the leading preventable cause of
neurocognitive deficits and mental retardation in the United States (May et al., 2009).
Moderate-to-heavy alcohol exposure in utero has been associated with neurocognitive
deficits across several domains, including IQ (Streissguth et al., 1990; Jacobson et al., 2004),
number processing (Burden et al., 2010; Jacobson et al., 2010), attention (Coles et al., 1997;
Burden et al., 2005), verbal learning and memory (Mattson et al., 1996; Willford et al.,
2004; O’Leary et al., 2011), visuospatial abilities, executive functioning, fine and gross
motor skills, social and adaptive functioning (Guerri et al., 2009; Kodituwakku, 2009), and
impaired eyeblink conditioning (Jacobson et al., 2011; Jacobson et al., 2008) .

Neuroimaging studies have consistently shown global volume reductions as well as absolute
reductions in the frontal, temporal, and parietal lobes in individuals with a history of heavy
in utero exposure (Archibald et al., 2001; Lebel et al., 2008; Li et al., 2008; Mattson et al.,
1994; Swayze et al., 1997; Sowell et al., 2002a; Sowell et al., 2002b; Willoughby et al.,
2008). Local volume reductions and/or dysmorphisms have been demonstrated in the corpus
callosum, caudate nucleus, hippocampus, and cerebellum. Similar structural brain changes
have been found in children and adolescents exposed to alcohol in utero who do not meet
criteria for FAS, including abnormalities in corpus callosum shape (Bookstein et al., 2007),
reductions in caudate volume (Archibald et al., 2001), and decreased cerebellar surface area
and volume (Autti-Ramo et al., 2002; O’Hare et al., 2005; Sowell et al., 1996). Astley and
colleagues (Astley et al., 2009a; Astley et al., 2009b) further reported that when grouped by
severity of phenotype based on growth deficiency, FAS facial phenotype, CNS
abnormalities, and prenatal alcohol exposure, there is a linear decrease in absolute volume in
the frontal lobes, caudate nucleus, and hippocampus as well as a relative volume decrease in
the corpus callosum.

While the effects of heavy prenatal alcohol exposure on brain development have been
documented in several studies, the influence of low-to-moderate levels of alcohol exposure
on brain structure in humans remains uncertain. Several factors contribute to this
uncertainty, including the variable presentation of FASD and the difficulty of establishing an
accurate exposure history in older volunteers (May et al., 2009; Rasmussen et al., 2010).
Furthermore, the brain undergoes considerable structural remodeling throughout the first
two decades of normal development, and little is known about the longer-term impact of
low-to-moderate exposure in utero. In this study, we examined the influence of low-to-
moderate levels of prenatal alcohol exposure on brain structure in a sample of young African
American adults recruited from the Detroit Fetal Alcohol and Drug Exposure Cohort whose
in utero exposure and subsequent neurocognitive development from birth to the age of 19
years have been carefully characterized (Jacobson et al., 2002). We hypothesized that in this
prospectively recruited, well-documented, racially homogeneous, tightly age-matched study
cohort, lower levels of in utero exposure would be associated with dose-dependent structural
alterations in one or more of the developmentally vulnerable brain areas identified in
previous studies of high exposure.

MATERIALS AND METHODS
Participants

Participants were members of the Detroit Fetal Alcohol and Drug Exposure Cohort, which
consisted of 480 African American infants whose mothers were recruited at their first
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prenatal visit to an inner-city maternity hospital (23.4 ± 7.9 wk gestation, mean ± SD)(4).
Incidence and daily maternal alcohol and drug use at time of each prenatal visit were
determined using a timeline follow-back approach (Jacobson et al., 2002). At recruitment,
mothers were also asked to recall day-by-day drinking and substance use around the time
they became pregnant (i.e., conception). Prenatal recruitment enabled contemporaneous
monitoring of maternal substance use during pregnancy, thus maximizing the accuracy of
this assessment. All women who reported alcohol consumption at conception averaging at
least 7 drinks/week, a 5% random sample of lower level drinkers and abstainers, and 78
heavy cocaine (> 2 days/week)/light alcohol users (< 7 drinks/week) were recruited. Volume
was recorded for each type of beverage consumed daily, converted to absolute alcohol (AA)
units (Bowman et al., 1975), where one oz AA/day is the equivalent of two standard drinks
of beer, wine, or liquor. AA units were averaged across the clinic visits to provide a
contemporaneous report of oz absolute alcohol/day during pregnancy.

Current Sample
The neuroimaging sample was recruited from the first 128 subjects of the larger Detroit
Cohort who participated in 19-year neurocognitive and electrophysiological follow-up
studies conducted at Wayne State University. The current study used a 3 (prenatal alcohol,
prenatal cocaine, nonexposed controls) X 2 (ADHD present/absent) design in which
approximately equal numbers of participants from these six groups were invited to
Vanderbilt University for neuroimaging. Exclusion criteria included left-handedness,
pregnancy, currently not living in metropolitan Detroit, claustrophobia, fear of flying, and
body weight and girth exceeding scanner limitations. Written informed consent was
obtained from the mothers at recruitment into the longitudinal study and at follow-up visits
and from the young adults to participate in this phase of the study. Approval for human
research was obtained from the Human Investigation Committee at Wayne State University
and the Institutional Review Board at Vanderbilt University.

This paper reports neuroimaging data from 11 participants (10 male, 1 female; age 19.5±0.3)
who were exposed to >0.1 oz AA/day in utero (the “exposed” group) and 9 (4 male, 5
female, age=19.6±0.5) whose mothers abstained or drank at very low levels (≤0.1 oz AA/
day) during pregnancy (the “control” group), who consented to participate in the
neuroimaging studies. Among the exposed group, those whose mothers drank 0.11-0.499 oz
AA/day and did not engage in binge drinking (< 4 standard drinks/occasion), were
considered to have low exposure (n=4), and those whose mothers drank ≥ 0.5 oz AA/day or
showed a pattern of binge drinking were considered moderate-to-heavily exposed (n=7).
Only one member of the latter group was very heavily exposed (≥2.0 oz AA/day) and was
the only participant showing the FAS phenotype. Mothers of two participants from the
control group smoked cigarettes during pregnancy, compared with nine of the light and
moderate-to-heavy alcohol users. Three participants from the latter group were also exposed
to cocaine during pregnancy (range = 0.3-2.0 days/month); one was exposed to opiates, and
none to depressants or stimulants other than cocaine. Mothers of one participant from the
control group and three from the exposed group smoked marijuana during pregnancy.

Table 1 summarizes the demographic background characteristics and prenatal exposures of
this sample. The exposed and control groups did not differ in age at scan, years of education,
or other demographic characteristics except for a disproportionately larger number of males
and greater incidence of maternal smoking during pregnancy in the exposed group. Five of
the 20 participants reported using alcohol on 1-3 occasions within the previous month and
on those occasions alcohol intake ranged from 3-10 drinks (median = 5 drinks). Eight
participants reported having tried marijuana at some time, but only three had used it within
the previous month: one daily and the others once and twice, respectively. The individual
who used marijuana daily was the only participant who had tried opiates or cocaine. Only

Eckstrand et al. Page 3

Alcohol Clin Exp Res. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



three individuals reported smoking: two smoked 1 pack of cigarettes/day; the other, 5
cigarettes/day.

Structural Image Acquisition
Participants were transported to the airport by our research staff and flown from Detroit to
Nashville for the neuroimaging component of this study, where they were met by research
staff at the boarding gate upon arrival and transported to and housed at the Vanderbilt
University Clinical Research Center. All participants completed a practice MRI session in a
mock scanner on the day of arrival for acclimation to the scan environment and introduction
to the tasks. All neuroimaging was performed between the hours of 8:00 AM and noon the
following morning. Participants were scanned on a Philips 3T Achieva MRI using an 8-
channel SENSE head coil. Structural images consisted of whole brain T1-weighted
(inversion prepared) 3D turbo gradient echo scans (TI/TR/TE = 923.7/8.0/3.7 ms; flip angle
= 5; phase encode SENSE factor = 2; field of view = 256 × 256 × 170 mm; voxel size 1 × 1
× 1 mm isotropic).

Whole Brain Voxelwise Structural Analysis
Voxel-based morphometry (VBM) was used to test for structural differences between brains
of the alcohol exposed and control subjects, using the VBM5.1 toolbox (http://
dbm.neuro.uni-jena.de/vbm) and SPM5 (Wellcome Department of Imaging Neuroscience,
University College London, London, UK; http://www.fil.ion.ucl.ac.uk) running in Matlab
R2008a (Mathworks, Natick, MA). Tissue classification (gray matter, white matter, CSF)
was performed using VBM on brains extracted from the T1-weighted structural scans
(Acosta-Cabronero et al., 2008; Fein et al., 2006). Brain extraction, which significantly
decreases tissue misclassification errors (Fagiolo et al., 2008), was performed on each scan
using Brain Extraction Tool (BET; http://www.fmrib.ox.ac.uk/fsl) at a fractional intensity
threshold of f=0.25. Following the automated BET analysis, individual brain volumes were
inspected and any remaining skull tissue was removed manually.

Extracted brain images, excluding cerebellum, were analyzed using the default VBM5
parameters. Images were registered using linear 12-parameter affine and nonlinear (warping)
transformations, bias-corrected, and tissue classified in MNI space to the default ICBM
template (Ashburner and Friston, 2005). The linear and non-linear components of the tissue
class segmentations were multiplied by the Jacobian determinants from the spatial
normalization (modulation) to correct for local volume changes and images were resampled
to 1×1×1mm. The modulated, warped, and segmented images were then smoothed using an
isotropic Gaussian smoothing kernel of 12mm full–width at half–maximum to help control
for multiple comparisons (Mechelli et al., 2005). Image segmentations were reviewed prior
to statistical analysis to assess the accuracy of the segmentation process.

Whole-brain voxelwise gray and white matter contrast maps comparing the exposed and
control groups were individually analyzed using a general linear model to identify local
differences in tissue class between the two groups across the entire brain volume. Total
intracranial volume, defined as the sum of the gray matter, white matter, and cerebrospinal
fluid volumes generated from the VBM segmentations, was included in the models as a
covariate. For the whole-brain cortical gray matter contrast, an explicit mask was used to
limit the voxels included in the analysis to those within the cerebrum. Given the limited
sample and expected small effect sizes, significance thresholds were set at an uncorrected
p<0.001 with a cluster size of >50 voxels (Brieber et al., 2007; McAlonan et al., 2007).
Icbm2tal.m (http://brainmap.org/icbm2tal/) was used to convert between MNI and Talairach
space, and significant voxels were labeled according to the Talairach Client v2.4.2 (http://
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www.talairach.org/) searching for a gray matter label within 5 voxels of the most significant
voxel in the identified volume of interest (VOI).

Whole Brain Volume Analysis
Total gray matter, white matter, and CSF volumes were extracted from the segmentation
files using the VBM5 toolbox. Group differences (exposed vs. no/light exposure) in total
brain, gray matter, white matter, and CSF volumes and gray matter/white matter ratios were
analyzed separately using two-tailed t-tests.

Volume of Interest (VOI) Analysis – Dose Dependence
The effects of prenatal alcohol exposure on the observed structural changes were examined
further by testing for a significant dependence of local structural changes on prenatal alcohol
exposure severity in each of the regions (VOIs) identified in the whole brain voxel-wise
analysis. We used the ‘spm.regions.m’ function (http://www.fil.ion.ucl.ac.uk/spm/doc/
manual.pdf) to identify the principal eigenvariate for each VOI, which accounts for >99% of
the volumetric variability within the VOI. The eigenvariates were analyzed in two ways to
assess the sensitivity of local structural integrity to prenatal exposure dose. First, a one-way
ANOVA with post-hoc Tukey analyses (α=0.05) was performed on each VOI to test for
local structural differences among individuals with no or very light alcohol exposure and no
evidence of binge drinking (≤0.1 oz AA/day across pregnancy, < 2 oz AA/occasion; n=9),
low exposure (0.1-0.5 oz AA/day; n=4), and moderate to high dose exposure (>0.5 oz AA/
day; n=7). Second, two-tailed Pearson correlation analyses were performed in each VOI to
examine dose-dependent effects of a continuous measure of alcohol exposure (ln(oz AA/day
during pregnancy + 1)) across all subjects (exposed and controls) and also within exposed
subjects only. Pearson correlations were also run to examine the relation between the
continuous measure and gray matter volumes in VOIs not identified in the VBM analysis as
related to alcohol exposure (negative controls). All statistical testing was performed using
Matlab 7.10.0.499 R2010a.

RESULTS
Whole Brain Volumes

There were no significant differences between the prenatally alcohol exposed and control
participants in total brain volume, volumes of gray matter, white matter, or CSF or gray
matter/white matter ratio in this moderate-exposed sample (Table 2).

Influence of Low-to-Moderate Prenatal Alcohol Exposure on Brain Structure – Whole brain
VBM Analysis

In contrast, whole brain voxel-wise analyses revealed several specific areas of decreased
gray matter volume in participants with prenatal alcohol exposure. These areas included left
cingulate gyrus, right middle frontal gyrus, right middle temporal gyrus, and right caudate
nucleus (see Table 3 and Fig. 1). One region meeting significance criteria was not within a
5-voxel range of an identifiable gray matter region; expansion of the distance range to 7
voxels identified the closest gray matter region as left middle frontal gyrus.

There were no areas of white matter volume reduction in the alcohol-exposed group
compared to controls, and there were no regions of gray or white matter reduction in control
participants compared to alcohol-exposed participants.
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Dependence of Gray Matter Change on Exposure Severity - VOI Analysis
Eigenvariate analysis confirmed that the principal eigenvector accounted for >99% of the
variance in gray matter structure within the VOIs identified as significant by VBM. When
participants were stratified into three groups based on in utero alcohol exposure: no/light
exposure, low dose, and moderate-to-high dose, one way ANOVA identified significant
differences in gray matter volume between exposure groups in multiple VOIs. Post-hoc
analyses (see Fig. 2) showed significant gray matter reductions in the moderate-to-high dose
exposure group compared to participants with no/light exposure and between the low dose
exposure and no/light exposure in four of the six VOIs. Finally, gray matter volumes in left
cingulate gyrus and right caudate nucleus were lower in the moderate-to-heavy than in the
low alcohol exposure group (p < 0.1) but fell short of statistical significance.

Correlation analyses including all subjects (exposed and control) revealed a significant
dependence of local gray matter volume reduction on exposure severity, for all VOIs
previously identified by whole brain VBM (see Fig. 3). In contrast, no significant dose-
dependent gray matter changes were present in 20 VOIs centered on randomly selected gray
matter voxels. When the analysis was limited only to those subjects with documented
prenatal alcohol exposure, the dose dependence of the observed gray matter changes
remained significant for right middle frontal gyrus (r = −0.614, p=0.045) and right caudate
nucleus (r = −0.62, p=0.038), and the trend towards correlation in right middle temporal
gyrus remained (r = −0.57, p=0.069). Exclusion of the subject with heavy alcohol exposure
from these analyses did not alter the findings.

Confirmatory Analyses
To control for the potential influence on brain development of alcohol consumption by the
volunteers themselves (Sasaki et al., 2009) we performed a separate VBM analysis including
participants’ drinks/occasion within the last month as a covariate of no interest. These and
subsequent VOI analyses confirmed that participant alcohol exposure did not alter the
demonstrated dose-dependent regional gray matter volume reductions. Also, removal of the
only volunteer with a history of heavy marijuana use and reported past cocaine use from
analyses did not alter our findings.

In view of the significantly higher level of maternal smoking in the alcohol exposed
subjects, we repeated these analyses including maternal cigarette use as a winsorized
covariate (Winer, 1971) and found that alcohol exposure severity remained a significant
predictor of gray matter volume reduction in all the VOIs identified by VBM. Consistent
with this finding, VBM identified the same areas of gray matter volume reduction with
alcohol in exposed compared with no/light exposure subjects when maternal cigarette use
was included as a covariate in the VBM analysis, and a VBM analysis contrasting nicotine-
exposed and nicotine non-exposed children revealed no differences in regional brain
volume. Inclusion of cocaine and marijuana exposure as covariates did not change any of the
findings.

Finally, given the unbalanced composition of the exposed and control groups with respect to
gender and the possible contribution of gender dimorphisms on the observed effects, we
confirmed that inclusion of gender as a covariate did not significantly alter our findings.
While significance in the left middle temporal gyrus was lost, the decreases in gray matter
volume were maintained in the right cingulate gyrus, right middle frontal gyrus, left middle
frontal gyrus, and right caudate (punc<0.001). We also tested for exposure dose dependence
in males and females separately. This analysis confirmed a significant effect of exposure
dose on severity of gray matter loss in males in left cingulate gyrus, right anterior cingulate
cortex, right middle frontal gyrus, right middle temporal gyrus, and right caudate nucleus (r
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≤ −0.63, p ≤ 0.02) and non-significant trends that were similar in magnitude in the smaller
number of females.

DISCUSSION
Whole brain structural analyses of young adult African Americans recruited from the Detroit
Fetal Alcohol and Drug Exposure Cohort revealed areas of reduced gray matter volume in
left cingulate gyrus, right caudate, right middle temporal gyrus, and right and left middle
frontal gyri in participants with a history of low dose in utero alcohol exposure, when
compared with their no/light exposure peers. Using detailed fetal alcohol exposure
information obtained from the mother during gestation, we found that the severity of gray
matter loss in these areas increased with fetal exposure dose, both in analyses that included
all participants (exposed and no/light exposure) and in analyses of exposed participants
alone. These differences were evident despite the absence of differences in total intracranial,
gray matter, or white matter volumes between the exposed and control groups or any local
differences in white matter volumes at these relatively low levels of exposure. Further, the
significance of the findings survived subsequent analyses examining gender, maternal
smoking during pregnancy, and the young adult’s current alcohol and drug use. Our findings
are consistent with previous studies regarding the sites of particular gray matter vulnerability
to prenatal alcohol exposure, but this is, to our knowledge, the first study to document a
dose-dependent reduction in gray matter in these vulnerable areas or structural effects at
such low levels of exposure. The nature, possible origins, and potential impacts of these
differences are explored more fully below.

Reduced caudate volume was one of the earliest (Mattson et al., 1992) and remains one of
the most robust findings in individuals with FAS and high exposure FASD (Archibald et al.,
2001; Astley et al., 2009a; Cortese et al., 2006; Mattson et al., 1994; Norman et al., 2009),
while gray matter abnormalities in right frontal cortex, as well as bilateral perisylvian areas
(inferior parietal and posterior temporal cortices), assessed using a variety of measures of
gray matter integrity, are a consistent finding in an FASD cohort with heavy exposure
(Sowell et al., 2010; Sowell et al., 2008b; Sowell et al., 2001b; Sowell et al., 2002a; Sowell
et al., 2002b). In addition, a recent study identified significant effects of heavy prenatal
alcohol exposure on cingulate gyrus morphology, but in contrast to the present study, these
were explained by the influence of alcohol exposure on white matter volume (Bjorkquist et
al., 2010). We found no significant impact of mild to moderate PNAE on white matter in
these structural analyses, although our data do not exclude the possibility of meso-structural
changes in white matter integrity that may be revealed by diffusion weighted MRI.

Our finding of an exposure dose dependent decrease in right caudate gray matter volume is
consistent with the increased caudate volume asymmetry (R<L) observed in young adults
with a history of moderate prenatal alcohol exposure (Willford et al., 2010). This asymmetry
is opposite to that found in normal children and young adults (R>L; (Giedd et al., 1996)).

The dose dependent decrease in the cortical gray matter volume observed in caudate in the
present study is consistent with findings in previous studies of high exposure cohorts.
However, in those studies, in which prenatal alcohol exposure levels were four times greater
than the current study, exposure was also associated with locally increased gray matter
volume, density and cortical thickness bilaterally in perisylvian areas, particularly inferior
parietal cortices and temporal lobes, and in frontal cortex (Sowell et al., 2010; Sowell et al.,
2008b; Sowell et al., 2001b; Sowell et al., 2002a; Sowell et al., 2002b). Interestingly, at
those higher levels of exposure, these areas also exhibit considerable gross dysmorphology,
parameterized as the point distance from center by Sowell and colleagues (Sowell et al.,
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2002a), and also are epicenters of white matter loss (Sowell et al., 2001b) and/or
microstructural abnormalities (Sowell et al., 2008a).

Several differences between the study cohorts may account for these apparently disparate
findings. The participants in the present study comprised a racially homogeneous group of
young African American adults of uniform age (18.9-20.8 years), whose prenatal alcohol
exposure was well characterized prospectively. A large proportion of the exposed group
(63.6%) were born to mothers whose alcohol intake during pregnancy was in the low-to-
moderate range, and removal of the one subject with very high exposure and the FAS
phenotype did not alter any findings. Consistent with the relatively low levels of in utero
exposure in this sample, there were no significant differences in total, gray, or white matter
volumes between the exposed and control groups. These features may mitigate the long-term
impact of prenatal alcohol exposure on brain development and structure.

Studies of the trajectory of normal brain development from newborns to young adults reveal
initial expansion and thickening of cerebral cortex, with a subsequent reduction in cortical
gray matter, beginning around puberty (Giedd et al., 1996) (Giedd and Rapoport, 2010;
Gogtay et al., 2004), which has been attributed to cortical pruning (Huttenlocher, 1994;
Bourgeois et al., 1994; Giedd et al., 1996). This pattern of cortical expansion followed by
later reduction is spatially and temporally inhomogeneous: primary sensory brain areas
mature earlier, while higher order association and multisensory areas, as well as
phylogenetically newer frontal areas mature later (Giedd et al., 1999; Sowell et al., 2001;
Jernigan et al., 1991). This process of maturational change in normal developing cortex,
particularly in frontal and perisylvian cortices, represents a potential complication in the
assessment and interpretation of PNAE’s long term impact on brain morphology,
particularly in cohorts whose members span the window of ages during which cortical
development occurs. Age-associated changes in GM composition and local morphology
(surface curvature, cortical thickness, etc.), both in the normally developing and PNAE-
exposed brain, significantly increase the variance in these measures. While the effects of age
can be added as a covariate, the long-term effects of PNAE on the temporal trajectory of
development are likely to differ from no/light exposure subjects both globally and locally.
Inclusion of both pre- and post-pubertal volunteers, whose trajectories of gray matter change
are opposite (Giedd and Rapoport, 2010; Giedd et al., 1996) may, if the effects of PNAE
include a slowing of the overall process of gray matter maturation, lead to the observation
that PNAE is associated with increases in measures of cortical gray matter (representing a
delay in the cortical pruning), but may not be indicative of the nature of the differences in
local cortical GM composition once these early phases of brain development are complete.
Our study mitigates this potential confound by examining young adult volunteers in a
narrow age range. Our observation of significant dose-dependent reductions in gray matter
volume in areas previously shown to be particularly vulnerable to PNAE indicate that mild-
to-moderate alcohol exposure leads to long term reductions in local gray matter volume.
These findings suggest that the increases in measures of cortical gray matter reported in
previous large cohort studies may reflect an impact of PNAE on the rate of brain maturation
during childhood and adolescence.

White matter loss (Archibald et al., 2001; Bjorkquist et al., 2010; Sowell et al., 2001b) and
structural dysmorphology are hallmarks of heavy PNAE. Complete or partial agenesis of the
corpus callosum (Riley et al., 1995; Swayze et al., 1997; Bhatara et al., 2002) and
abnormalities in corpus callosum shape and location are also observed (Sowell et al., 2001a;
Bookstein et al., 2002). However, most of these studies focused on children with heavy
prenatal alcohol exposure, and only one utilized voxel-based morphometry (Sowell et al.,
2001a). Further, when the VBM study compared children with heavy prenatal alcohol
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exposure but no facial features of FASD to controls, no white matter differences were
observed.

Diffusion tensor MRI, which probes the micro-structural integrity of white matter does
reveal significant differences between children with FASD and no/light exposure controls
(Lebel et al., 2010; Wozniak et al., 2009; Lebel et al., 2008; Makris et al., 2008; Sowell et
al., 2008a; Wozniak et al., 2006). Whether these effects represent a developmental delay,
permanent microstructural deficits, or a combination of both is unclear, since there is little
information available for adults with a history of PNAE, and the normal trajectory of white
matter development varies considerably. Given the resolution and structural analytic
methods of diffusion tensor imaging required to detect tract-specific diffusion alterations,
whole-brain voxel based analyses of brain volume may not be sufficient to characterize the
white matter changes seen with in utero alcohol exposure or, alternatively, there may be
dose-dependent white matter alterations that are too subtle to identify in individuals with
low-dose alcohol exposure. Further analyses with manual tracing and diffusion tensor
methods are necessary in order to define the structural white matter abnormalities in
individuals with low-dose in utero alcohol exposure.

One limitation of this study is that, given the small sample size, these findings must be
considered preliminary. Nevertheless, as noted above, the racial homogeneity and narrow
age range of the participants, as well as the absence of significant gross differences in total
intracranial, gray matter, white matter, or CSF volumes between the control and alcohol-
exposed arms, enabled us to identify areas of significant dose-dependent regional gray
matter loss in the VBM analysis. Our statistical thresholds were chosen to reflect the
likelihood of a smaller effect size than in larger cohorts of more severely exposed volunteers
and are similar to those used by other groups (e.g., Brieber et al., 2007; McAlonan et al.,
2007).

Another potential confound in the present study, given the gender imbalance between the
exposed and no/light exposure groups, is the possibility that the structural differences reflect
sexual dimorphisms rather than effects of in utero alcohol exposure. Dimorphism has been
reported in several cortical and subcortical areas including greater cortical thickness in
posterior temporal/inferior parietal regions in females relative to males (Sowell et al., 2007),
greater caudate volume in females, and an age-associated decrease in caudate volume in
males but not females (Giedd et al., 1996). These effects may contribute to the difference
between the exposed and no/light exposure groups in caudate GM volume, but our finding
that the difference in caudate gray matter volume is lateralized to the right hemisphere is
consistent with the dose-dependent increase in caudate asymmetry reported by Willford and
colleagues (Willford et al., 2010). Also, the level of in utero exposure to alcohol accounts
for a similar fraction of the total variance in GM volume in the areas identified as
significantly different by VBM not only in the whole cohort, but also within the subgroup of
subjects with documented exposure, while there is no such correlation in other gray matter
or white matter VOIs, including those previously identified as having significant differences
between males and females. Perhaps most telling, this effect remained significant in male
subjects (exposed and no/light exposure) analyzed separately, and an effect of similar
magnitude, albeit statistically weaker, was present in the smaller group of females. These
findings support the idea that PNAE underlies the differences in local gray matter volume
observed in the present study.

Our finding of areas of significant gray matter loss in the setting of low to moderate alcohol
exposure in utero is consistent with studies in animals. Thus, reduced brain and/or gray
matter volume, increased neuronal loss, and associated neurobehavioral deficits are a
consistent finding in rodents and non-human primates exposed to alcohol during the neuro-
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developmental window corresponding to human in utero exposure (Farber et al., 2010;
Ikonomidou et al., 2000; Schneider et al., 2001). Alcohol appears to disrupt
neurodevelopment via multiple molecular and cellular mechanisms. It has NMDA-
antagonist and GABAA-mimetic activity, promoting both excitotoxic and natural apoptotic
cell death, particularly during the period of synaptogenesis (Olney et al., 2001). Prenatal
alcohol exposure alters radial glial migration (Miller and Robertson, 1993), impairing
neuroblast migration (Gressens et al., 1992). This impaired migration may arise in part from
alcohol’s ability to alter neuronal outgrowth by interfering with normal L1-mediated cell-
cell adhesion and activation of extracellular receptor kinases in the central nervous system
(Yeaney et al., 2009). Alcohol also disrupts growth factor regulation of differentiation and
survival, promotes the formation of and damage by reactive oxygen species, and impairs
midline serotonergic neuron development and signaling (Goodlett et al., 2005). Many of
these early developmental events have distinct spatio-temporal expression patterns (Olney et
al., 2000; Olney, 2004) and this, coupled with the differential vulnerability of different brain
areas (Derauf et al., 2009) and variations in the timing and nature of alcohol use during
pregnancy, may underlie the variable neuro-anatomical and behavioral impact of prenatal
alcohol exposure.

Coles et al. (2011) recently reported that compared to unexposed controls, young adult
African-Americans with a history of prenatal alcohol exposure and strong phenotypic
characteristics of fetal alcohol exposure show significant volume reductions in frontal and
temporal brain regions and even those with less pronounced phenotypic features of PNAE
had significantly smaller hippocampal volumes. The present study is consistent with and
extends the findings of Coles et al.: .we too find that prenatal alcohol exposure is associated
with long-term loss of gray matter volume in specific brain regions. Indeed we find that this
loss is evident in areas beyond the frontal and temporal areas identified by Coles et al.;
furthermore, as a result of the prospective manner in which prenatal alcohol exposure was
determined throughout the pregnancy, we were able to demonstrate a significant dose-
dependent impact of alcohol exposure in utero on regional brain gray matter volumes that
persists into young adulthood. It is striking that this dose dependence is present even in
individuals with a history of low-to-moderate in utero exposure who show no significant
reduction in total brain volume compared to no/light exposure control subjects. That low
levels of exposure may have an impact is supported by the observation that as little as a
single exposure to alcohol during periods of rapid brain expansion induces significant and
widespread neuroapoptosis in rodents (Ikonomidou et al., 2000) and non-human primates
(Farber et al., 2010). Taken together with these findings, the present study suggests that even
low levels of alcohol consumption during pregnancy have an impact on brain development
and that these effects persist into young adulthood.
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Figure 1.
Glass brain projections showing areas of significant (p<0.001; cluster size kE>50 voxels)
gray matter volume reduction associated with exposure to alcohol in utero (exposed vs.
controls) identified using optimized VBM. Gray matter regions were identified by
converting MNI coordinates to Talairach space and labeled using Talairach Daemon
searching for a gray matter label nearest the most significant voxel in the cluster.
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Figure 2.
Group analysis comparing local gray matter volumes for subjects with no or very light
(0-0.1 oz AA/day with no evidence of binge drinking), low (0.11-0.5 oz AA/day) and
moderate-to-heavy (>0.5 oz AA/day) prenatal alcohol exposure.
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Figure 3.
Dependence of gray matter volume (principal eigenvariate) on level of alcohol exposure in
utero in VOIs identified by VBM. Dose-response graphs of regions of interest showing a
significant difference in gray matter volume reduction in prenatally alcohol-exposed
participants compared to the children of abstainers or light drinkers with no evidence of
binge drinking.
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