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Abstract Prenatal alcohol exposure has numerous effects
on the developing brain, including damage to selective
brain structure. We review structural magnetic resonance
imaging (MRI) studies of brain abnormalities in subjects
prenatally exposed to alcohol. The most common findings
include reduced brain volume and malformations of the
corpus callosum. Advanced methods have been able to
detect shape, thickness and displacement changes through-
out multiple brain regions. The teratogenic effects of
alcohol appear to be widespread, affecting almost the entire
brain. The only region that appears to be relatively spared is
the occipital lobe. More recent studies have linked
cognition to the underlying brain structure in alcohol-
exposed subjects, and several report patterns in the severity
of brain damage as it relates to facial dysmorphology or to
extent of alcohol exposure. Future studies exploring
relationships between brain structure, cognitive measures,
dysmorphology, age, and other variables will be valuable
for further comprehending the vast effects of prenatal
alcohol exposure and for evaluating possible interventions.
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Introduction

Prenatal alcohol exposure affects fetal development and can
lead to a variety of growth, facial, and neurological
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abnormalities, including structural brain damage. The
earliest reports of structural brain damage in children with
prenatal alcohol exposure were autopsy studies (Clarren et
al. 1978; K. L. Jones and Smith 1973; Peiffer et al. 1979).
These were, by nature, limited to a few subjects with severe
cases of prenatal alcohol exposure, since only the most
affected children will die during infancy. Nonetheless, the
studies were valuable in reporting some of the more severe
types of brain damage associated with prenatal alcohol
exposure. Autopsies demonstrated cases of agenesis or
malformation of the corpus callosum, ventriculomegaly, a
small cerebellum and a variety of other abnormalities due to
neuronal and glial migration errors (Clarren et al. 1978;
Coulter et al. 1993; K. L. Jones and Smith 1973; Kinney et
al. 1980; Peiffer et al. 1979; Ronen and Andrews 1991,
Wisniewski et al. 1983). Although there were few consistent
abnormalities observed across the autopsy studies, the vast
majority reported microcephaly (small head) or microencephaly
(small brain) (Roebuck et al. 1998).

More recently, magnetic resonance imaging (MRI) has
transformed the study of brain development and brain
abnormalities by allowing for in vivo measurements of the
teratogenic effects of alcohol. This allows for much larger
studies that may include less severely affected individuals,
thus providing more information about the brain damage
associated with prenatal alcohol exposure across the
spectrum. Here, we review MRI studies of structural brain
damage in alcohol-exposed subjects that have been published
over the last 20 years. These studies range from case reports to
sophisticated automated analyses of large subject groups, and
collectively demonstrate widespread effects of prenatal
alcohol exposure. In this review, we summarize these
structural brain MRI studies, discuss emerging consistencies,
and highlight controversies yet to be resolved.

There is a broad range of symptoms that may result from
maternal alcohol consumption during pregnancy, and thus a
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variety of diagnoses have emerged (see Riley, this issue, for a
discussion of diagnoses related to prenatal alcohol exposure).
Briefly, diagnostic terms used in the papers reviewed here
include fetal alcohol syndrome (FAS, the most severe end of the
spectrum referring to a specific set of growth, facial and
cognitive/behavioral deficits), partial FAS (pFAS, used to refer
to subjects who have most, but not all of the characteristics of
FAS), fetal alcohol effects (FAE, referring to symptoms less
severe than those of FAS), alcohol-related neurobehavioral
disorder (ARND, typically no facial dysmorphology), and
prenatal exposure to alcohol (PEA; not a diagnostic term, but
generally used to refer to subjects with alcohol exposure but
without the facial features of FAS). Recently, diagnoses of static
encephalopathy: alcohol-exposed (SE:AE, a set of growth,
brain and possibly facial abnormalities that is not quite as
severe as FAS) and neurobehavioral disorder: alcohol-exposed
(NBD:AE, growth and brain abnormalities, but no facial
dysmorphology) have seen increased usage, since they are a
function of a diagnosis with the 4-digit code (Astley 2004).
Finally, the term fetal alcohol spectrum disorder (FASD) is
often used as an umbrella term that encompasses all of the
various diagnoses related to prenatal alcohol exposure.

One crucial area of research investigates relationships
between brain damage in FASD and other factors, including
cognition, behavior, facial dysmorphology, and the amount
and timing of alcohol exposure. Understanding the inter-
play between cognitive and behavioral deficits and the
brain and face abnormalities associated with prenatal
alcohol exposure will provide a more complete picture of
the teratogenic effects of alcohol and may allow for earlier
identification and more effective interventions to help
individuals deal with the associated disorders. Numerous
brain abnormalities correlate with cognitive and/or behavioral
measures in subjects with prenatal alcohol exposure (Autti-
Ramo et al. 2002; Bjorkquist et al. 2010; Bookstein et al.
2002b; Coles et al. 2011; Cortese et al. 2006; O’Hare et al.
2005; Roebuck et al. 2002; Roussotte et al. 2011; Sowell et
al. 2001a; 2008; Willoughby et al. 2008), and recent studies
show links between brain structure and facial dysmorphology
(Astley et al. 2009; Roussotte et al. 2011). Therefore, in
addition to structural findings, we review the relationship
between brain structure and cognition, behavior, age, and
facial dysmorphology in subjects with prenatal alcohol
exposure; such research may be useful not only for
understanding these disorders more fully, but may also
provide clues as to the timing and nature of alcohol-induced
brain damage during fetal development.

Mechanism of Alcohol Toxicity

Animal studies have provided clues as to the mechanisms
of alcohol teratogenesis on the brain, although there remain

many questions about the specific relationships between
timing and amount of alcohol exposure and the observed brain
defects. Mouse models suggest that the facial abnormalities
associated with in utero alcohol exposure (e.g., short palpebral
fissures, a smooth philtrum, and a thin upper lip) occur due to
alcohol exposure at gestation day 7 in mice, which is
equivalent to the third and fourth weeks of human gestation
(Sulik 2005; Sulik et al. 1986). Both human and animal
studies suggest that genetics play a significant role in the
severity of alcohol toxicity (Chasnoff 1985; Chernoff 1980;
Christoffel and Salafsky 1975; Gilliam et al. 1987; Streiss-
guth and Dehaene 1993); other factors such as nutrition (S. L.
Miller et al. 1983) and exposure to other drugs are also likely
to contribute (Rivkin et al. 2008).

Alcohol is a central nervous system depressant, and when
ingested by a pregnant woman, it can affect the developing
fetus through a number of mechanisms. Alcohol can cross the
placenta and directly affect fetal brain development by
disrupting neuronal proliferation and migration (M. W. Miller
1986) or by causing cell death (Bonthius and West 1990;
Ikonomidou et al. 2001; Marcussen et al. 1994). Furthermore,
alcohol increases fetal glutamate levels (Karl et al. 1995;
Thomas et al. 1997) and reduces glutamate N-methyl-D-
aspartate receptors (Hoffman et al. 1989; Hughes et al. 1998),
which may cause abnormal neuronal and glial migration. An
important indirect mechanism of alcohol damage is alcohol-
induced hypoxia in the fetus. Alcohol causes decreased
umbilical artery blood flow (P. J. Jones et al. 1981; A. B.
Mukherjee and Hodgen 1982), which can lead to growth
retardation (Abel 1984, 1985). Alcohol also decreases protein
synthesis and alters hormone levels, which can lead to
additional growth retardation (Kennedy 1984; Pennington et
al. 1983). Other mechanisms include increased oxidative
stress on the embryo (Ornoy 2007; Pollard 2007) and
disruption of growth factor signaling (Feng et al. 2005;
M. W. Miller 2003).

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a safe, non-invasive
technique that can be used to study brain structure and
function. MRI uses a strong magnet and radio waves to
measure signals from protons (water) within the brain. The
signal measured is dependent on tissue properties, including
density, local environment, blood oxygenation, water
movement, and relaxation properties (T1, T2). With many
different contrast mechanisms, numerous types of imaging
are possible, including functional MRI (fMRI), diffusion
tensor imaging (DTI), and structural imaging. DTI and
fMRI are reviewed in separate chapters within this issue
(see Wozniak and Muetzel, and Coles and Li, this issue);
here we focus on structural MR imaging of the brain.
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Structural MRI provides high-resolution images of the
brain based on contrast from tissue density and relaxation
properties (longitudinal relaxation—T1, and transverse
relaxation—T2). Images obtained can then be analyzed
qualitatively or quantitatively. Qualitative analysis can
evaluate for gross structural abnormalities such as the
presence of lesions, malformation of structures, ventriculo-
megaly, or other major anomalies. More subtle changes can
often be picked up by a trained radiologist, but are still
limited to qualitative observations within an individual.
Quantitative analysis is able to detect more subtle abnor-
malities on either a group or individual level, and may be
based on area, volume, thickness, and displacement of both
the brain as a whole and of its individual lobes and
components. Because the brain is made up primarily of
white matter, gray matter and cerebrospinal fluid, the
volumes of these are often considered separately, as are
the volumes of each different brain lobe (frontal, parietal,
occipital, temporal). In addition, many volume measurements
are made on subcortical structures such as the corpus
callosum, basal ganglia, and diencephalon.

MRI Studies of Prenatal Alcohol Exposure

In our literature search, we found 33 studies using structural
MRI to examine subjects with prenatal alcohol exposure,
beginning in 1992. These studies range in subject sample
size from 1 to 117 alcohol-exposed subjects, and use a
variety of analysis methods (basic methodological details
and findings for each study are listed in Tables 1 and 2).
There is some subject overlap among these studies;
specifically, some subjects are shared in the early studies
(Mattson et al. 1992, 1994; Riley et al. 1995; Roebuck et al.
2002; Sowell et al. 1996), between case reports (Johnson et
al. 1996; Swayze et al. 1997), and within three other groups
conducting studies in the last decade at the University of
Washington (Bookstein et al. 2001; 2002a,b, 20006),
University of California (Archibald et al. 2001; O’Hare et
al. 2005; Sowell et al. 2008, 2001a,b, 2002a,b), and
University of Alberta (Lebel et al. 2008; Nardelli et al.
2011). This overlap can be advantageous in that it provides
the opportunity to study many brain structures and regions
within the same individuals, highlighting the widespread
nature of brain abnormalities associated with prenatal
alcohol exposure, but it is also a limitation because of the
smaller overall sample that has been investigated. Future
studies in large, independent samples will help determine
the consistency of findings discussed here.

Most studies described in this review used T1-weighted
MRI protocols to obtain structural brain images, although
some used T2-weighted images (Autti-Ramo et al. 2002;
Mattson et al. 1996; Riikonen et al. 2005). All studies were
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conducted on magnets operating at 1.5 or 3 T field strength,
with the sole exception of a qualitative study conducted on
a much weaker 0.15 T MRI scanner (Clark et al. 2000).
Analysis methods ranged from visual inspection and
qualitative descriptions to manual segmentations and
automated analyses of area, volume, thickness, and other
parameters.

Studies of prenatal alcohol exposure are challenging for
several reasons. It is often difficult to obtain accurate and
precise information about timing and amount of prenatal
alcohol exposure, consequently making correlations be-
tween brain abnormalities and extent of exposure challeng-
ing, and impossible for some studies. Furthermore,
children, adolescents, and adults with prenatal exposure to
alcohol were often exposed to other substances in utero,
including tobacco, cocaine, methamphetamines, marijuana,
and opiates (Shor et al. 2009), all of which are substances
known to affect brain structure (Paus et al. 2008; Sowell et
al. 2010). In addition to other drug exposures, subjects with
FASD are often likely to have co-morbid conditions,
including attention deficit hyperactivity disorder (ADHD),
mood disorders, and oppositional defiant disorder (Burd et
al. 2003; O’Connor and Paley 2009), and imaging studies
have shown brain abnormalities in these populations as well
(Toga et al. 2006). Therefore, as they may complicate
interpretation of findings, it is important to consider other
possible substance exposures and co-morbid diagnoses in
any study of prenatal alcohol exposure.

Despite these challenges, many informative neuroimaging
studies have been conducted over the past two decades
examining brain structure in children, youth and adults with
prenatal alcohol exposure. These studies reveal widespread
brain abnormalities, and some consistent patterns of abnor-
malities are beginning to emerge, while many questions
remain to be answered. Below, we describe salient findings
from structural imaging studies to date.

Global Brain Differences in Subjects with Prenatal
Alcohol Exposure

Similar to early autopsy studies, MRI studies almost
uniformly find small brain volumes in FASD, including
total brain volume (Archibald et al. 2001; Astley et al.
2009; Coles et al. 2011; Johnson et al. 1996; Lebel et al.
2008; Nardelli et al. 2011; Roussotte et al. 2011; Sowell et
al. 2001a; Swayze et al. 1997; Willoughby et al. 2008),
cerebral volume (Archibald et al. 2001; Mattson et al. 1992,
1994, 1996), and cerebellar volume (Archibald et al. 2001;
Astley et al. 2009; Mattson et al. 1992, 1994, 1996; O’Hare
et al. 2005; Riikonen et al. 1999; Sowell et al. 1996). The
volumes of white and gray matter have also been
consistently reported as smaller in individuals with prenatal
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Table 1 Structural MRI studies of subjects with prenatal alcohol
exposure and their findings in the total brain, cerebellum, and corpus
callosum. All structural MRI studies of prenatal alcohol exposure are
included in this table, regardless of whether they found significant results

in the global brain, cerebellum, or corpus callosum. FAS=fetal alcohol
syndrome, FAE=fetal alcohol effects, FASD=fetal alcohol spectrum
disorder, pFAS=partial fetal alcohol syndrome, HC=healthy controls,
CSF=cerebrospinal fluid, WM=white matter, GM=gray matter

First author, year Number of subjects Age (years) Global changes Cerebellum Corpus callosum
Mattson et al. 1992 2 FAS, 9 HC 13-14 | Brain volume 1 CSF | Volume Agenesis in 1 subject
Mattson et al. 1994 2 FAE, 20 HC 16 | Brain volume | Volume
Riley et al. 1995 13 exposed (11 FAS), 8-19 | Volume in 4/5 subregions
12 HC | Overall area
Mattson et al. 1996 6 FAS, 7 HC 8-19 | Brain volume | Volume
Sowell et al. 1996 9 exposed (6 FAS), 8-24 | Anterior volume
24 HC
Johnson et al. 1996 9 exposed 4-20 Micrencephaly in 7/9 subjetcs Agenesis in 2, partial agenesis
in 1 subject
Swayze et al. 1997 10 FAS, 119 HC 4-29 | Size in 7 subjects Agenesis in 3 subjects
Riikonen et al. 1999 11 FAS 3-13 Atrophy in 3 subjects
Clark et al. 2000 19 FAS 16-30 Thin in 1 subject
Archibald et al. 2001 26 exposed (14 FAS), 8-24 | Total, WM and GM volume | Volume
41 control
Sowell et al. 2001a® 21 exposed (14 FAS), 8-24
(Neuroreport) 21 controls
Bookstein et al. 2001 60 exposed (30 FAS), 18-37 Higher shape variability
30 HC
Sowell et al. 2001b 20 exposed (13 FAS), 8-24 | Total, WM, GM, CSF volume | Area (esp. splenium) Shape
(Neurology) 21 HC and displacement changes
Sowell et al. 2002a* 21 exposed (14 FAS), 8-24
(Cereb Cortex) 21 controls
Sowell et al. 2002b* 21 exposed (14 FAS), 7-24
(Neuroimage) 83 controls
Bookstein et al. 2002a 117 exposed (60 FAS), 14-37 Higher shape variability
(Anat Rec) 60 HC
Bookstein et al. 2002b 30 exposed (15 FAS), 5-15 Higher shape variability
(Neuroimage) 15 HC
Roebuck et al. 2002 10 exposed, 6 HC 18+
Autti-Ramo et al. 2002 17 exposed (5 FAS) 12-14 | Volume Malformation/hypoplasia Thin in 1 subject, Hypoplastic
in 11/17 subjects in 1 sub | Area, length, and
splenium width
O’Hare et al. 2005 21 exposed (14 FAS), 8-24 | Anterior vermis Displacement
21 controls of anterior vermis
Riikonen et al. 2005 12 exposed (10 FAS), 5-16 | Volume
10 non-exposed with
other diagnoses
Cortese et al. 2006 8 exposed (6 FAS), 4 HC 9-12 | Volume
Bookstein et al. 2006 60 exposed (30 FAS), 14-37 | Volume
30 HC
Sowell et al. 2008* 21 exposed (14 FAS), 8-24
21 controls
Willoughby et al. 2008 19 exposed (3 FAS), 9-15 | Volume
18 HC
Lebel et al. 2008 24 exposed (2 FAS), 5-13 | Total, WM, GM volume
95 HC

Li et al. 2008"
Astley et al. 2009

Bjorkquist et al. 2010

Reinhardt et al. 2010%
Coles et al. 2010

Nardelli et al. 2011

Roussotte et al. 2011

7 exposed, 7 HC

61 FASD (20 FAS/pFAS),
20 HC

21 exposed (10 FAS),
10 HC
1 FAS

66 exposed (30 dysmorphic),
26 HC
28 exposed, 56 HC

56 exposed, 43 HC

Young adults
8-16

8-16

16
Young adults

6-17

8-16

| Volume across groups

| WM, GM

| Volume

| Volume, WM, cortical GM,
deep GM
| Volume, WM, cortical GM

| Midsagittal area
of vermis in FAS/pFAS

| Midsagittal area and all
subregions | Mean length

# These studies did not explicitly measure brain volume, the cerebellum or the corpus callosum. The demographics of these studies are included here for
completeness; their findings are described in Table 2.
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Table 2 Structural MRI studies of subjects with prenatal alcohol exposure and their findings in frontal, parietal, temporal, occipital, and limbic/deep
gray matter regions. Studies without significant findings in these regions are excluded from this table

First author, year Frontal Parietal Temporal Occipital Limbic/Deep gray matter

Mattson et al. 1992 | Caudate, thalamus

Mattson et al. 1994 | Basal ganglia

Riley et al. 1995

Mattson et al. 1996 | Basal ganglia, caudate,
lenticular nucleus,
diencephalon

Riikonen et al. 1999 Cortical atrophy in 1 subject WM in I subject

Archibald et al. 2001 | Total, cortical and WM | Caudate, hippocampus

volume
Sowell et al. 2001b 1GM density 1GM density

(Neuroreport)
Sowell et al. 2002a
(Cereb Cortex)

| Distance from center
| Total, WM volume

| Distance from center
| Total, WM, GM volume

1 GM density

Inferior region shifted
backward

Sowell et al. 2002b
(Neuroimage)

Autti-Ramo et al. 2002

Riikonen et al. 2005
Sowell et al. 2008
Willoughby et al. 2008
Li et al. 2008

1 Cortical thickness 1 Cortical thickness

Astley et al. 2009 | Volume across groups

WM and GM
Bjorkquist et al. 2010

Reinhardt et al. 2010 Polymicrogyria in superior
frontal gyrus

| Caudal mid frontal, med orb
frontal, sup frontal, rostral
med frontal, pars triangularis,

pars orbitalis

Coles et al. 2010

Nardelli et al. 2011

Roussotte et al. 2011

| Distance from center
| Total, WM volume

1 GM density

Superior region shifted back
| Asymmetry in inferior
region

| Mesencephalon area, width

Small hippocampus in 3 (left)
and 1 (right) subjects

| Caudate
1 Cortical thickness
| L hippocampus

| Volume in occipital/
temporal region

|Volume in occipital/
temporal region
| Caudate, putamen,
hippocampus

| Cingulate WM and GM

| Fusiform gyrus | Hippocampus,

parahippocampal gyrus,

| Caudate, putamen,
thalamus, amygdala,
hippocampus, globus
pallidus

| Caudate, putamen,
thalamus, ventral
diencephalon

alcohol exposure compared to controls (Archibald et al.
2001; Bjorkquist et al. 2010; Lebel et al. 2008; Mattson et
al. 1992, 1994; Nardelli et al. 2011; Roussotte et al. 2011;
Sowell et al. 2001a), although these differences were no
longer significant once total brain volume was taken into
account in most of the studies that measured this. Notable
exceptions are studies which found cerebral white matter
(Archibald et al. 2001), total gray matter (Nardelli et al.
2011), or cortical gray matter (Roussotte et al. 2011) to be
proportionally smaller in alcohol-exposed subjects, even
beyond total brain volume. Fewer studies have measured
cerebrospinal fluid (CSF) volume directly; one observed no
change in total CSF volume between alcohol-exposed and
controls (Archibald et al. 2001), another saw somewhat less
CSF in FASD, which was not significant after taking into
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account total brain volume (Sowell et al. 2001a), and
another saw a proportional increase of fluid volume from
controls to FAS subjects (Mattson et al. 1992).

Although findings of smaller brains in subjects with
prenatal alcohol exposure are nearly universal, most studies
find group effects, where not every subject with alcohol
exposure has a smaller brain than every control subject. A
smaller brain is also not unique to prenatal alcohol exposure
and is observed in many other disorders including ADHD
(Castellanos and Acosta 2004) and child-onset schizophrenia
(Arango et al. 2008). Thus, investigation of more subtle
abnormalities is necessary to further understand the effects of
prenatal alcohol exposure and the complex relationships
between behavior, cognition, and brain structure, and may
ultimately provide better diagnostic tools.
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Regional Abnormalities

As the largest white matter tract in the human brain and one
that is crucial for interhemispheric communication, the corpus
callosum is also one of the most frequently examined brain
structures. Imaging studies support early postmortem findings
of callosal abnormalities (Clarren et al. 1978; K. L. Jones and
Smith 1973; Peiffer et al. 1979), including cases of complete
agenesis (Astley et al. 2009; Johnson et al. 1996; Mattson et
al. 1992; Riley et al. 1995; Swayze et al. 1997), partial
agenesis (Autti-Ramo et al. 2002; Johnson et al. 1996), and
callosal thinning (Autti-Ramo et al. 2002; Clark et al. 2000).
Figure 1 shows several examples of severe callosal abnor-
malities from imaging studies that are apparent upon visual
inspection; such malformations are rare, but less severe
forms of callosal abnormalities are common in subjects with
prenatal alcohol exposure. Case reports have also described
agenesis of the anterior and hippocampal commissures, other
midline brain structures (Johnson et al. 1996; Swayze et al.
1997). Quantitative studies demonstrate significant displace-
ment of the corpus callosum in alcohol-exposed subjects
compared to healthy controls (see Fig. 2) (Sowell et al.
2001a), as well as smaller callosal volume (Riley et al.
1995), area (Astley et al. 2009; Autti-Ramo et al. 2002; Riley
et al. 1995; Sowell et al. 2001a), and length (Astley et al.
2009; Autti-Ramo et al. 2002). Furthermore, the corpus
callosum has much higher shape variability in alcohol-
exposed subjects than in controls (Bookstein et al. 2001,
2002a,b). Abnormalities have been reported across the entire
corpus callosum, but it seems that the splenium may be the
most affected region, both in terms of frequency and severity
of abnormalities (Autti-Ramo et al. 2002; Riley et al. 1995;
Sowell et al. 2001a).

Deep gray matter structures also demonstrate substantial
effects of prenatal alcohol exposure, particularly in the

caudate nucleus and hippocampus. Some studies report
significantly smaller hippocampi after accounting for total
brain volume (Archibald et al. 2001; Nardelli et al. 2011;
Willoughby et al. 2008), and other studies report significant
differences only before correction (Astley et al. 2009; Coles
et al. 2011; Riikonen et al. 2005; Roussotte et al. 2011). An
additional qualitative report described smaller hippocampi
on the left in three individuals (of 17 total) and on the right
in one (Autti-Ramo et al. 2002). Significantly smaller
volumes are also consistently reported in the basal ganglia
(a group of nuclei consisting primarily of the globus
pallidus and striatum) (Mattson et al. 1994, 1996). The
caudate nucleus is smaller in alcohol-exposed subjects,
even more so than total brain volume in some studies
(Archibald et al. 2001; Astley et al. 2009; Mattson et al.
1992, 1996; Nardelli et al. 2011), and in proportion to total
brain volume in other reports (Cortese et al. 2006; Riikonen
et al. 2005; Roussotte et al. 2011). Other studies show
reduced volumes in the globus pallidus on its own (Nardelli
et al. 2011; Roussotte et al. 2011), and in the putamen
(Astley et al. 2009; Nardelli et al. 2011; Riikonen et al.
2005; Roussotte et al. 2011); differences in the lenticular
nucleus on its own (which comprises the putamen and
globus pallidus) were significant in one study (Mattson et
al. 1996), but not in another (Archibald et al. 2001).

Other deep gray matter structures display more mixed
results, including the diencephalon, with either no change
(Archibald et al. 2001; Mattson et al. 1994), significantly
smaller volume (Mattson et al. 1996), or significantly lesser
area and width (Autti-Ramo et al. 2002); the thalamus (part
of the diencephalon), which has no significant changes
beyond total brain volume (Archibald et al. 2001; Roussotte
et al. 2011), or is significantly smaller (Mattson et al. 1992;
Nardelli et al. 2011); and the amygdala, with no change
beyond that of total brain volume (Archibald et al. 2001;

Fig. 1 Examples of corpus callosum abnormalities in alcohol-exposed
subjects, including (a, b) partial agenesis and (c¢) hypoplasia. Reproduced
from Johnson et al., 1997 with permission. These severe malformations

are observed in rare cases of subjects with very heavy prenatal alcohol
exposure; however, more subtle callosal abnormalities have been
observed in most studies of prenatal alcohol exposure
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Fig. 2 Sowell et al. (2001a), demonstrated changes in corpus
callosum displacement. Here, the top row (a) shows callosal shape
averages in native space in controls (red), subjects with fetal alcohol
syndrome (FAS; green), and subjects with prenatal exposure to
alcohol (PEA; blue). The middle row (b) shows displacement
differences in millimeters between subjects with PEA and controls;
the bottom row (c¢) shows the differences between FAS subjects and
controls. Note that the abnormalities relative to controls that were
observed in subjects with FAS and PEA are similar, although they are
slightly more extensive in the FAS cohort. The callosal displacement
here was significantly related to performance on the California Verbal
Learning Test for children (CVLT-C). Figure used with permission

Riikonen et al. 2005; Roussotte et al. 2011), or significant
size differences (Nardelli et al. 2011). The nucleus
accumbens, only measured in one study, had no significant
volume changes (Archibald et al. 2001).

Like cerebral volume, cerebellar volume is consistently
smaller in subjects prenatally exposed to alcohol. Cerebellar
atrophy was reported in 3 of 11 children in one study
(Riikonen et al. 1999), while malformation or hypoplasia
was reported in 11 of 17 subjects in another (Autti-Ramo et
al. 2002). Many studies report smaller cerebella across a
goup of alcohol-exposed subjects compared to controls
(Archibald et al. 2001; Astley et al. 2009; Bookstein et al.
2006; Mattson et al. 1992, 1994, 1996), and two studies
localized these changes to the anterior vermis (O’Hare et al.
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2005; Sowell et al. 1996). One report also noted a
displacement of the cerebellar vermis in alcohol-exposed
subjects relative to controls (O’Hare et al. 2005). Of the
studies measuring cerebellar size in proportion to total brain
volume, two report no changes beyond those of the total
brain (Archibald et al. 2001; Astley et al. 2009), while one
reports significantly smaller anterior cerebella even after
accounting for total brain volume (O’Hare et al. 2005).

The brain frontal lobes have less white matter (Astley et
al. 2009; Sowell et al. 2002a), gray matter (Astley et al.
2009) and total lobe volume (Astley et al. 2009; Sowell et
al. 2002a) in subjects with prenatal alcohol exposure
compared to controls, as well as smaller volumes of frontal
lobe sub-regions (Coles et al. 2011). One study found a
frontal volume difference in alcohol-exposed subjects that
was no longer significant after controlling for total brain
volume (Archibald et al. 2001). The cortex is thicker in
frontal regions in alcohol-exposed subjects compared to
controls (Sowell et al. 2008), as shown in Fig. 3, and brain
surface extent is smaller in anterior and orbital frontal
regions (Sowell et al. 2002a). Further, case studies report
frontal cortical atrophy (Riikonen et al. 1999), and poly-
microgyria in the superior frontal gyrus (Reinhardt et al.
2010). Notably, one study found a progressive decrease in
frontal lobe volume across diagnostic groups, with the FAS/
pFAS group demonstrating significant differences from the
static encephalopathy group, suggesting that smaller volume
may be related to the facial dysmorphology associated with
prenatal alcohol exposure (Astley et al. 2009).

positive
P-value -# negative

0.005 0.01 0.05

Fig. 3 Sowell et al. (2008) demonstrated thicker cortices in alcohol-
exposed subjects compared to healthy controls. The top row (a) shows
the location of cortical thickness differences between exposed subjects
and controls and the significance of those changes. They also observed
correlations between the cortical thickness and performance on the
CVLI-C, a test of verbal learning. The significant correlations were
located in the right frontal lobe in exposed subjects (b). Figure used
with permission
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Like the frontal lobes, many abnormalities have been
noted in the parietal and temporal lobes of subjects with
prenatal alcohol exposure. These include significantly less
white matter, gray matter, and total lobe volume (Archibald
et al. 2001; Li et al. 2008; Sowell et al. 2002a), higher gray
matter density (Sowell et al. 2001b, 2002a), and thicker
cortices (Sowell et al. 2008), as shown in Fig. 3. Additional
findings include a smaller fusiform gyrus (Coles et al.
2011), narrower temporal and parietal lobes (Sowell et al.
2002a), displacement of the inferior parietal and temporal
regions (Sowell et al. 2002b), and reduced temporal
asymmetry in alcohol-exposed subjects compared to controls
(Sowell et al. 2002b).

One study specifically measured the cingulate area in
subjects with prenatal alcohol exposure, and observed
significantly less white and gray matter in alcohol-exposed
subjects than in controls, with the white matter changes
remaining significant even after accounting for total brain
white matter (Bjorkquist et al. 2010). White matter volume
differences were especially prominent in the right hemi-
sphere. The parahippocampal gyrus has also been observed
to be significantly smaller in subjects with prenatal alcohol
exposure compared to controls (Coles et al. 2011).

In contrast to other brain regions, the occipital lobes
seem to be relatively spared in subjects with prenatal
exposure to alcohol. Most studies which measure the
occipital lobe report no significant findings there for
volume (Archibald et al. 2001; Sowell et al. 2002a), shape
and displacement (Sowell et al. 2002a,b), or cortical
thickness (Sowell et al. 2008). One study reported smaller
volume in the occipital-temporal region in a group of seven
young adults with prenatal exposure to alcohol compared to
controls (Li et al. 2008), and one qualitative study reported
less occipital white matter in one subject (Riikonen et al.
1999).

Structural abnormalities in subjects with prenatal
alcohol exposure are widespread and have been reported
in almost every brain structure and region that has been
measured. While the occipital lobe appears to be one of
the only regions that remain relatively spared, some of
the most significantly affected seem to be the corpus
callosum and the frontal lobes. The corpus callosum is
one of several midline face and brain structures affected
by prenatal alcohol exposure; other affected midline
structures include the anterior and hippocampal commis-
sures, lip, philtrum and palate (Johnson et al. 1996;
Swayze et al. 1997). It is unclear why certain brain regions
are more sensitive than others to the teratogenic effects of
alcohol, but the timing of their development within the
brain (Rakic and Yakovlev 1968; Yakovlev and Lecours
1967) and the differential susceptibility of neurons to
alcohol-induced toxicity during the synaptogenesis period
in the third trimester (Ikonomidou et al. 2000, 2001) are

likely important factors. Furthermore, although consistent
abnormalities in diverse subject groups with alcohol
exposure at different times and extents suggest a vulner-
ability of brain structures throughout the prenatal period,
the amount and timing of alcohol exposure are likely to
play a role in the observed effects. Therefore, obtaining
accurate histories and examining relationships between
alcohol exposure and brain structure are crucial for further
understanding this relationship.

Studying the relationships between structural brain
abnormalities and cognition may also be helpful to
understand development in subjects with prenatal alcohol
exposure as well as to investigate possible diagnostic tools,
interventions and treatments. The frontal lobes are partic-
ularly interesting in this regard, since they are responsible
for executive function, and executive function deficits are
common in individuals with prenatal exposure to alcohol
(Jacobson and Jacobson 2002; Kodituwakku 2009). The
consistently smaller frontal lobe volume, as well as the
additional cortical thickness, surface extent and shape
abnormalities may be linked to executive function or other
cognitive and/or behavioral difficulties observed in FASD.
The next section discusses studies examining such correlations
in the frontal lobe and beyond.

Brain-Behavior Relationships

Subjects with FASD are delayed in a number of cognitive
domains (Jacobson and Jacobson 2002; R. A. Mukherjee et
al. 2006), and generally have lower 1Q and other cognitive
scores than controls (Mattson et al. 1997). Most studies
report IQ for alcohol-exposed subjects, and in those studies
that do report IQ, the alcohol-exposed group always has
lower IQ than either standard scores (mean IQ score in the
general population is 100) or the control group (Archibald
et al. 2001; Astley et al. 2009; Autti-Ramo et al. 2002;
Bjorkquist et al. 2010, 2001, 2002a,b; Clark et al. 2000;
Coles et al. 2011; Cortese et al. 2006; Li et al. 2008;
Mattson et al. 1992, 1994, 1996; O’Hare et al. 2005;
Reinhardt et al. 2010; Riikonen et al. 1999, 2005; Riley et
al. 1995; Roebuck et al. 2002; Roussotte et al. 2011; Sowell
et al. 2001a,b, 2002a,b; Swayze et al. 1997; Willoughby et
al. 2008). Linking cognitive deficits such as lower 1Q in
subjects with prenatal alcohol exposure to the underlying
brain structure is important because it helps to understand
the complex nature of the associated disorder and tease out
the relationships between brain abnormalities and the
observed behavior. Further, finding relationships between
brain abnormalities and cognitive functions helps validate
the clinical significance of sometimes-subtle abnormalities
that can only be observed in relatively large groups of
subjects. Recently, many studies have begun to investigate
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these links using various types of neuropsychological
testing and quantitative measures obtained from structural
MRI. The methods and findings of these studies are briefly
outlined in Table 3 and summarized below.

In the general population, brain volume is weakly
(correlation coefficients of ~0.2-0.4), but significantly
correlated with intelligence (Lange et al. 2010; Witelson
et al. 2006). However, this relationship is complex and does
not hold for all populations or intelligence domains; for
example, there are gender differences in the strength of
correlations, and performance 1Q tends to be significantly
correlated with brain volume, while verbal 1Q does not
(Lange et al. 2010; Witelson et al. 2006). In the imaging
studies of FASD that we found, a similar relationship was
not tested or reported within alcohol-exposed subjects, but
is likely to exist. However, relationships between more
subtle brain abnormalities and cognitive abilities have been
identified in several MRI studies of FASD.

With still relatively few studies examining brain-
behavior relationships to date, it is difficult to make
definitive conclusions. Nonetheless, of the 11 studies
identified (Table 3), three focused on the corpus callosum,
reporting correlations between callosal displacement and
verbal learning (Sowell et al. 2001b), callosal thickness and
executive function and motor abilities (Bookstein et al.
2002b), and callosal area and a finger localization task
(Roebuck et al. 2002). Two studies have shown relation-
ships between verbal abilities and hippocampal volume,
one study highlighting the left hippocampus (Willoughby et
al. 2008), and the other finding relationships between
verbal recall and right hippocampal volume (Coles et al.
2011).

The California Verbal Learning Test (CVLT) has been
used in many prenatal alcohol exposure studies (some with
overlapping subjects). In addition to the relationships
between verbal learning and callosal displacement and
hippocampal volume noted above, verbal learning has been
shown to correlate with cerebellar vermis morphology
(O’Hare et al. 2005) and cortical thickness in the dorsal
frontal region (Sowell et al. 2008). An independent study
showed correlations between a different verbal task, the
Verbal Selective Reminding Memory Test (VSRT), and
both right hippocampal volume, and that of several frontal
regions (Coles et al. 2011).

Other brain-behavior findings include a relationship
between the freedom from distractibility (FD) index and
cingulate gray matter volume (Bjorkquist et al. 2010)
(see Fig. 4), and correlations between full scale 1Q (FSIQ)
and volume of the right and left putamen (Roussotte et al.
2011). On a nonverbal memory test, correlations were
observed between test performance and volume of the
right entorhinal cortex and hippocampus (Coles et al.
2011).

@ Springer

In most studies mentioned above, the correlations
were in the expected direction, with more severe brain
damage being related to worse performance (i.e., smaller
area=worse performance) (Bjorkquist et al. 2010; Coles et
al. 2011; O’Hare et al. 2005; Roebuck et al. 2002;
Roussotte et al. 2011; Sowell et al. 2001a; Willoughby et
al. 2008). However, a few notable exceptions exist.
Bookstein et al. (2002b) observed that callosal thickening
was associated with deficits of executive function, while
callosal thinning was related to poor motor skills,
suggesting that variation in either direction from controls
was associated with worse performance on specific tasks
(Bookstein et al. 2002b). Sowell et al. (2008) observed
positive correlations between verbal learning and thickness in
alcohol-exposed subjects (thicker=better performance), which
were in the opposite direction to correlations found in
controls (Sowell et al. 2008). Coles et al. (2011) found
mixed results between frontal lobe volumes and memory
scores, with some positive and some negative correlations
(Coles et al. 2011).

It should be noted, however, that in all the studies
mentioned above that had significant findings, there were
also brain regions or cognitive measures for which no
significant relationships were found. Furthermore, two
studies tested for relationships between brain structure and
cognitive measures, but found no significant relationships
at all (Autti-Ramo et al. 2002; Nardelli et al. 2011).
Notably, one study found extensive regions of correlation
between cortical thickness and performance on the Rey
Osterrieth Complex Figure (ROCF) test in controls where
thicker cortices were associated with worse performance,
but no significant relationships in subjects with prenatal
alcohol exposure (Sowell et al. 2008).

The brain-behavior links observed so far are varied and
occur in widespread brain regions. Given different mea-
surement and analysis techniques, as well as the diverse
subject samples, it is difficult to draw general conclusions
from the limited data available so far. With cross-sectional
data alone, it is impossible to tell whether the structural
abnormalities are a cause or result of the observed cognitive
and behavioral deficits, or whether the two simply vary
together due to a different factor. Another limitation of
cross-sectional studies is that they provide only a single
time point glimpse into complex brain-behavior relation-
ships. Cognitive function, behavior and brain abnormalities
may all change over time, particularly in relation to one
another, and thus much more complex longitudinal studies
are necessary in order to fully understand the relationships
between structure and function. Nonetheless, these cross-
sectional studies linking structure and cognition lay the
foundation for future studies to examine longitudinal
changes within subjects, and to test the efficacy of
interventions within this population.
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Table 3 Studies examining relationships between brain measures on structural MRI and cognitive/behavioral measures in subjects with prenatal alcohol

exposure

First author, year Subjects

Cognitive/Behavior Tests

Results

Sowell et al. 2001a

(Neurology) ROCF), 18 HC

Bookstein et al. 2002b 30 exposed (15 FAS), 15 HC

(Neuroimage)

Roebuck et al. 2002

Autti-Ramo et al. 2002 17 exposed

O’Hare et al. 2005
ROCF), 18 HC

Sowell et al. 2008
ROCF), 18 HC

Willoughby et al. 2008 19 exposed, 18 HC

Bjorkquist et al. 2010 21 exposed, 10 HC

Coles et al. 2010
26 HC

Nardelli et al. 2011

Roussotte et al. 2011 55 FASD

18 exposed (only 15 received

10 exposed, 6 HC

17 exposed (only 14 received

18 exposed (only 15 received

66 exposed (30 dysmorphic),

17 FASD, 32 controls

California verbal learning test for children
(CVLT-C)

Rey Osterrieth Complex Figure (ROCF)

25 different tests, see (Bookstein et al. 2002b)

Finger localization task

Wechsler Intelligence Scale for Children
(WISC-III)

Neuropsychological assessment (NEPSY)

CVLT-C

ROCF

CVLT-C

ROCF

Wechsler Abbreviated Scale of Intelligence
(WASI), Children’s Memory Scale
(CMS), CLVT-C, ROCF, Everyday
Memory Questionnaire (EMQ)

WISC-III

Freedom from Distractibility (FD) Index

Verbal Selective Reminding Memory Test
(VSRT)

Nonverbal Selective Reminding Memory
Test (NVSRT)

Working Memory Test Battery for Children,

Digit and Block Recall, Woodcock-Johnson

111, Woodcock Reading Mastery Test,
Comprehensive Receptive and Expressive
Vocabulary Test, NEPSY

FSIQ

Posterior-anterior displacement of the
corpus callosum is related to CVLT
across entire group

Relationship significant in exposed
group alone (more anterior=worse
performance), but not controls

Callosal thickening associated with
executive function deficits

Callosal thinning associated with motor
deficits

Positive correlations between posterior
callosal area and performance on 2-
finger localization task in entire group
and within only exposed

Positive area-FSIQ correlations across
both groups

Anterior area positively correlated with
1-finger localization in exposed group

No significant relationships found

CVLT negatively correlated with anterior
vermis morphology in exposed group
(worse performance=greater
dysmorphology)

Controls have negative CVLT-thickness
correlations in left occipital region

FASD have positive correlations in right
dorsal frontal region

Controls have negative ROCF-thickness
correlations in bilateral parietal, left
occipital, right dorsal and ventral frontal,
and right temporal; none in exposed

In exposed, left hippocampal volume
correlates positively with CVLT-C
long-delay cued recall

Positive correlation between FD and
posterior cingulate gray matter volume
in exposed group

Right hippocampus is a significant
predictor of verbal and nonverbal recall

Frontal regions and left fusiform predict
verbal recall

Right entorhinal cortex predicts
nonverbal recall

No correlations between standard scores
and deep gray matter volumes

Positive correlation between FSIQ and
right & left putamen volume
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Fig. 4 Bjorkquist et al. (2010) found a significant correlation between
posterior cingulate gray matter volume and the freedom from
distractibility index, indicating that smaller volumes were associated
with more distractibility. Figure used with permission

Brain Abnormalities and Age

The studies described here span a wide age range, from age
4 years to adulthood, with the majority focused on
adolescents. Comparing across studies, the results in
children, adolescents, and adults seem relatively consistent,
although with so many different analysis methods, it is
difficult to judge. The only group to use similar methods to
study both adolescents and adults separately was Bookstein
et al., who observe similar results in the corpus callosum in
both groups (Bookstein et al. 2001, 2002a,b), specifically
that those with prenatal alcohol exposure had higher shape
variably in the corpus callosum than healthy controls.
Many studies show age-related changes in structural
brain parameters in typically developing children, adoles-
cents and young adults. These include changes of gray and
white matter volume (Giedd et al. 1999; Good et al. 2001),
gray matter density (Sowell et al. 1999, 2003), white matter
density (Paus et al. 1999), cortical thickness (Lerch et al.
2006; Sowell et al. 2004), and the volumes of individual
subcortical structures (Walhovd et al. 2005). To date, most
studies of subjects with prenatal exposure to alcohol have
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age ranges too narrow or sample sizes too small to
investigate age-related changes with sufficient statistical
power and the majority of studies correct for age-effects to
eliminate confounding effects from the results. Nonetheless,
two groups measured age effects directly in subjects with
FASD. One study observed significant hippocampal volume
increases with age in the controls, but not in the subjects with
FASD (Willoughby et al. 2008). Another reported significant
increases in total brain, white matter, and globus pallidus
volumes with age in both control and FASD groups, with the
FASD subjects having consistently smaller volumes than
controls across the age range (Nardelli et al. 2011). The same
study found age-related changes in the thalamus (increases
with age) and cortical gray matter volume (decreases with
age) in control subjects, but not in those with FASD
(Nardelli et al. 2011). Figure 5 shows volume-age plots for
three brain structures in FASD and controls. The exploration
of age-related brain changes in children and adolescents with
prenatal alcohol exposure may be an interesting area for future
research given that their trajectories may differ significantly
from those of typically developing healthy controls. Larger
sample sizes and/or longitudinal data will greatly benefit the
study of development trajectories in children with prenatal
alcohol exposure.

Links to Alcohol Exposure and Facial Abnormalities

It is logical that the extent of brain damage caused by
prenatal alcohol exposure is related to the timing and
amount of exposure, although these links are difficult to
investigate in humans. Studies of mice suggest that the
facial dysmorphology associated with prenatal alcohol
exposure is the result of alcohol exposure at gestation day
7, which is roughly equivalent to the third and fourth weeks
of human gestation (Sulik 2005; Sulik et al. 1986). One of
the challenges with studying FASD is obtaining accurate
information about timing and amount of alcohol exposure,
due to unreliable reports from the mother or relatives, or the
unavailability of the biological mother (e.g., if the child is
in foster or adoptive care). Furthermore, additional diagno-
ses and exposures confound results, and there is great inter-
subject variation. Nonetheless, some studies have attempted
to investigate this question (Table 4). One study found
correlations between the size of various brain regions and
the average number of drinking days per week (correlated
with midsagittal area of the brain, absolute and relative
hippocampal volume, and length of the corpus callosum),
the maximum number of drinks per occasion (frontal lobe
volume, relative caudate volume, and absolute and relative
hippocampal volume), and the trimester of exposure
(significant linear decrease in mean relative volume of the
frontal lobe) (Astley et al. 2009). Another study found a
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Fig. 5 Nardelli et al. (2011) observed significantly smaller volume of
six deep gray matter structures in alcohol-exposed subjects compared
to controls. They also observed significant age-related changes within
the globus pallidus (dark blue) for both groups, and within the
thalamus (green) for controls (both shown above). The other four

significant negative correlation between amount of alcohol
consumed around the time of conception and caudate
nucleus volume, although this may reflect a global effect,
as control subjects were included in the correlation (Cortese
et al. 2006). Correlations have also been reported between
the number of drinks per week in the first trimester and
intracranial volume (Roussotte et al. 2011).

Another interesting question to investigate is whether brain
structure correlates with facial dysmorphology. This approach
reduces the need for detailed drinking histories, yet still
provides valuable information about relationships between
various aspects of the disorders associated with prenatal

structures—the caudate (light blue), putamen, hippocampus, and
amygdala (not shown) had no significant age-related changes. Across
the age range, the mean volume of exposed subjects remained
significantly below that of controls, suggesting consistency across
the age range

alcohol exposure. Furthermore, it seems logical that more
severe brain damage would be related to more severe facial
abnormalities, as both are likely related to the amount and
timing of alcohol exposure. Several studies separate alcohol-
exposed subjects into groups with and without facial dysmor-
phology (typically, facial dysmorphology is associated with a
diagnosis of FAS or pFAS). Most studies then compare both
groups separately to controls, and observe fewer significant
differences (or less extensive regions of difference) between
exposed subjects without dysmorphology and controls than
between exposed subjects with dysmorphology and controls
(Archibald et al. 2001; Bookstein et al. 2006; Coles et al.

Table 4 Correlations between brain abnormalities and measures of alcohol exposure or facial dysmorphology

First author, year Subjects Findings

Astley et al. 2009 30 FAS/pFAS, 30 SE:AE

# Drinking days/week—midsagittal area, hippocampal volume, length of corpus callosum

Max # drinks/occasion—frontal lobe volume, caudate volume, hippocampal volume

Cortese et al. 2006
Roussotte et al. 2011

10 exposed (7 FAS), 4 HC
17 exposed
Facial Dysmorphology

Astley et al. 2009 30 FAS/pFAS, 30 SE:AE

Amount of alcohol consumed at conception—caudate volume

# drinks/week in 1st trimester—intracranial volume

FAS/pFAS group had smaller area/volume than SE:AE group for: midsagittal brain

and cerebellar area, frontal lobe total and gray matter volume, putamen volume

Roussotte et al. 2011 52 exposed

Palpebral fissure length—ventral diencephalon volume

Lipometer—thalamus and left pallidum volume
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2011; Cortese et al. 2006; Riley et al. 1995; Sowell et al.
2001a,b, 2008). Figure 2 shows an example of similar callosal
abnormalities in FAS and PEA groups compared to controls,
where the differences are slightly more extensive in the FAS
group (Sowell et al. 2001a). However, several groups report
no differences between results of dysmorphic versus controls
or nondysmorphic versus controls comparisons (Autti-Ramo
et al. 2002; Bjorkquist et al. 2010; Bookstein et al. 2001;
2002a,b).

One study specifically tested for differences between a
group of 30 subjects with FAS/pFAS and a group of 30 with
SE:AE. They observed significant differences between these
two groups in the total midsagittal brain and cerebellar areas,
frontal lobe total and gray matter volumes, and putamen
volume, suggesting a link between facial dysmorphology and
brain abnormalities (Astley et al. 2009). Another recent study
examined correlations between facial dysmorphology and
brain volumes directly, using measures of palpebral fissure
length and philtrum appearance (lipometer score). They
observed significant correlations between palpebral fissure
length and volume of the ventral diencephalon, as well as
between lipometer scores and thalamus and left pallidum
volumes; in all cases smaller volumes were associated with
more severe dysmorphology (see Fig. 6) (Roussotte et al.
2011). Finally, it is important to note that findings of
structural brain damage are robust in populations of exposed
subjects both with and without dysmorphology, and that lack
of facial features associated with FAS does not imply lack of
cognitive, behavioral or neurological abnormalities.
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Fig. 6 Roussotte et al. (2011) showed correlations between lipometer

score (a measure of philtrum dysmorphology) and volume of deep
gray matter structures within subjects with prenatal alcohol exposure,
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Conclusions and Future Directions

Over the last 20 years, many studies have examined the effects
of prenatal exposure to alcohol on brain structure in children,
youth, and adults. Despite the diverse methods and sample
populations, some consistent patterns of abnormalities have
emerged. First, one of the most common findings in studies of
subjects with prenatal alcohol exposure is reduced brain volume.
Total brain volume reductions are almost always reported
(Archibald et al. 2001; Astley et al. 2009; Autti-Ramo et al.
2002; Coles et al. 2011; Cortese et al. 2006; Johnson et al.
1996; Lebel et al. 2008; Mattson et al. 1992, 1994, 1996;
Nardelli et al. 2011; Riikonen et al. 2005; Roussotte et al.
2011; Sowell et al. 2001a; Swayze et al. 1997; Willoughby et
al. 2008), and because of this, total brain volume is often used
as a covariate when testing the volumes of other brain
structures, in order to determine whether they are reduced in
proportion to total brain volume or beyond it. White matter and
gray matter volumes are also typically smaller, although white
matter seems to be affected slightly more than gray matter in
terms of proportional reductions (Archibald et al. 2001;
Bjorkquist et al. 2010; Lebel et al. 2008).

In terms of more specific changes, the corpus callosum,
the largest white matter tract in the human brain, seems to
be quite vulnerable to alcohol, with abnormalities ranging
from agenesis and malformations (Astley et al. 2009; Autti-
Ramo et al. 2002; Clark et al. 2000; Johnson et al. 1996;
Mattson et al. 1992; Riley et al. 1995; Swayze et al. 1997)
to shape variability (Bookstein et al. 2001; 2002a,b; Sowell
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demonstrating significantly smaller left pallidum and bilateral thalamus
volumes (and a trend in right putamen) in FASD subjects with more
severe facial abnormalities. Figure used with permission
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et al. 2001a), displacement (Sowell et al. 2001a), and
decreased area, width and/or length (Astley et al. 2009;
Autti-Ramo et al. 2002; Sowell et al. 2001a). The deep gray
matter structures have been assessed in a handful of studies,
and are consistently reported to have reduced volume
(Archibald et al. 2001; Astley et al. 2009; Autti-Ramo et al.
2002; Coles et al. 2011; Cortese et al. 2006; Mattson et al.
1992, 1994, 1996; Nardelli et al. 2011; Riikonen et al. 2005;
Roussotte et al. 2011; Willoughby et al. 2008), suggesting
that they also may be quite vulnerable to the teratogenic
effects of alcohol. Most often, the caudate and hippocampus
are reported to have reduced volume; however, many of the
other structures have not been studied as extensively and
thus it remains to be seen what the effects are on them.

The frontal, parietal and temporal lobes have been
reported as abnormal in terms of a variety of measures,
including volume (Archibald et al. 2001; Astley et al. 2009;
Li et al. 2008), gray matter density (Sowell et al. 2001b,
2002a), shape (Sowell et al. 2002a,b), and cortical thickness
(Sowell et al. 2008). Only the occipital lobes seem to be
relatively spared by prenatal alcohol exposure, and were
only reported to have reduced volume (in the occipital-
temporal region) in one study (Li et al. 2008).

Thus, there seems to be a consensus that brain volume,
and the volumes of many structures are reduced in subjects
with prenatal alcohol exposure. More subtle abnormalities,
such as shape variability, displacement, density, and cortical
thickness have been reported as well, but were not
examined by many studies. Thus, future research focusing
on more subtle abnormalities may be beneficial for
determining the precise effects of alcohol and perhaps
providing more specific information about the potential
causes of smaller volumes in FASD. Furthermore, examin-
ing the relationships between structural brain abnormalities
and other parameters will provide valuable information. For
example, an exploration of age-related changes within
alcohol-exposed subjects may help determine whether
developmental trajectories are similar in alcohol-exposed
subjects and controls, or whether the two groups diverge at
some point. Correlations with cognitive measures may be
useful for studying interventions and possible treatments for
these subjects, and research identifying links between the
timing and amount of alcohol exposure and the observed
structural brain abnormalities would greatly clarify how and
when the damage occurs in utero. These types of studies
generally require large sample sizes, with a large dynamic
range on the variable of interest (e.g., spanning a wide age
range or having diverse cognitive abilities) in order to
detect differences.

Clearly, the teratogenic effects of alcohol on the brain are
widespread and diverse. They range from global brain-
volume reductions to specific shape abnormalities of
individual structures, and affect not only subjects with the

most severe diagnoses, but also subjects fewer cognitive/
behavioral symptoms and those with no facial abnormali-
ties. Future lines of research exploring subtle abnormalities
and the relationship between structural brain abnormalities
and other parameters will provide valuable insight into the
causes and consequences of the brain damage caused by
alcohol, and may ultimately help develop more effective
ways of assessing and treating conditions associated with
prenatal alcohol exposure.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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