1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Curr Dev Disord Rep. 2014 September ; 1(3): 161-172. doi:10.1007/s40474-014-0020-8.

Fetal Alcohol Spectrum Disorders: Recent Neuroimaging
Findings

Eileen M. Moorel, Robyn Migliorinil:2, M. Alejandra Infante!-2, and Edward P. Rileyl3
1Center for Behavioral Teratology, San Diego State University, San Diego, CA 92120

2SDSU/UCSD Joint Doctoral Program in Clinical Psychology, San Diego, CA 92120
3Department of Psychology, San Diego State University, San Diego, CA 92182

Abstract

Since the identification of Fetal Alcohol Syndrome over 40 years ago, much has been learned
about the detrimental effects of prenatal alcohol exposure on the developing brain. This review
highlights recent neuroimaging studies, within the context of previous work. Structural magnetic
resonance imaging has described morphological differences in the brain and their relationships to
cognitive deficits and measures of facial dysmorphology. Diffusion tensor imaging has elaborated
on the relationship between white matter microstructure and behavior. Atypical neuromaturation
across childhood and adolescence has been observed in longitudinal neuroimaging studies.
Functional imaging has revealed differences in neural activation patterns underlying sensory
processing, cognition and behavioral deficits. A recent functional connectivity analysis
demonstrates reductions in global network efficiency. Despite this progress much remains
unknown about the impact of prenatal alcohol exposure on the brain, and continued research
efforts are essential.

Introduction

It is now widely accepted that heavy alcohol consumption during pregnancy can have life-
long adverse consequences on the developing embryo and fetus. Despite this knowledge and
increased public awareness of the risks associated with drinking during pregnancy, the
Centers for Disease Control and Prevention found that in the United States, 7.6% of
pregnant women reported consuming alcohol within the 30 days prior to survey, and 1.4%
reported binge drinking [1].
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Perhaps the best-known outcome of prenatal alcohol exposure is the Fetal Alcohol
Syndrome (FAS), which was documented in the medical literature over 40 years ago [2, 3].
Distinct facial characteristics, growth retardation and central nervous system anomalies were
observed in offspring exposed to large amounts of alcohol /n utero. However, a host of
factors, such as alcohol dose and timing of exposure, nutritional status, and genetics,
converge to affect the phenotype. Fetal Alcohol Spectrum Disorders (FASD) is the non-
diagnostic, umbrella term used to refer to the entire continuum of outcome severity. Among
the most serious consequences of in utero alcohol exposure are the effects on the brain and
the resulting alterations in behavior and cognition. Importantly, these effects can occur even
among individuals without all of the features of FAS [4, 5].

Early autopsy examinations of individuals with heavy prenatal alcohol exposure revealed
brain abnormalities including microcephaly as well as anomalies of specific brain structures
[6]. While informative, these autopsy studies often represented the most severe cases of
prenatal alcohol exposure, limiting their generalizability. Numerous neuroimaging studies
are now available describing the detrimental impact of prenatal alcohol exposure on the
brain and several recent reviews are available (see [7-10]). This review provides an update,
highlighting some of the more recent neuroimaging studies within the context of previous
research. Tables 1 and 2 summarize the structural and functional research findings from
2011-present and additional supplementary tables (Tables 3-6) are provided online which
outline the neuroimaging findings over the past four decades.

Prenatal alcohol exposure has widespread detrimental effects on the brain and many studies
have reported an association between such exposure and a reduction in total brain size (refer
to supplementary Table 3). Some areas of the brain may be particularly affected by alcohol
exposure. To examine such effects Chen and colleagues [11] divided the brain into 68
cortical and 20 subcortical regions of interest (ROI). Although they did not correct for
multiple comparisons, they reported that the absolute volume of nearly every region was
significantly reduced in young adults prenatally exposed to alcohol. The authors also
identified several specific subcortical and cortical regions that were related to the quantity of
exposure or were disproportionately reduced (i.e., above the effects of total brain volume
reduction; refer to Table 1). Of note, the posterior corpus callosum and bilateral cerebellum
volumes demonstrated a negative relationship with the quantity of prenatal alcohol exposure
while the caudate nuclei were reported as disproportionately reduced. These findings are
consistent with prior studies suggesting vulnerability of these regions to alcohol. In addition,
they reported that the bilateral pars opercularis, an area of the frontal lobes important for
language ability, is negatively related to the quantity of alcohol exposure. Interestingly, the
volumes of the bilateral lingual gyri, areas important for visual processing, were not only
negatively related to the quantity of alcohol exposure but also were significantly reduced
even after accounting for total brain size. Both verbal ability and visual-processing are
affected in FASD, and the effects in the pars opercularis and lingual regions may contribute
to some of these deficits.
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Rajaprakash et al. [12] examined cortical brain alterations associated with heavy prenatal
alcohol exposure in children and adolescents diagnosed with Alcohol Related
Neurodevelopmental Disorder (ARND). Reductions in absolute total brain volume as well
as cortical volume and surface area were found. When examining regional effects, both
diminished cortical grey matter volume and surface area were apparent in bilateral frontal
regions. Total volume reductions were observed in bilateral parietal, and right temporal
cortices; while surface area reductions were seen in bilateral temporal and the right occipital
cortex. However, these reductions were not evident after correcting for total brain volume
and no alterations were seen in cortical thickness. Prior work is mixed regarding the
relationship between prenatal alcohol exposure and cortical thickness, reporting both
increases [13-15] as well as decreases [16]. Other studies have found disproportionate
volumetric reductions in specific brain areas [17, 18, 11] however those reports included
individuals with heavy prenatal alcohol exposure who fell along the entire continuum of
diagnoses, including those with facial dysmorphology. In the study by Rajaprakash et al.
children with ARND had heavey prenatal alcohol exposure, cognitive or behavioral deficits,
but no facial dysmorphia. Several previous studies have found that groups composed of
individuals diagnosed with FAS may display regionally disproportionate volumetric
reductions while such reductions may not achieve statistical significance in alcohol-exposed
groups of children who do not meet criteria for FAS (e.g., [17, 18]).

Brain Shape

Shape measurements provide additional insights regarding brain changes associated with
prenatal alcohol exposure, either in addition to or in the absence of volume differences. For
example, early reports described corpus callosum malformation. The corpus callosum is a
band of white matter that connects the two hemispheres. Some individuals with prenatal
alcohol exposure were reported to have complete or partial agenesis [18-21] or displacement
[22-25]. The shape deviations also included callosal extension and compression as well as
relative thickening and thinning; malformation in either direction was related to deficits in
executive functioning or motor control [25].

Recent studies report variations in the shape of the bilateral caudate and hippocampal nuclei
[26]. Hippocampal deformations were observed spreading across the body and tail regions
on the superior surface and on the head of the inferior surface, bilaterally. In the right
hippocampus, the inferior surface deformation spread from the head to the tail region.
Furthermore, contraction of the anterior region of the right hippocampus head was
associated with greater prenatal alcohol exposure. The left caudate was deformed in the
body and tail regions of the lateral surface, and contraction of the tail region of the right
caudate was associated with greater alcohol exposure. Although Joseph and colleagues
report significant deformations, only trend-level group differences in absolute volume of the
bilateral caudate and left hippocampus were reported. More work will be necessary to
determine how shape variation of these regions may relate to the deficits reported in FASD.
Given that prior research has found a positive relationship between hippocampal volume and
spatial recall [27]; caudate volume and inhibitory control [28]; and volumes of both these
regions are implicated in verbal learning and recall deficits in FASD [28, 27], shape
deviations may well be associated with such deficits also. As shape deviations in the right
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caudate and hippocampus were related to the quantity of alcohol exposure, perhaps a
relationship between verbal ability and shape variation in these regions would also be
detectable among individuals with more moderate or low-dose alcohol exposures.

Shape changes have also been previously reported in the cerebral cortex. For example,
reductions were evident in the distance from the center of the brain to surface points in the
left hemisphere orbitofrontal cortex and the bilateral inferior parietal/perisylvian areas,
giving the appearance of a blunted, narrower brain [29]. More recently, De Guio and
colleagues [30] described changes in cortical folding among children with FASD. Cortical
folding abnormalities are seen in several disorders of neuronal migration and the associated
malformations may range from lissencephaly (the absence of cortical folding) to
polymicrogyria (many small folds). Polymicrogyria was described in a prior case of FAS
[31]. De Guio et al. [30] found that cortical complexity, defined as the average ratio of sulcal
to gyral surface area, was reduced in children with prenatal alcohol exposure: a smaller
proportion of the cortical surface area was buried within the cerebral folds. The children of
women who consumed the greatest amount of alcohol per day showed the greatest effect.
Furthermore, the authors noted that the fold opening, or distance between the sulcal [walls],
was greater in children exposed to gestational alcohol in the majority of cortical regions.
These effects were observed in children with and without microcephaly, suggesting that
these deviations in the folding pattern were not primarily due to having a smaller brain.

White Matter Microstructure

White matter microstructure in the brain can be assessed with DTI, which measures the
diffusion of water molecules in tissue. Common measures of tissue integrity include indices
of average diffusion (mean diffusivity; MD), and diffusion isotropy (fractional anisotropy;
FA). These measures of white matter integrity reflect numerous aspects of tissue structure,
including myelination, axonal integrity and fiber organization (for additional discussion see
[32]). Widespread diffusion abnormalities are found among alcohol-exposed individuals
(refer to Supplementary Table 4). As an example, reduced FA and increased MD are seen in
the splenium and genu of the corpus callosum, respectively [33]. Typically, low FA and high
MD are associated with poorer microstructural integrity, however this may not always be the
case.

Green et al. [34] described relationships between white matter microstructure and reaction
time during prosaccades (eye movement towards a peripheral stimulus) and antisaccades
(eye movement away from a peripheral stimulus) in children with FASD. Lower FA in the
cerebellum was related to slower reaction times during prosaccades. However, lower FA in
the genu of the corpus callosum and the inferior longitudinal fasciculus was related to faster
reaction times during prosaccades, and in a large portion of the right corpus callosum lower
FA was related to faster reaction time on antisaccades. The authors speculated that the
negative relationship between FA in the corpus callosum and inferior longitudinal fasciculus
and reaction times may be due factors that artificially inflate FA, such as a reduced
dispersion or branching of axons within a voxel.
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Brain Maturation

The brain is highly dynamic and undergoes complex changes across development. In healthy
children, brain maturation follows a non-linear, regionally heterochronous trajectory.
Maturation of both cortical grey matter and white matter microstructure begins in more
posterior regions, progressing towards the later-maturing frontal areas. Cortical grey matter
volume development includes a period of brain growth across childhood, followed by a
decline in volume during adolescence [35]. In white matter, nonlinear increases in FA and
reductions in MD are seen from childhood to adulthood [36].

Children with heavy prenatal alcohol exposure displayed a more linear trajectory of cortical
volume loss without much evidence of age-appropriate volume increases in several cortical
areas, including the bilateral inferior parietal, and the left lateral occipital and superior
parietal areas, and right postcentral and banks of the superior temporal regions [37].
Additionally, children with prenatal alcohol exposure displayed a greater change in white
matter integrity in several tracts including a steeper decline in MD in the superior fronto-
occipital, inferior-fronto-occipital, and superior longitudinal fasciculi [38]. The blunted grey
matter volume change is suggestive of compromised pruning and diminished plasticity in
the cerebral cortex, whereas the steeper reduction in MD may reflect delayed myelination in
alcohol-exposed children.

It appears that prenatal alcohol exposure has an enduring impact on brain development;
however an important consideration is how the environment may contribute. Environmental
experience has an integral role in determining brain morphology, physiology and chemistry
(for review refer to [39]). Environmental input is converted to patterns of neural activity that
drive functional and structural plasticity, however prenatal alcohol exposure may change the
brain's ability to incorporate such experience. Additionally, individuals with prenatal alcohol
exposure may have a fundamentally different life experience from those who are typically
developing, not only during the fetal period but also in postnatal stages. Experiencing
additional stressors, malnutrition, and/or limited enrichment along with the prenatal alcohol
may converge to produce a brain with a disrupted developmental trajectory.

Brain Activation: Sensory Processing

MEG is a noninvasive imaging method that measures magnetic fields produced by electrical
activity in the brain. Several recent studies using MEG have reported brain activity
differences in FASD during sensory processing. During auditory stimulus presentation,
young children with FASD displayed an approximate 10ms delay in cortical auditory
processing (M100 and M200 latencies) compared to controls [40]. On a prosaccade task,
adolescents with FASD exhibited a delay in visual cortex activation (M100 peak latency).
Furthermore, during this visual task gamma-band oscillations differed between FASD and
controls. Gamma oscillations are periodic fluctuations in the local field potential, driven by
synchronized interactions between a network of inhibitory interneurons and excitatory
principle neurons in the cortex. Gamma oscillations tend to increase in magnitude in the
presence of a cognitive or perceptual stimulus. This magnitude escalation may reflect
increases in local field potential synchrony, amplitude (power) or both [41]. In FASD,
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relative increases in gamma oscillations were seen in right frontal clusters, while relative
decreases occurred in right parietal and left temporal/occipital clusters [42]. These gamma-
band power changes occurred despite a lack of difference in task performance in these
groups. In addition, in adolescents with FASD there was a positive relationship between
M100 peak latency and gamma oscillatory power in a cluster located around the medial
frontal eye field region [42]. No such relationship was apparent in controls, and gamma-
band power was not correlated with saccadic reaction time in either group. Stephen et al.
suggested that the altered gamma-band power might represent an imbalance between
neuronal excitation and inhibition.

Brain Activation: Cognition

Functional brain changes associated with FASD have also been examined with fMRI, which
measures the blood oxygen level-dependent (BOLD) change in the brain (i.e., the
hemodynamic response). Neural activation differences associated with prenatal alcohol
exposure as compared to healthy control subjects have been observed during several
different cognitive tasks, including response inhibition [43, 44], working memory [45-50],
arithmetic and number processing [51, 52] and verbal learning [53]. Many of these studies
have been described in prior reviews [7, 9]. Of note is the large number of fMRI studies that
report differences in activation among individuals with FASD in frontal regions relative to
healthy controls regardless of the task used (refer to Supplementary Table 5).

On a go/no-go task O'Brien et al. [44] found that despite similar inhibitory behavioral
performance across trials, children with prenatal alcohol exposure displayed greater neural
activation in several frontal and parietal regions during response inhibition, which is similar
to a previous report [43]. However, the authors also found that when a predictive cue
signaled the need to inhibit a response, alcohol-exposed subjects displayed poorer ‘go’
response accuracy and a more conservative response bias, as well as reduced activation in
left pre- and postcentral gyri. The authors suggest that the alcohol-exposed children were not
utilizing the cue-signal to the same extent as controls and that deficits in nonverbal learning
may contribute to the poorer cued-trial performance.

In an n-back verbal working memory task, Diwadkar and colleagues [54] observed
activation patterns that differed not only between controls and prenatal alcohol exposed
subjects, but also between the alcohol-exposed subjects with and without dysmorphic facial
features. As task difficulty increased, each group displayed unique activation patterns. The
non-exposed controls increased activity in Broca's area; non-dysmorphic alcohol-exposed
subjects exhibited increases in fronto-striatal network activation; and alcohol-exposed
subjects with facial dysmorphism showed activity increases in cerebellar and parietal areas.
Furthermore, the between group comparisons revealed that the non-dysmorphic children
displayed greater activation of the dorsolateral prefrontal cortex, while children with facial
dysmorphology had reduced activation in a specific region of Broca's area associated with
sub-vocal rehearsal. These group differences in activation occurred despite a lack of
difference in behavioral task performance. However, the two alcohol-exposed groups did
differ in the quantity of alcohol exposure. The children in the dysmorphic group were
exposed to more alcohol on average and per occasion. The differences in alcohol dosage
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may have contributed to the distinct activation patterns observed between the dysmorphic
and non-dysmorphic alcohol-exposed groups. Regardless of the dosage, the alcohol-exposed
children displayed altered activation in comparison to controls.

Brain Activation: Resting-State

An alternative to measuring fMRI response activation during a task is to measure BOLD
activity fluctuations at rest. The “resting brain” exhibits low-frequency spontaneous BOLD
signal changes that are correlated across connected regions [55], allowing for assessment of
functional connections among neural networks [56, 57]. Several brain regions are more
active at rest than during cognitive tasks (e.g. medial prefrontal cortex, posterior cingulate
cortex, precuneus, inferior parietal lobules, and medial temporal regions) and are referred to
as the default mode network [58]. Resting-state functional connectivity among several
default mode regions (medial prefrontal cortex, posterior cingulate cortex, and inferior
parietal lobules) was reduced in young adults with FASD [59]. In addition, children and
adolescents with FASD displayed interhemispheric functional connectivity disruption [60].
In a recent analysis of functional connectivity that sought to examine brain network
efficiency, Wozniak and colleagues [61] found that children with FASD displayed a 3.1%
increase in characteristic path length, implying less reliance on long-distance
communication and a greater reliance on multiple smaller connections in the neural network.
In addition, they showed a 1.9% reduction in global efficiency, suggesting reduced network
capacity for parallel information processing. The clinical significance of such change is not
yet understood, but the alcohol-exposed brain appears to be working in a less efficient
manner. Wozniak et al. [61] also examined the relationship between cognitive performance
and both characteristic path length and global efficiency. While the relationship did not
survive correction for multiple comparisons, the findings suggested an association with
poorer immediate memory capacity measured with the California Verbal Learning Test.

FASD versus Contrast Groups

Many imaging studies have compared prenatal alcohol exposed youths to healthy controls,
providing substantial information regarding how such exposure results in deviations from
more typical neurodevelopment. However, there are a number of factors that may contribute
to the FASD phenotype, above and beyond alcohol-exposure histories. Several recent
studies compared subjects with prenatal alcohol-exposure to other relevant contrast groups
to examine differences in brain activation [46, 49], and white matter microstructure [46].

Given that a large degree of variance in alcohol usage in the population can be attributed to
genetic influences (heritability estimates are 50-60%; [62]), the genetic factors that
contribute to maternal proclivity towards alcohol consumption may also contribute to the
observed functional brain changes in FASD. To examine the potential role of family history
of alcoholism, Norman et al. [49] examined brain activation patterns during an fMRI spatial
working memory task among children with; (1) heavy prenatal alcohol exposure; (2) family
history positive for alcoholism (FHP); and (3) healthy controls. In general, the greatest
differences in BOLD activation were between alcohol-exposed and control groups, while
FHP displayed a more intermediate pattern of activation. Relative increases in BOLD
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activation of frontal areas during the spatial working memory task were unique to the
alcohol-exposed children and likely due to their exposure rather than a family history of
alcoholism. However, having a family history of alcoholism may have contributed to the
increased activation of the lentiform nucleus and insula, as these areas were activated in both
the alcohol-exposed and the FHP groups.

Co-occurring psychiatric conditions may also contribute to altered brain activation observed
in FASD. Attention deficits are prevalent among individuals with prenatal alcohol exposure
and many of these children meet diagnostic criteria for attention-deficit/hyperactivity
disorder (ADHD) [63]. Malisza et al. [46] reported fMRI BOLD response differences on a
spatial working memory task in alcohol-exposed children in comparison to both non-
exposed children with ADHD and healthy controls. Task performance was similar between
alcohol-exposed and the ADHD children, although the controls performed better than both
clinical groups. The general pattern of activation differences indicated that relative to
controls, children with alcohol exposure exhibited increases in activation while children
with ADHD showed decreases in activation on this task. There were no regions in which the
ADHD children displayed increased activation relative to alcohol-exposed children, but
alcohol-exposed children showed enhanced activation relative to ADHD in the bilateral pre-
and postcentral regions, right middle frontal gyrus and left inferior frontal gyrus.
Furthermore, DTI tractography demonstrated that while alcohol-exposed children displayed
a reduction in fiber volume and total number of fibers compared to healthy controls, non-
exposed children with ADHD did not significantly differ from either the alcohol-exposed or
control groups. Although children with prenatal alcohol exposure may have similar
behavioral and cognitive deficits as in ADHD, the underlying neural mechanisms appear to
be at least partially distinct.

Facial Dysmorphology

Several areas of the brain display relationships with facial dysmorphology in children with
histories of heavy prenatal alcohol exposure. The dysmorphic facial features that are
characteristic of FAS include (1) small palpebral fissures (the length of the opening of the
eye), (2) smooth philtrum (the vertical groove perpendicular to the nose and lip) and (3) thin
vermillion (upper lip) [64]. Shorter palpebral fissure length was related to smaller ventral
diencephalon bilaterally, [65], a thinner corpus callosum, particularly in the anterior third
[66], and increased cortical thickness in the right inferior frontal cortex [15]. A higher
philtrum lipometer score, which indicated more severe dysmorphology, predicted reductions
in the bilateral thalami and left palladium volumes [65]. Greater dysmorphism of both these
facial features was also related to a lower full-scale 1Q score [65]. Furthermore, there may
be some differences in brain maturation among children with and without dysmorphic facial
features, as children with more severe facial dysmorphology also displayed more blunted
cortical volume change over time [37].

While facial measures reflect gross structural brain anomalies in prenatal alcohol exposed
individuals, it is not clear if facial dysmorphology relates to white matter microstructural or
functional brain changes. No relationship has been observed between corpus callosum
microstructure and facial dysmorphology [67, 68], although a positive relationship between
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FA in the left middle cerebellar peduncle and diagnostic severity has been reported [69].
There may be a relationship between brain activation and diagnostic severity, as Diwadkar
et al. [54] showed that children with a diagnosis of FAS/partial-FAS activated different
regions during a working memory task as compared to heavily exposed nonsyndromal
children. However, when examining activation patterns during resting state no relationship
between facial dysmorphology and functional connectivity was observed [60, 61]. More
work is necessary to determine if a relationship may exist between facial dysmorphology
and measures of white matter integrity and/or brain activation patterns.

Further study of the relationship between facial dysmorphology and the brain may help to
elucidate the full nature of the teratogenicity of alcohol. Additionally, characterization of
these relationships could also lead to earlier identification of individuals affected by prenatal
alcohol exposure, and hopefully earlier and more targeted interventions. A particularly
promising avenue in this regard lies within 3D facial imaging methodologies. Suttie et al.
[70] found that among nonsyndromal heavily exposed children, those with more FAS-like
facial features performed poorer on neurobehavioral assessment than the children with more
control-like features. Given the knowledge of the reciprocal relationships between facial
dysmorphology and brain/cognitive changes, sensitive facial imaging methods may prove to
be an extremely valuable diagnostic tool.

Summary and Conclusion

Structural MRI studies demonstrate the global and widespread impact of prenatal alcohol
exposure, but also implicate some specific brain areas that may be particularly vulnerable.
For example, evidence continues to accumulate indicating that the caudate may be one such
region. Disproportionate reductions [11] or deformation [26] of the caudate have been
recently reported. Caudate volume has also been shown to predict neurobehavioral
disruption [28]. DTI studies are linking the alcohol-induced white matter microstructural
changes to specific deficits, most recently oculomotor control [34]. Furthermore, recent
evidence demonstrates that the developmental trajectory of both cerebral cortex volume and
white matter microstructure is altered [37, 38]. Continued longitudinal research examining
brain development over the lifespan is necessary. Longer latencies between sensory stimulus
presentation and cortical activation detected with MEG demonstrate deficits in auditory
processing in young children and visual stimulus processing in adolescents [40, 71]. BOLD
changes during cognitive tasks continue to reveal differing activation patterns between
alcohol-exposed youth and more typically developing controls [44]. Further, the BOLD
activation patterns among individuals with FASD are also at least partially distinct from
contrast groups, including ADHD [46]. These findings provide evidence not only for
different neuropathology but also suggest that these two clinical groups may be in need of
distinct treatment strategies.

In general the neural anomolies associated with FASD measured with neuroimaging
technologies account for only a small proportion of variance that contributes to cognitive or
behavioral disruption. These complex relationships involve genetic factors, environmantal
experience, and timing of developmental events, among others, and converge to affect the
whole brain and resultant behavior. As a majority of the neuroimaging studies to-date are
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cross-sectional, it is not possible to determine whether the observed brain changes are the
cause or product of disrupted cogntition and behavior, or whether the observed brain/
behavior relationships in FASD vary together due to some other factor(s).

Continued research efforts aimed at identifying vulnerable brain targets of alcohol
teratogenicity are essential. Establishing relationships between brain alterations and quantity
of alcohol exposure, facial dysmorphology and behavioral/cognitive deficits will aid in the
identification of unique and specific brain markers of exposure. Such markers are needed to
aid in the diagnostic process and for discerning novel and specific treatment strategies.
Research suggests that earlier identification and diagnosis with a FASD may help in
reducing the chance of adverse life outcomes among individuals with prenatal alcohol
exposure [72]. Continued research aimed at understanding the relationship between alcohol-
induced brain development disruption and the associated functional deficits may also help in
developing novel brain-based treatments and interventions for individuals with FASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1
Recent structural MRI and DT1 studies of individuals with prenatal alcohol exposure
relativeto controls
Brain region | Modality | Findings References
Whole brain MRI * | Volume « Chen et al. [11]; Rajaprakash et al. [12];
Yang et al. [15, 66]; Zhou et al. [16]; De
Guio et al. [30]; Treit et al. [38]; Roussotte
et al. [65]; Coles et al. [73]; de Zeeuw et
al. [74]; Nardelli et al. [75];
* | GM volume « Rajaprakash et al. [12]; Zhou et al. [16];
De Guio et al. [30]; de Zeeuw et al. [74];
Nardelli et al. [75];
* | WM volume * De Guio et al. [30]; Treit et al. [38];
Roussotte et al. [65]; Yang et al. [66]; de
Zeeuw et al. [74]; Nardelli et al. [75];
« Total brain volume positively relates to 1Q and negatively e Chenetal. [11]
relates to quantity of alcohol exposure
Cerebrum MRI « | Volume « de Zeeuw et al. [74]
« | Cortical GM volume « Roussotte et al. [65]; Treit et al. [38]
1 Cortical thickness « Fernandez-Jaén et al. [14]; Yang et al.
[15]
« | Cortical thickness « Zhou et al. [16]
« | Cortical surface area * Rajaprakash et al. [12]
« | Cortical complexity « De Guio et al. [30]
Frontal MRI ¢ | GM volume * Rajaprakash et al. [12]
« | Caudal middle, superior, rostral medial regions, pars « Colesetal. [73]
triangularis, and pars orbitalis volume
« 1 Cortical thickness in the R frontal lobe! and inferior frontal « Fernandez-Jaén? et al. [14]; Yang? et al.
regions? [15]
« | Cortical thickness in the middle frontal lobe, precentral « Zhou et al. [16]
gyrus,
« | Sulcal index: L central, R prefrontal sulci, * De Guio et al. [30]
Jsulcal depth: R precentral sulcus,
1 sulcal fold opening: central, precentral, prefrontal, and
medial frontal sulci
« | Surface area « Rajaprakash et al. [12]
« VVolume of the bilateral pars opercularis, L lateral * Chenetal. [11]
orbitofrontal cortex, R precentral gyrus each negatively relates
to quantity of prenatal alcohol exposure
« VVolume predicts verbal learning « Fryer etal. [28]
Parietal MRI « | GM volume in L parietal lobe  Rajaprakash et al. [12]
« T Cortical thickness in L inferior parietal lobe « Yang et al. [15]
« | Cortical thickness in the superior parietal lobe and * Zhou et al. [16]
postcentral gyrus
« | Sulcal depth: L intraparietal sulcus, « De Guio et al. [30]
1 sulcal fold opening: parietal and intraparietal sulci
« Atypical developmental trajectories in L superior, L inferior, « Lebel etal. [37]
R inferior parietal regions and the R postcentral gyrus
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Brain region | Modality | Findings References
« L inferior parietal lobule, R superior parietal lobule, and R * Chen etal. [11]
isthmus of the cingulate cortex each negatively relates to
quantity of prenatal alcohol exposure
Temporal MRI « | Riinferior temporal gyrus volume * Chenetal. [11]
* LGM volume in the R temporal lobe « Rajaprakash et al. [12]
« | Fusiform and parahippocampal gyri volume « Coles et al. [73]
» 1 Cortical thickness in temporal lobes® and in R middle and « Fernandez-Jaén? et al. [14]; Yang? et al.
superior temporal regions? [15]
« | Cortical thickness in the L lateral and inferior temporal * Zhou et al. [16]
regions
« 1 Sulcal fold opening in lateral temporal and L medial « De Guio et al. [30]
temporal sulci
« Atypical developmental trajectories in the R banks of « Lebel et al. [37]
superior temporal sulcus
« | Surface area « Rajaprakash et al. [12]
R superior temporal sulcus volume negatively relates to * Chenetal. [11]
quantity of prenatal alcohol exposure
Occipital MRI « | Bilateral lingual gyri and L cuneus volumes * Chenetal. [11]
« | Cortical thickness * Zhou et al. [16]
« Atypical developmental trajectories in the lateral occipital « Lebel etal. [37]
region
« | Surface area in R occipital lobe  Rajaprakash et al. [12]
« VVolume of the bilateral lingual gyri and pericalcarine cortices | ¢ Chen etal. [11]
each negatively relates to quantity of prenatal alcohol exposure
Cerebellum MRI | Volume « de Zeeuw et al. [74]
« | Anterior vermis volume « Cardenas et al. [76]
« Predicts cognitive control « Fryer etal. [15]
« Cerebellum volume negatively relates to quantity of prenatal « Chenetal. [11]
alcohol exposure
Corpus callosum | MRI « | Thickness in anterior portions and splenium * Yang et al. [66]
1 Surface area
« Posterior corpus callosum volume negatively relates to * Chenetal. [11]
quantity of prenatal alcohol exposure
Basal ganglia MRI « | Caudate volume « Chen et al. [11]; Treit et al. [38];
Roussotte et al. [65]; Nardelli et al. [75];
« Caudate deformations « Joseph et al. [26]
« Caudate volume is predictive of inhibitory control and verbal « Fryer etal. [15]
learning/recall deficits
« | Globus pallidus volume « Treit et al. [38]; Nardelli et al. [75]
« | Putamen volume « Treit et al. [38]; Roussotte et al. [65];
Nardelli et al. [75]
Thalamus | MRI | « | Volume « Treit et al. [38]; Roussotte et al. [65]
Hippocampus MRI * | Volume « Treit et al. [38]; Coles et al. [73];

« Hippocampus deformation

Nardelli et al. [75]
« Joseph et al. [26]
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Brain region | Modality | Findings References
Amygdala MRI * | Volume « Treit et al. [38]; Nardelli et al. [75]
« L amygdala negatively relates to quantity of prenatal alcohol « Chenetal. [11]
exposure
White matter DTI « | FA in posterior portion of inferior longitudinal fasciculus « Colby et al. [77]

« | FA'in L middle cerebellar peduncle, positive relationship
with trace conditioning performance

« | Total tract volume and number of fibers

« Atypical developmental trajectories in the superior fronto-
occipital, superior longitudinal, and inferior fronto-occipital
fasciculi

« Relationship between saccadic reaction time and FA in
cerebellum, inferior longitudinal fasciculus and corpus
callosum

« Spottiswoode et al. [69]

« Malisza et al. [46]
* Treitet al. [38]

* Green et al. [34]

Studies without significant findings in these regions were excluded from this table

MR/ magnetic resonance imaging, D7/ diffusion tensor imaging, FA fractional anisotropy, GM grey matter, L left, Rright, WM white matter
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Table 2
Recent functional neuroimaging (fMRI, MEG, EEG) studies of individualswith prenatal
alcohol exposure
Brain region | Modality | Findings References
Whole Brain fMRI « | Baseline functional connectivity « Santhanam et al. [59]
| Deactivation of default mode network during in dysmorphic group only
« | Interhemispheric connectivity during resting state * Wozniak et al. [60]
 Abnormal functional connectivity during resting state: * Wozniak et al. [61]
1 characteristic path length
1 network global efficiency
Frontal EEG « Slower P2 latencies during go/no-go task * Burden et al. [78]
J FN400 amplitude on continuous recognition memory task
MEG « Difference in gamma power in R frontal area during saccades « Stephen et al. [42]
fMRI « 1 Bilateral middle frontal and L superior frontal activity during SWM * Norman et al. [49]
1 L middle frontal activity during SWM vs. FHP
1 Activity in R inferior frontal, middle frontal, paracentral and precentral regions « Malisza et al. [46]
during SWM vs. ADHD
« | Activity in bilateral anterior cingulate, R orbitofrontal and R frontal pole during « Roussotte et al. [79]
SWM vs. MAA
« 1 Activity in anterior cingulate and R medial frontal gyrus during go/no-go task * O'Brien et al. [44]
J Precentral activity on cued trials during go/no-go task
* 1 L dorso-prefrontal activity during working memory in non-syndromal children vs. « Diwadkar et al. [54]
both FAS/pFAS and control
1 Activity in Broca's area during working memory in FAS/pFAS vs. both control
and non-syndromal children
« Global efficiency during resting state positively correlates to cortical thickness in * Wozniak et al. [61]
frontal region
Parietal MEG « Difference in gamma power in R parietal area during saccades « Stephen et al. [42]
fMRI « 1 L precuneus, superior parietal and R superior parietal activity during SWM « Malisza et al. [46]
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activity during SWM vs. ADHD
« 1 Precuneus activity during SWM vs. FHP « Norman et al. [49]
T Activity in L precuneus and cingulate gyrus during go/no-go task * O'Brien et al. [44]
J L postcentral activity on cued trials during go/no-go task
* Global efficiency during resting state positively correlates to cortical thickness in * Wozniak et al. [61]
parietal region
Temporal SPECT « | Tracer activity bilaterally « Codreanu et al. [80]
MEG * Delayed latency of M100 and M200 in bilateral superior temporal gyrus during « Stephen et al. [40]
auditory processing
fMRI | Activity in L middle temporal, sub-gyral, parahippocampal and bilateral superior * Malisza et al. [46]
temporal regions during SWM
1 Activity in R parahippocampal, R middle temporal, bilateral superior temporal
and fusiform during SWM vs. ADHD
* Global efficiency during resting state positively correlates to cortical thickness * Wozniak et al. [61]
Occipital MEG « Delayed response latency of M100 during visual processing « Coffman et al. [71]
« Difference in gamma power in L occipital-temporal area during saccades « Stephen et al. [42]
fMRI * 1 L lingual and cuneus activity during SWM * Norman et al. [49]

« | L lingual and inferior occipital activity during SWM
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Cerebellum fMRI * | Culmen activity during SWM « Malisza et al. [46]
1 Activity in R culmen during SWM vs. ADHD
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Basal Ganglia | SPECT « | Tracer activity bilaterally « Codreanu et al. [80]
fMRI * 1 Activity in L lentiform nucleus during SWM * Norman et al. [49]
« 1 Activity in R lateral globus pallidus during SWM « Malisza et al. [46]
1 R claustrum activity during SWM vs. ADHD
« | Activity in bilateral caudate and putamen during SWM vs. MAA « Roussotte et al. [79]
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1 Functional connectivity between caudate and R medial temporal region during
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1 Functional connectivity between putamen, superior and inferior frontal regions
during SWM
« 1 L striatum activity during working memory in non-syndromal children vs. both « Diwadkar et al. [54]
FAS/pFAS and control
Diencephalon | PET » | Tracer activity in bilateral thalami « Codreanu et al. [80]
fMRI « | L thalamus activity during SWM * Malisza et al. [46]
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Amygdala | fMRI | * | R amygdala activity during SWM | « Malisza et al. [46]
Midbrain fMRI « | Brainstem and L red nucleus activity during SWM « Malisza et al. [46]
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If no contrast group is specified, findings show differences in individuals with prenatal alcohol exposure relative to non-exposed controls

L left, Rright, EEG electroencephalography, PET positron emission tomography, MR/ functional magnetic resonance imaging, MEG
magnetoencephalography, SPECT single-photon emission computed tomography, FHP non-exposed contrast group with a positive family history
of alcoholism, ADHD non-exposed contrast group with attention deficit/hyperactivity disorder, MAA contrast group with prenatal exposure to
methamphetamine and alcohol, FAS Fetal Alcohol Syndrome, pFAS = partial Fetal Alcohol Syndrome, SWM = spatial working memory task
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