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Abstract

This study identified structural changes in the caudate nucleus in offspring of mothers who drank
moderate levels of alcohol during pregnancy. In addition, the effect of duration of alcohol use during
pregnancy was assessed. Young adults were recruited from the Maternal Health Practices and Child
Development Project. Three groups were evaluated: prenatal alcohol exposure (PAE) during all three
trimesters (3T), PAE during the first trimester only (1T), and controls with no PAE (0T). Magnetic
resonance images were processed using the automated labeling pathway technique. VVolume was
measured as the number (gray + white) and relative percentage (caudate count/whole brain count x
100) of voxels. Asymmetry was calculated by subtracting the caudate volume on the left from the
right and dividing by the total (L—R/L+R). Data analyses controlled for gender, handedness, and
prenatal tobacco and marijuana exposures. There were no significant differences between the groups
for whole brain, left, or right volumes. There was a dose-response effect across the three exposure
groups both in terms of magnitude and direction of asymmetry. In the 3T group, the left caudate was
larger relative to the right caudate compared to the OT group. The average magnitude of caudate
asymmetry for the 1T group was intermediate between the OT and 3T groups. Subtle anatomical
changes in the caudate are detected at the moderate end of the spectrum of prenatal alcohol exposure.
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1. Introduction

Heavy maternal alcohol use during pregnancy may lead to Fetal Alcohol Syndrome (FAS),
which is diagnosed when a child has growth deficits, specific facial dysmorphology, and
cognitive impairment. However, not all fetuses who are exposed to alcohol prenatally have all
of the characteristics required for a diagnosis of FAS. Fetal alcohol spectrum disorder (FASD)
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is a term used to describe individuals who experience the negative effects of prenatal alcohol
exposure, of which FAS is at one end of the spectrum.

A recent CDC study showed that while only 1.9% of pregnant women reported frequent
drinking (7 or more drinks/week), 10.1% reported any use at lower levels (MMWR, 2004).
Earlier studies have also noted that the majority of the women who drink during pregnancy are
light to moderate users who quit or decrease their consumption of alcohol by mid-pregnancy
(Day et al., 1993; Ebrahim et al., 1998). The effects of exposures to low and moderate levels
of alcohol have not been well explored, particularly with respect to brain function. Given that
the relation between prenatal alcohol exposure and outcomes appears, in general, to be a dose-
response association (Day et al., 2002; Richardson et al., 2002; Willford et al., 2004), it is
expected that the effects of PAE on brain structure and cognitive function should be observed
at lower levels of exposure.

The cognitive effects of FAS/FASD among children with high levels of alcohol exposure
include deficits in learning and memory (Kaemingk et al., 2003; Mattson et al., 1996; Mattson
& Roebuck, 2002; Pei et al., 2008; Richardson et al., 2002; Roebuck-Spencer & Mattson,
2004; Willford et al., 2004), attention (Burden et al., 2005; Lei et al., 2004; Mattson et al.,
2006; Streissguth et al., 1994), and executive functions (Connor et al., 2000; Kodituwakku et
al., 2001; Mattson et al., 1999; McGee et al., 2008; Noland et al., 2003; Vaurio et al., 2008).
Altered brain structure and function have also been found. PAE-related structural defects have
been linked to the impairments in cognitive behavior among more heavily exposed offspring
(Sowell et al., 2001; Sowell et al., 2008a; Sowell et al., 2008b).

Previous studies indicate the caudate nucleus may be vulnerable to the effects of prenatal
alcohol exposure. Cortese and colleagues (2006) showed the ratio of n-acetyl-aspartate/
creatinine, an indicator of neuronal function, was abnormally elevated in the left caudate of
FAS and FASD subjects compared to controls. A functional neuroimaging study (Fryer et al.,
2007), using a go/no-go task as a measure of response inhibition, showed heavy PAE was
associated with decreased activation in the right caudate. Clark et al. (2000) found that
compared to controls, the alcohol-exposed group showed significant reductions in regional
metabolic rates and bilateral disruption in the head of the caudate. Thus, heavy PAE is
consistently associated with functional deficits in the caudate.

The findings are also consistent with respect to caudate volume among individuals with high
levels of exposure. Although structural imaging studies have found a reduction in caudate
volume in subjects with FAS (Archibald et al., 2001; Astley et al., 2009; Mattson et al.,
1992, 1994, 1996) one study did not (Clark et al., 2000). Among individuals with FASD, one
study with a small sample found a reduction in caudate volume (Mattson et al., 1994), while
a second study with a larger sample size found a marginally significant reduction in caudate
volume (Archibald et al., 2001). Recently, Astley et al. (2009) showed that the mean relative
volume of the caudate was reduced by 12-14% in individuals in two groups: FAS/partial FAS
and Static Encephalopathy/Alcohol Exposed. Clark et al. (2000) reported that a group of young
adults with FAS with a mean 1Q of 80.2 did not differ in structural volume of the caudate, but
did show a significant difference in standardized metabolic rates in the head and body of the
caudate compared to controls.

Changes in brain structure can be evaluated by studying regional asymmetry, the degree to
which the rightand left sides of a brain structure differ in size. Increases in regional asymmetries
suggest abnormal brain development and deviant patterns of functional organization, which
can result in altered regional specialization and impaired information processing (Hynd et al.,
1995; Watkins et al., 2001). Atypical asymmetries have also been used to identify the
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neuroanatomical basis of developmental disorders (Crow, 1990; Filipek, 1995; Hendren et al.,
2000; Petty, 1999; Sharma et al., 1999).

Symmetry is determined by the number of neurons located in the left and right sides of a brain
structure and the density of interhemispheric connections between the two sides of a structure.
While brain asymmetries are normal due to the functional specialization of the hemispheres,
increases or decreases in regional asymmetry may reflect abnormal structural and functional
development. The magnitude, rather than the direction, of asymmetry is the key predictive
variable. Smaller size reflects fewer neurons and a reduced density of interhemispheric
connections (Galaburdaetal., 1990; Rosen et al., 1992). Developmentally, the reduced number
of neurons is a result of increased unilateral programmed cell death and increased axonal
pruning (Galaburda et al., 1990). Events occurring early in corticogenesis, during the period
of progenitor cell proliferation and/or cell death, affect the formation of asymmetric cortical
areas (Rosen, 1996).

Prior studies that have reported PAE-related structural and functional differences in the caudate
have relied primarily on heavily exposed subjects with or without FAS. Earlier studies also
did not examine the effects of PAE in combination with prenatal tobacco or prenatal marijuana
exposure. The purpose of the current study is to assess the effects of light to moderate PAE on
caudate volume and asymmetry. We compared the offspring of women who drank only during
the first trimester to offspring of women who drank throughout pregnancy, and to the offspring
of women who did not drink at all during pregnancy. We hypothesize: (i) the effects of light
to moderate PAE will be detectable on measures of caudate volume and asymmetry; (ii) PAE
will affect caudate volume and asymmetry as the magnitude (dose and duration) of exposure
increases. That is, offspring of women who drank throughout pregnancy will have the largest
effects, compared to offspring of women who only drank alcohol during the first trimester,
who should be intermediate, and the offspring of non-drinking controls who show the least
effect. (iii) prenatal exposures to tobacco and marijuana will not significantly modify the
primary effects of PAE on caudate volume and asymmetry.

2. Methods
2.1 Participants

Subjects were recruited from the Maternal Health Practices and Child Development (MHPCD)
Project, a longitudinal study of the effects of prenatal substance exposure on developmental
outcomes (n=585). A subsample of subjects (n=45) was recruited to participate in this MRI
study based on their PAE. Subjects were required to be 18-22 years of age and to have an 1Q
>70. None of these young adults has been diagnosed with FAS. Three groups of subjects were
recruited: offspring whose mothers did not drink during pregnancy (0T group, n = 20), offspring
whose mothers drank during the first trimester only (1T group, n = 15), and offspring whose
mothers drank throughout pregnancy (3T group, n = 10). Four additional subjects, one in the
3T and 3 in the 1T group, were scanned but their data were not used due to equipment failure
or excessive motion in the scanner.

2.2. Measures of Prenatal Substance Exposure

The mothers were recruited in their fourth prenatal month. The minimum, usual, and maximum
quantity and frequency of alcohol and marijuana were assessed at the end of each trimester.
At the first interview, the mothers were asked about their substance use prior to pregnancy and
in the first trimester. Using a calendar, the women were asked when they conceived, when they
recognized they were pregnant, and when their pregnancy was confirmed. For each of these
time periods, the women were asked (for both alcohol and marijuana), whether they “drank
alcohol more like they reported prior to pregnancy” or “more like they reported for the first
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trimester”. The calendar data were then used to compute a weighted average of use from
conception to recognition of pregnancy, from recognition to confirmation, and from
confirmation to the end of the first trimester (Day & Robles, 1989). This weighted average
allows us to accurately evaluate the actual use in the first trimester prior to the recognition of
the pregnancy. Marijuana use was assessed in a similar fashion. For the second and third
trimesters, assessment was across the entire trimester. The quantity and frequency of tobacco,
cocaine, and illicit drugs were also measured at each trimester. Assessors were unaware of the
substance use of the mother during pregnancy and in the postpartum.

Prenatal alcohol use was expressed as an average daily volume (ADV) in drinks per day. The
usual, maximum, and minimum quantity and frequency were assessed for wine, beer, liquor,
and wine and beer coolers. A standard drink was defined as 12 oz of beer, 1.5 0z of 72-proof
distilled spirits, or 4 oz of wine. ADV is a summary measure of the total amount of alcohol
consumed, averaged to represent the number of drinks per day, adjusting for the number of
days per month. Prenatal marijuana use was expressed as average daily joints (ADJ). For each
trimester of pregnancy, tobacco use was reported as number of packs per day and converted
to average number of cigarettes smoked per day (ADC).

2.3. Brain MRI Evaluation

MRI images were collected at UPMC Presbyterian Hospital at the Magnetic Resonance
Research Center ona 3.0 T Signa whole body scanner (GE Medical Systems, Milwaukee) with
astandard head coil. Structural images were obtained using a 3D volume spoiled gradient-echo
(SPGR) pulse sequence acquired with 1.5 mm slices in the axial plane. Acquisition parameters
included: TE=50 msec, TR = 2500 msec, 256 x 192 acquisition matrix, field of view (FOV)
=24x18 cm? and 124 slices with a 1.5 mm gap.

2.3.1. Automated Labeling Technique—Data were processed using the Automated
Labeling Pathway (ALP). The steps in processing included the following: (i) brain stripping
(Brain Extraction Tool, BET, Smith, 2002), (ii) regional growth segmentation (RGS, Wu et
al., 2005), and (iii) multi-tracer (Woods, 2003) to remove unwanted tissue surrounding the
brain, including neck muscles and eyeballs. Stripped brains were compared to the original to
verify the stripping quality and to ensure no brain tissue was removed. The MNI (Montreal
Neurological Institute) brain (Collins et al., 1998), a common reference brain, was then aligned
with the subject’s SPGR image. Over 200 regions of interest (ROIs) (Damasio and Damasio,
1989; Tzourio-Mazoyer et al., 2002) traced on the MNI template brain were transferred to each
subject’s SPGR (spoiled gradient recalled) space using a series of automated warpings followed
by segmentation. The reference brain was registered to each subject’s SPGR using a 12
parameter linear affine algorithm followed by a fully-deformable registration implemented in
ITK (www.itk.org). For further details of the atlas-based segmentation method, see Wu et al.
(2006). Registration of the MNI transformed the atlas brain to fit the individual’s brain instead
of stretching or warping the individual’s brain onto the atlas brain. The automated labeling
technique provided region-specific voxel counts of gray and white matter, and cerebrospinal
fluid. Voxel counts in the right and left caudate were considered. An example of the segmented
caudate from a subject in the 3T group can be viewed in Figure 1.

Accurate brain region identification is critical for both within subject and across group
comparisons. The ALP method achieves a significantly greater volumetric overlap with the
original structures compared with alternative registration methods (Wu et al., 2006) such as
statistical parametric mapping (SPM, 1995), and Automated Image Registration (AIR, 1998).
Brain regions are mapped using the atlas brain and are then shaped to fit the subject’s brain to
obtain an accurate map of the brain regions. In addition, ALP eliminates human subjectivity
because its segmentation is automated.
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2.3.2. Volume and Asymmetry Measures—The number of voxels (gray + white) within
the caudate was used as a measure of caudate volume(caudate count). To control for individual
differences in total brain volume, relative caudate percentages were also evaluated. Caudate
voxel percentages were calculated as the number of voxels in each ROI divided by the total
brain volume (gray + white) for each individual and multiplied by 100 (caudate percentage).
The caudate asymmetry variable was calculated by subtracting the left caudate volume from
the right caudate volume and dividing by the sum of both sides (L—R/L+R) (Medina et al.,
2007). Zero represents perfect symmetry between the two hemispheres: Values greater than 0
reflect a rightward bias (R>L) and values less than 0 reflect a leftward bias (L>R).

2.4, Statistical Analysis

3. Results

Descriptive data are summarized as means and standard errors. Box-and-whisker plots provide
a visual display of the distribution of the data. Statistical inferences were based on the results
from a univariate general linear model (ANOVA). Key dependent variables were caudate
asymmetry and measures of regional and overall brain volume. Independent variables included
PAE group, gender, handedness, and measures of PTE and PME. Continuous variables were
assessed for normality using probability plots and the Anderson- Darling test (Stephens
1974). Gender, handedness, and age are associated with anatomical asymmetry and were
evaluated between the groups in this study (Toga and Thompson, 2003). The results of the
analyses were assessed for second-order interactions between exposure variables (PAE, PTE,
and PME) and adjusted means are provided for the final model. All pairwise group analyses
used Fisher’s least significant difference (LSD) procedure for post-hoc comparisons (Steel and
Torrie, 1980).

3.1. Sample Characteristics

Sample characteristics are presented in Table 1. Subjects in this study were predominantly
female. (0T =70%, 1T =67%, and 3T = 80%, p = .78). The mean age for each group of subjects
participating in this study was 21 years (range 20-22, p = .77). All of the participants were
right handed with the exception of 4 subjects in the OT group (p = .26). Disease processes that
affect blood supply to the brain can interact with brain asymmetries or exacerbate their
functional effects (Toga and Thompson, 2003). None of the subjects participating in this study
had a previous history of blood pressure problems, stroke, or heart attack.

3.2. Substance Use

The average daily levels of prenatal alcohol, tobacco, and marijuana exposure throughout
pregnancy are shown in Table 2. Although women in each of the three PAE groups also used
tobacco and marijuana during pregnancy, the mean levels of exposure to these substances were
not significantly different across the PAE groups. The first trimester average daily volume of
alcohol did not differ between the 1T and 3T groups.

3.3. Caudate Volume

Whole brain, left, and right caudate volumes are summarized in Table 3. There were no
statistically significant overall or pairwise differences in caudate volumebetween the PAE
groups for whole brain, left or right caudates, while controlling for gender and handedness.

3.4. Caudate Asymmetry

The means and medians for caudate asymmetry for each of the PAE groups are plotted in Figure
2. Observed means and standard errors are presented in Table 5. These data show evidence of
a dose-response effect across the three exposure groups in both the magnitude and direction
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of caudate asymmetry. The 3T group had a statistically significant leftward bias in caudate
asymmetry compared to the OT group (Fq 26 = 6.835, p = .018), controlling for gender and
handedness. When the 1T group was added to the model, the level of significance became
marginally significant (F, 40=2.84, p=.070). While the average magnitude of caudate
asymmetry for the 1T group is intermediate between the 0T (p=0.29) and 3T (p=0.20) groups,
it is not statistically different from either of these groups.

3.5. Prenatal Tobacco and Marijuana Exposures

Prenatal tobacco exposure (PTE) was measured by average number of cigarettes per day
(average daily cigarettes; ADC) and PME was measured by average number of joints per day
(average daily joints, ADJ) throughout pregnancy. Since the PTE and PME variables were not
normally distributed (Anderson-Darling test, p<.005), they were introduced into our model as
categorical variables. ADJ was categorized as none (n=21), moderate (ADJ>0 and <1, mean=.
34,n=12), or heavy (ADJ>1, mean=2.3, n=8), following criteria used in earlier MHPCD studies
(Goldschmidt et al., 2004). Average daily cigarette consumption (PTE) was categorized as
none (n=17), moderate (ADC<10, n=13), or heavy (ADC >10, n=15), using a median split for
the active smokers.

The final model in Table 4 summarizes the effects of PAE on caudate asymmetry, controlling
for PTE and PME as well as gender and handedness. The only statistically significant factor
is PAE, which includes all three exposure groups (0T, 1T, 3T). PTE and PME were not
individually associated with caudate asymmetry and none of the two-way interactions between
the substance exposure variables (PAE, PTE, PME) was statistically significant. Adjusted
means for caudate asymmetry are shown in Table 5. In a post-hoc comparisons, the difference
between the OT to 3T groups was statistically significant (p=.026), while both comparisons to
the 1T group (0T p=.29, 3T p=.20) remained non-significant.

4. Discussion

The purpose of this study was to assess the effects of light to moderate prenatal alcohol exposure
on two measures of brain structure; volume and asymmetry. The study was organized around
three specific hypotheses. The first hypothesis was that the effects of light to moderate PAE
would be detectable on measures of caudate volume and asymmetry. This was not confirmed
for measures of brain volume: There were no differences in right or left caudate or whole brain
volume between the three groups. There was, however, evidence that moderate PAE was
significantly associated with differences in asymmetry in the caudate. Specifically, PAE was
associated with a statistically significant leftward bias in caudate asymmetry among the
continuously exposed (3T) study subjects.

The second hypothesis was that PAE would affect caudate volume and asymmetry as the
magnitude of exposure increased among offspring of women who did not drink during
pregnancy, the offspring of women who quit drinking after the first trimester, and the offspring
of women who drank continuously throughout pregnancy. We demonstrated a significant linear
association in the predicted direction (Figure 2, Table 4) that was driven largely by the contrast
between the two most extreme exposure groups (0T vs. 3T), while the contrasts with the 1T
group remained statistically non-significant.

The third hypothesis was that prenatal exposures to tobacco and marijuana would not
significantly affect caudate volume and asymmetry and would not modify the primary effects
of PAE on caudate volume and asymmetry. This hypothesis was confirmed. PTE and PME
were not associated with caudate asymmetry nor did they interact with PAE to affect the PAE
and asymmetry association.
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This study and the work of Sowell et al. (2002), both demonstrate that regional asymmetries
are a sensitive measure of changes in the structure and organization of the brain. The studies
of Sowell have demonstrated this among heavily exposed subjects, while we have now
extended this finding to show that the effects of PAE can be detected among those with low
and moderate levels of PAE. Regional asymmetries can detect subtle differences in small brain
regions that may otherwise be masked as the size or the unit of analysis increases. Regional
asymmetries in the absence of measured differences in volume, may be due to changes in the
distribution of cells and connections between the right and left caudate, so that the total caudate
volume is similar (Galaburda et al., 1990; Rosen et al., 1992).

Anomalies associated with the interconnections within the caudate can adversely affect the
larger network of brain regions that underlie complex cognitive behavior. Disruptions in neural
circuitry can lead to poor coordination between individual brain regions and ultimately may
affect the speed of processing (Kodituwakku 2007). Deficits in executive functions, which
require the integration of many brain regions and place high demands on processing speed, are
associated with FAS/FASD (Aragon et al., 2008; Burden et al., 2005; Rasmussen, 2005) and
have been reported with exposure to low and moderate levels of PAE (Willford et al., under
review).

Asymmetry in the caudate, could also develop as an adaptive response to changes in other brain
regions. For example, PAE is associated with changes in the corpus callosum (CC) including
decreased functional anisotropy in the genu and splenium (Ma et al., 2005; Sowell et al.,
2008) and increased variability in the shape and location of the CC (Bookstein et al., 2002a,
Bookstein et al., 2002b, Riley et al., 1995). The majority of interhemispheric cortical
communication is through the CC, and reduced volume in the CC may result in constraints on
the efficiency and speed of processing of information through this region. One adaptation that
could occur would be increased reliance on information processing within the caudate (Zheng
and Purves, 1995).

Potential limitations of this study warrant discussion. The sample sizes of the 1T and 3T groups
were small, which limited the statistical power and the ability to evaluate higher- order
interactions. This was especially important for the dose-response analysis (hypothesis 3). In
addition, although we found changes in caudate symmetry, these data do not identify the
specific location of the changes in the caudate.

The results of this study demonstrate a statistically significant effect of PAE on caudate
asymmetry. The anatomical changes occurred at light and moderate levels of prenatal alcohol
exposure. This new finding adds to earlier reports of effects on brain volume, chemistry, shape,
and symmetry in heavily alcohol-exposed populations. The results suggest possible deficits in
the functioning of the caudate after low to moderate PAE, although the current data cannot
confirm this. Further work is needed to determine the functional significance of PAE-related
increase in caudate asymmetry.
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Figure 1.
Example of the right and left segmented caudate nucleus from a subject in the 3T group.
(L=Left, R = Right, S = Superior, | = Inferior, A = Anterior, P = Posterior).
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Caudate Asymmetry

o T
Study Group

Figure 2.
Caudate asymmetry by study group: Medians, means and outliers shown.
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Table 1

Socio-Demographic Characteristics of Study Subjects

Prenatal Alcohol Exposure (PAE)
Socio-Demographic Factors 0T (n=20) 1T (n=15) 3T (n=10)

Overall P-Value

Mean Age (SD) 209(52) 21.0(68)  20.9(.62) 0.77
Race (White/Black%) 60/40 60/40 90/10 0.21
Sex (Female/Male%) 70/30 67/33 80/20 0.76
Full-Scale 1Q* (Mean, SD) 86.8(9.6) 83.9(115) 833(7.7) 0.57
Education (<HS/>HS%) 40/60 57/42 44/56 0.61
Work Status: 0.58
Unemployed % 15 26 30
Employed % 65 41 40
Student % 20 33 30
Monthly Income: 0.15
<$1000 % 50 79 78
>$1000 % 50 21 22
*At 14 years
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Mean (xSEM) Prenatal Exposure to Alcohol, Tobacco, and Marijuana by Prenatal Alcohol Exposure Group and

Trimester of Pregnancy

PAE Group

Substance by Trimester oT 1T 3T p-value
Alcohol (avg drinks/day)

15t trimester 0(0) 16 (.38) 247(72) o2

3rd trimester 0(0) 0 (0) 2.14 (.41) .001
Tobacco (avg cigarettes/day)

15t trimester 852 (3.26) 8.40(2.69) 13.05(5.16) 653P

3rd timester 8.80(3.47) 870(2.77) 9.55(3.89) 0860
Marijuana (avg joints/day)

15t trimester .63 (.43) .95 (.40) 74 (.29) 8460

3" trimester .69 (.48) .12 (.06) 93 (.32) 374b

a_. . N .
First trimester alcohol exposure was not significantly different for the 1T and 3T groups (p = .117).

No statistically significant pairwise comparisons.
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Table 3

Mean Caudate (by side) and Whole Brain Volumes (Voxel Counts) and Standard Errors by Prenatal Alcohol

Exposure Groups

PAE Group
0T (n=20) 1T (n=15) 3T (n=10)
Left Caudate 5943 (145) 5924 (191) 5619 (129)
Right Caudate 6642 (194) 6749 (263) 6329 (203)

Whole Brain 1156015 (26209) 1180354 (30329) 1097938 (31381)

ANOVA'’s control for sex and handedness:
aF2,40:.786, p=.46 (all pariwse comparisons non-significant)
bF2,40:.443, p=.65 (all pariwse comparisons non-significant)

CF2y40=1.52, p=.23 (all pariwse comparisons non-significant)
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Table 4
Observed and Adjusted Means (SEM) for Caudate Asymmetry by PAE Group

PAE Group
0T (n=20) 1T (n=15) 3T (n=10)
Observed  —.026 (0.32) —.075(.036) —.147 (.021)
Adjusted® —035(045) —101(.054) —.187 (061)

aF2‘40=.786, p=.46 (all pairwise comparisons non-significant), adjusting for covariates.
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General Linear Model for the Effects of PAE on Caudate Asymmetry, Controlling for Gender, Handedness,

PME, and PTE

Factor Df F-Value P-Value
Gender 1 0.932 0.341
Handedness 1 0.543 0.466
PME 2 1.200 0.313
PTE 2 0.315 0.732
PAE (all groups)* 2 3.276 0.049
Error 36

*
Pairwise: 0T=1T#3T
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