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Differentiating Prenatal Exposure to Methamphetamine and
Alcohol versus Alcohol and Not Methamphetamine using
Tensor-Based Brain Morphometry and Discriminant
Analysis
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Here we investigate the effects of prenatal exposure to methamphetamine (MA) on local brain volume using magnetic resonance
imaging. Because many who use MA during pregnancy also use alcohol, a known teratogen, we examined whether local brain
volumes differed among 61 children (ages 5-15 years), 21 with prenatal MA exposure, 18 with concomitant prenatal alcohol
exposure (the MAA group), 13 with heavy prenatal alcohol but not MA exposure (ALC group), and 27 unexposed controls. Volume
reductions were observed in both exposure groups relative to controls in striatal and thalamic regions bilaterally and in right
prefrontal and left occipitoparietal cortices. Striatal volume reductions were more severe in the MAA group than in the ALC group,
and, within the MAA group, a negative correlation between full-scale intelligence quotient (FSIQ) scores and caudate volume was
observed. Limbic structures, including the anterior and posterior cingulate, the inferior frontal gyrus (IFG), and ventral and lateral
temporal lobes bilaterally, were increased in volume in both exposure groups. Furthermore, cingulate and right IFG volume
increases were more pronounced in the MAA than ALC group. Discriminant function analyses using local volume measurements
and FSIQ were used to predict group membership, yielding factor scores that correctly classified 72% of participants in jackknife
analyses. These findings suggest that striatal and limbic structures, known to be sites of neurotoxicity in adult MA abusers, may be
more vulnerable to prenatal MA exposure than alcohol exposure and that more severe striatal damage is associated with more

severe cognitive deficit.

Introduction

Methamphetamine (MA) abuse is a continuing problem, and
data from the 2002-2004 National Surveys on Drug Use and
Health indicated that 16—17 million Americans over the age of
12 years have used methamphetamine (Colliver et al., 2006).
Of those, ~19,000 were pregnant women (Colliver et al.,
2006). Significant advances have been made in understanding
the neurotoxic effects of MA on brain structure in adults (for
review, see Chang et al., 2007; Berman et al., 2008). Abuse of
the drug over time causes damage to dopaminergic and sero-
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tonergic brain regions, most prominent in the basal ganglia.
Limbic volume reductions have been observed in the cingulate
and medial temporal lobes in MA abusers (Thompson et al.,
2004). The effects of prenatal exposure to MA, when the brain
is still developing, is not yet well understood.

Brain proton spectroscopy studies revealed higher creatine in
the striatum and frontal lobe white matter of children with pre-
natal MA exposure, reflecting MA-induced changes in cellular
metabolism and perhaps accelerated neuronal and glial develop-
ment (Smith et al., 2001; Chang et al., 2009). Quantitative mor-
phological analysis revealed smaller putamen, globus pallidus,
and hippocampal volumes in children with prenatal MA expo-
sure. Volume reduction in these structures correlated with
poorer performance on attention and verbal memory (Chang et
al., 2004). Diffusion tensor imaging (DTI) studies of children
with prenatal MA exposure revealed abnormalities of frontal and
parietal white matter, including increased fractional anisotropy (FA)
and decreased diffusion (Cloak et al., 2009). Finally, recent work by
our group revealed more diffuse brain activation in children with
prenatal MA exposure during verbal learning (Lu et al., 2009). To-
gether, the small brain imaging literature on prenatal MA exposure
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shows prominent effects in the frontostriatal network, known to be
impacted from animal and human studies of adult MA abusers.

Efforts to understand specific effects of prenatal methamphet-
amine exposure on brain development in humans are compli-
cated by high rates of concomitant alcohol use during pregnancy.
Of pregnant MA users who participated in a study on prenatal
MA exposure after giving birth, 49% reported having used alco-
hol during pregnancy (Smith et al., 2006). Alcohol is a known
teratogen, frequently resulting in brain and cognitive abnormal-
ities (for review, see Riley and McGee, 2005). We evaluated the
specific effects of prenatal exposure to MA on brain development
by including a group of children with heavy prenatal alcohol and
not MA exposure as a contrast group. Given findings from pre-
vious studies of MA exposure (Chang et al., 2004) and the known
vulnerability of dopamine receptors to MA, we expected striatal
volume reductions in our MA group [including those with MA
and alcohol exposure (MAA)] relative to both typically develop-
ing controls and the alcohol-only contrast group. We expected
cortical and white matter abnormalities to localize in frontal and
parietal regions, given findings of white matter abnormalities in
these regions from DTI studies (Cloak et al., 2009).

Materials and Methods

Participants

Sixty-one participants were assigned to a methamphetamine-exposed
group (MAA), an alcohol-exposed group (ALC), or a nonexposed con-
trol group (CON) based on exposure histories, which were established by
an extensive interview administered to the adult guardians of minor
participants. Exact quantities and patterns of maternal use of alcohol and
methamphetamine are difficult to ascertain in retrospective studies, so
social, medical, and/or legal records were used when available to confirm
exposure histories. Of the three biological MA and/or alcohol-abusing
mothers interviewed, all reported using MA and/or alcohol throughout
pregnancy. The rest suffered legal and social problems as a result of their
MA and/or alcohol use to the extent that their children were removed
from their custody because of drug abuse in the home, neglect, or do-
mestic violence according to reports of adoptive parents, legal, social, or
medical records.

Primary recruitment mechanisms for methamphetamine-exposed
participants included a rehabilitation program serving women with chil-
dren born positive for methamphetamine, a social-skills group at the
University of California, Los Angeles (UCLA) for children diagnosed
with fetal alcohol spectrum disorders (FASDs), and word-of-mouth ad-
vertising. Of those recruited, participants were included in the metham-
phetamine group (MAA) if prenatal exposure to methamphetamine was
sufficiently confirmed by parental or guardian report or reliable collat-
eral report during the history interview (n = 21). Eighteen of the MAA
children were also exposed to alcohol prenatally. Children were excluded
from the MAA group if (1) they had prenatal exposure to cocaine or
other opiates, (2) they were <5 years of age, (3) they had an intelligence
quotient (IQ) of <70, (4) they had suffered a head injury with loss of
consciousness >20 min, (5) they had a physical (e.g., hemiparesis), psy-
chiatric, or developmental disability (e.g., autism) that would preclude
participation, (6) they had other potential known causes of mental defi-
ciency (e.g., chromosomal disorders), (7) significant maternal illness that
has increased risk for fetal hypoxia (e.g., sickle cell disease) was reported,
or (8) they had metallic implants in the body that posed a risk for mag-
netic resonance imaging (MRI).

Alcohol-exposed participants (n = 13) were recruited from the same
UCLA social skills group, described above, that serves children with fetal
alcohol spectrum disorders. Participants in this group met the following
inclusion criteria: (1) had exposure to four or more drinks per occasion at
least once per week or 14 drinks or more per week and (2) were not
exposed to methamphetamine during gestation. Exclusionary criteria
were the same as for the MAA group.

Details of diagnostic procedures for alcohol-related disorders within
the MAA and ALC groups are described in another report (O’Connor et
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al., 2006). Briefly, an experienced clinician examined alcohol-exposed
children using the Diagnostic Guide for Fetal Alcohol Syndrome and Re-
lated Conditions (Astley, 2004). This system uses a four-digit diagnostic
code reflecting the magnitude of expression of four key diagnostic fea-
tures of fetal alcohol syndrome (FAS): (1) growth deficiency; (2) the FAS
facial phenotype, including short palpebral fissures, flat philtrum, and
thin upper lip; (3) CNS dysfunction; and (4) gestational alcohol expo-
sure. All of the children with FASD diagnoses had histories of heavy
prenatal alcohol exposure confirmed by maternal report, reliable collat-
eral report, and/or medical or legal records. Using this four-digit code,
children were diagnosed with FAS, partial FAS (PFAS), alcohol-related
neurodevelopmental disorder (ARND), or sentinal features. Recent
studies have shown brain morphological abnormalities to be more severe
in children with the facial phenotype to obtain a diagnosis of FAS or
PFAS relative to children with alcohol-related disorders but not facial
dysmorphology (Astley et al., 2009). Five subjects in the ALC group and
four subjects in the MAA group were diagnosed with FAS or PFAS, and
the rest had ARND or sentinal features.

Nonexposed control participants (n = 27) were recruited from the
same Los Angeles communities as both the MAA and ALC exposed par-
ticipants, using bulk mail advertisements, magazine advertisements, and
flyers distributed to local libraries. Participants were excluded from the
CON group if they had exposure to more than two drinks on any occa-
sion or an average of one drink or more per week. Other exclusionary
criteria were exactly the same as for the other two participant groups.

Procedures
All participants and their parents gave informed assent/consent accord-
ing to procedures approved by the UCLA Institutional Review Board.

Image acquisition

High-resolution T -weighted sagittal volumes were collected from a 1.5
T Siemens Sonata scanner (repetition time, 1900 ms; echo time, 4.38 ms;
flip angle, 15 °; matrix size, 256 X 256 X 160; field of view, 256 mm; voxel
size, 1 X 1 X 1 mm;acquisition time, 8 min 8 s). Two to four acquisitions
were acquired for each subject. Raters blind to subject age, sex, and
diagnosis evaluated image quality, and data from at least two acquisitions
were averaged to enhance signal-to-noise ratio (SNR).

Neurocognitive evaluations

Children underwent extensive individual neuropsychological testing. In-
cluded among tests administered was an abbreviated version of the
Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV)
(Wechsler, 2003). A prorated full-scale intelligence quotient (FSIQ) was
derived from the prorated verbal comprehension index (VCI) and
perceptual reasoning index (PRI). This method is described in the
WISC-1V manual, and there is evidence that prorated VCI and PRI
are each highly correlated (r values =0.90) with actual index scores
(Glass et al., 2008). FSIQ was not available for two of the controls
subjects (not enough subtests were administered as a result of time
restrictions, and one 5-year-old was too young for the WISC-1V) and
one of the ALC subjects (who was unable to tolerate testing). Socio-
economic status was estimated based on annual family income ob-
tained in a parent interview.

Image analysis

Tensor-based morphometry overview. MRI data were analyzed with
tensor-based morphometry (TBM), which allows investigations of re-
gional differences in the volumes of brain substructures by globally align-
ing all brain images into a common brain template before applying
localized deformations to adjust each subject’s anatomy to match the
global group-averaged template. Detailed methods have been described
previously (Leow et al., 2005, 2007). These methods were developed
in-house and have been extensively tested and validated (Yanovsky et al.,
2009). They have been used previously to study normal brain develop-
ment (Hua etal., 2009), brain dysmorphology in fragile X syndrome (Lee
etal.,2007), Williams syndrome (Chiangetal., 2007), autism (Brun etal.,
2009), Alzheimer’s disease and mild cognitive impairment (Hua et al.,
2008b; Leow et al., 2009), and childhood-onset schizophrenia (Gogtay et
al., 2008). Briefly, our implementation of TBM involves (1) nonlinearly
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deforming all images by a mutual information (MI)-based inverse-
consistent elastic registration algorithm to match a preselected brain
template, and (2) the three-dimensional Jacobian determinant maps of
the deformation fields (mathematically defined by computing the deter-
minant of the pointwise Jacobian operator applied to these deforma-
tions) are used to gauge the local volume differences between individual
images and the template. The determinant maps can be statistically ana-
lyzed on a voxel level to identify group differences in brain structure, such
as localized atrophy or tissue excess.

The MI-based inverse-consistent elastic registration algorithm uses
mutual information as the image similarity measure (Wells et al., 1996)
and uses an elastic regularization (computationally realized in the Fou-
rier domain) on the deformation field. A multi-resolution scheme is used
to successively compute coarse-to-fine deformations using fast Fourier
transforms (FFTs) at increasing spatial resolutions. Numerical conver-
gence is checked every 20 iterations and is defined as the point at which
MI failed to increase by 0.001 after the previous iterations. Three hun-
dred iterations are computed at each FFT resolution before increasing
the resolution by a factor of 2 in each dimension (with the time step
decreased to Vio of its previous value).

Image preprocessing. The MR images for each individual go through a
series of automated and manual processes. First, multiple images ac-
quired for each subject are averaged to improve the SNR. Second, extra
non-brain tissues (i.e., scalp, orbits, brainstem) are automatically re-
moved from the image (Shattuck and Leahy, 2002). Manual edits by
expert image analysts were then made to remove any errors made by the
automated brain extraction tool. The skull-stripped images are then run
through an automated intensity-correction program to correct any in-
homogeneity artifacts introduced by the magnet (Sled et al., 1998).

Generation of a mean anatomical template. Each individual’s prepro-
cessed image data was then affinely coregistered (nine-parameter trans-
formation) to a high-resolution MRI brain-only image volume of one
representative subject. This step adjusts for individual differences in
global brain scale and head alignment, and a single subject’s brain may be
better than making a mean template from numerous subjects, because it
has sharp high-contrast edges, which helps to improve the registration of
boundaries (Chiang et al., 2007). Next, a minimal deformation target
(MDT), or group mean template, was constructed. This has been advo-
cated in previous studies to reduce bias and improve statistical power
(Kochunov et al., 2001; Hua et al., 2008a). To create the MDT, each
subject’s nine-parameter registered image is then nonlinearly registered
to an average brain template or atlas comprising 102 individuals from
combined developmental imaging studies conducted by the Develop-
mental Cognitive Neuroimaging Group at UCLA, including all typically
developing children and adolescents, all subjects with prenatal exposure
to drugs of abuse, and all 61 subjects in the present study. We chose to use
the larger sample of all subjects in our database rather than a study-
specific MDT because it may be more representative of the various neu-
rodevelopmental studies in our group and in the larger developmental
neuroimaging community. Following the steps in the study by Hua et al.
(2008), the MDT was constructed by matching one three-dimensional
image to the other using our MI-based inverse-consistent algorithm,
followed by applying the inverse of the mean displacement field [i.e.,
inverse geometric centering of the corresponding displacement fields
(Kochunov et al., 2002)] from all subjects to the average 102 average-
brain template.

Individual nonlinear registration to MDT. To localize differences in
brain structure, each individual image is then compared with this MDT
by further nonlinearly deforming the anatomy of each individual image
to match that of this MDT. Last, the Jacobian operator was applied to the
deformation fields, whose voxelwise determinants (the Jacobian maps)
thus represent the local expansion and contraction factors required to
deform the individual’s anatomy to the MDT. These maps represent
localized percentage change, with positive percentages representing tis-
sue expansion and negative percentages showing tissue contraction.
These Jacobian volume deformation maps can then be used to evaluate
group differences in voxel-based whole-brain analyses.
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Whole-brain statistical analysis

We used the computational statistics libraries provided by the Statistics
Online Computational Resource (www.SOCR.ucla.edu) to conduct vox-
elwise multiple regression analyses throughout the entire brain, in which
group membership was used to predict Jacobian values at each voxel
(Che et al., 2009). These analyses yielded statistical p value maps ( p <
0.05) reflecting the extent to which local volume differed across the three
groups. Permutation testing (Bullmore et al., 1999) was used to correct
for multiple comparisons. In these analyses, subjects were randomly as-
signed to groups (of the same sample sizes as the original groupings), and
statistical maps for 1000 permutations were generated using the same
multiple regression analyses used in the original groupings. The percent-
age of significant ( p < 0.05) voxels within the brain in the 1000 random
groupings was compared with the percentage of significant voxels in the
real group analyses. Corrected p values for the observed group difference
were created by counting the number of random permutations whose
suprathreshold voxels within the entire brain met or exceeded that in the
original groupings. This approach has been used in multiple studies
(Gogtay et al., 2008; Leow et al., 2009).

To investigate how the three groups contributed to the significant
group analyses described above, follow-up tests were conducted using
three two-sample ¢ tests (CON vs ALC, CON vs MAA, and ALC vs MAA)
using a mask of all significant voxels in the three-group multiple regres-
sion analyses. Permutation analyses were conducted to estimate cor-
rected p values for each contrast.

Although there were no statistically significant differences in the gen-
der distribution across the three groups, the proportion of boys was
higher in the CON than the MAA or ALC groups. Thus, separate statis-
tical analyses were conducted using gender as a nuisance covariate. Fur-
thermore, we ran separate analyses excluding the three subjects in the
MAA group who did not have concomitant alcohol exposure to ensure
that children with only MA exposure were not biasing the results.

Correlations with full-scale intelligence quotient

We extracted percentage volume change estimates from each individual’s
Jacobian map at each of 14 locations throughout the brain. All regions
selected statistically significantly differentiated groups in whole-brain
three-group TBM analyses and included left and right thalamus, left and
right caudate nucleus, left and right supracalcarine cortex (posterior cin-
gulate region), right posterior inferior frontal gyrus, right superior pari-
etal lobe, left and right temporal fusiform cortex, left occipital fusiform
cortex, right parahippocampal gyrus, and left periventricular callosal
white matter [see spatial coordinates in ICBM (for International Con-
sortium for Brain Mapping) space in Table 1]. Correlations between
brain Jacobian volume measures for each of the 14 anatomical points
and each subject’s FSIQ score were conducted, and multiple regres-
sion analyses were used to examine group X FSIQ interactions in
predicting Jacobian measures.

Factor analysis

The same anatomical regions of interest (ROIs) described for the FSIQ
anatomical correlations as well as FSIQ were entered into a classical
discriminant function analysis (DFA) (Systat version 12) and used to
model the best linear equation among these variables to predict group
membership. Factor loadings above 0.3 were considered important for
interpretation purposes, and results with and without jackknifed classi-
fication are reported. Similar methods have been used in other investi-
gations of the utility of linear combinations of variables in diagnosis of
disease states (Ratei et al., 2007).

Results

Demographics

Demographic descriptors and behavioral performance on FSIQ
measures are reported in Table 2. Groups did not differ from each
other in age, gender distribution, handedness, or socioeconomic
status as estimated from family annual income. The groups dif-
fered in FSIQ (F(, 55 = 9.08, p < 0.001), with the CON group
scoring significantly higher than the ALC and MAA groups, but
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Table 1. Jacobian determinant regions of interest: anatomical name, ICBM-305 coordinates, hemisphere, location of graph in Figure 1, Jacobian determinant correlation
with FSIQ, and factor loadings from the discriminant function analyses

ICBM-305x, y,z

Jacobian determinant regions of Jacobian determinant correlation

interest anatomical structure coordinates Hemisphere Figure 1 location with FSIQ all groups combined Loading factor 1 Loading factor 2
Superior parietal lobule 107,79, 139 R? A r= —0.004, p = 0.975 0.056 —0.445
Supracalcarine cortex 95,41,93 R B r=0.296, p = 0.024 0.204 0.368
Supracalcarine cortex 85, 63,94 L e r=—0.198, p = 0.136 —0.728 0.192
Thalamus 75,101, 84 L D r=20.198,p = 0.137 0.404 —0.481
Midcingulate 98,110, 122 R? E r=10.006, p = 0.963 0.213 0.504
Thalamus 101, 105, 86 R F r=10331,p=0.011 0.058 0.499
(Caudate 75,119, 94 L G r=0.120,p = 0371 0.173 0.300
(audate 109, 122, 94 R H r=20.127,p = 0.341 —0.335 —0.424
Posterior inferior frontal gyrus 154,116, 92 R / r=—0.057,p = 0.669 —0.438 —0.362
Temporal fusiform cortex 127,108, 44 R J r= —0.225,p = 0.089 0.190 —0.063
Temporal fusiform cortex 49,116, 45 L K r=—0322,p=10.014 —0.209 —0.224
Occipital fusiform gyrus 64, 43, 67 L Not shown r=10.275,p = 0.036 0.355 —0.314
Periventricular white matter 54, 86, 82 L Not shown r= —0.088,p =0.510 —0.346 —0.625
Parahippocampal gyrus 116, 87, 66 R Not shown r=10.096, p = 0.472 —0.231 —0.374
FSIQ in factor analyses 0.420 —0.150
L, Left; R, right.
“Displayed as the left hemisphere in figures.
bSignificant group X FSIQ interaction.
Table 2. Demographics for each group

MAA (n = 21) ALC(n = 13) CON (n = 27) Group differences
Age 9.66 (1.85) 11.15(2.34) 10.15 (2.90) None
Female/male 912 5/8 16/1 None
Handedness [ right (100) to left (—100)] 60.45 (47.99) 55.83 (59.76) 70.63 (28.15) None
Family annual income 7.714(1.90) 6.77 (2.42) 6.96 (2.72) None
FsIQ 97.81(12.77),n =21 89.50 (13.53),n =12 110.32 (16.73),n = 25 Fia,55) = 9.08,p < 0.001;

CON > ALG, t = —4.05,
p < 0.001; CON > MAA,
t=287,p = 0006

Values expressed as mean (SD). Family annual income is a categorical variable: 1, <<$5000; 2, $5000-9999; 3, $10,000—19,999; 4, $20,000-29,999; 5, $30,000-39,999; 6, $40,000 —49,999; 7, $50,000—74,999; 8, $75,000-100,000;

9, >5100,000.

the MAA and ALC groups did not significantly differ from each
other.

Three-group analyses

Figure 1 maps regions of the brain that were significantly ( p <
0.05, uncorrected) different between the three groups deter-
mined using multiple regression analysis. Numerous brain re-
gions are affected in individuals with prenatal drug exposure,
including the striatum (as predicted), thalamus, anterior and
posterior cingulate, medial and inferior temporal, dorsal and
ventral frontal and parietal cortices (as predicted), and cerebellar
and posterior callosal white matter. These effects were predomi-
nantly bilateral in all cortical and subcortical regions, with two
exceptions: left but not right hemisphere occipital cortex and
right but not left hemisphere frontal pole distinguished groups.
Scatter plots of Jacobian volume measurements for each subject
from 12 of the 14 regions of interest (regions that significantly
differentiated groups in the statistical maps) are shown in Figure
1. Results from whole-brain permutation analyses suggest that
the number of significant voxels in the three-group analyses (at
the p = 0.05 level) were not likely observed by chance (permuta-
tion p value <0.001).

Two separate multiple regression analyses were conducted,
one using group and gender (as a nuisance covariate) to predict
regional volumes and another excluding the three subjects in the
MAA group who did not have concomitant alcohol exposure.
The results did not substantially differ from the three-group anal-
yses described above.

Follow-up analyses

Figures 2 and 3 show average volume differences as a percentage
of volume reduction in the MAA group relative to controls (Fig.
2) and the ALC group relative to controls (Fig. 3). The regional
pattern of volume increases (yellow—orange-red) and volume
decreases (shades of blue and purple) in both groups relative to
controls is similar in the regions that are increased (or decreased)
in volume and tended to be increased (or decreased) in both
exposed groups relative to controls, although to lesser or greater
intensities and spatial extents. Maximum volume reductions are
as high as 32% in the ALC group relative to controls. Volume
increases were as high as 27% in the MAA group relative to con-
trols and as high as 23% in the ALC group relative to controls.
The three pairwise comparisons (CON vs ALC, CON vs MAA,
and MAA vs ALC) are simultaneously mapped in Figure 4, show-
ing regions of statistically significant volume differences between
groups in regions in which the three-group analyses were statis-
tically significant (from Fig. 1). In this figure, all regions in color
were statistically significant in one or more of the two-group
statistical analyses for volume increases and volume decreases.
Subcortically, thalamic and striatal structures are reduced in vol-
ume bilaterally in both groups relative to controls as are left
parieto-occipital and right anterior prefrontal cortices. On aver-
age, volume reductions in exposed children in these regions are
on the order of 10-15% (Fig. 4, shades of blue and purple), but
local variation in these percentages are observed (as shown in the
scatter plots in Fig. 1). Limbic cortices of the anterior and poste-
rior cingulate, ventral and medial temporal lobes, and bilateral
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perisylvian cortices are increased in vol-
ume bilaterally in both groups relative to
controls, an average of ~10-15% aver-
aged across all voxels (Fig. 4, orange, yel-
low, and red). It should be noted that the
contrast comparing ALC with CON
groups was less powerful than the contrast
comparing the MAA with CON groups,
because there were fewer subjects in the
ALC than the MAA group. Thus, the ap-
parent larger extent of significant positive
and negative effects in the MAA subjects
relative to controls than the ALC subjects
relative to controls may be attributable to
the increased statistical power. Whole-
brain permutation analyses suggested
that the number of significant voxels in
both the MAA versus CON and ALC
versus CON contrasts were not likely
observed by chance (permutation p
value <0.001 for both contrasts).

Direct statistical comparison of the
two exposed groups are also shown in Fig-
ure 4. To interpret MAA versus ALC dif-
ferences, we first examined the direction of group difference in
the ALC or MAA versus CON contrast and then determined
which exposed group was more deviant from the controls (in
volume reduction or increase), who were considered “baseline
normal” for these purposes (centered on 0 in the graphs shown in
Fig. 4). Volume reductions in the striatum, although observed in
both groups, appear to be more severe in the MAA group (i.e.,
MAA volumes significantly smaller than ALC volumes by ~10%)
(Fig. 4, dark blue). Volume increases were observed in both ex-
posed groups relative to controls in anterior and posterior cingu-
late regions and in left and right perisylvian cortices, and these
volume increases are more pronounced in the MAA than ALC
group (Fig. 4, yellow; MAA volume significantly larger than
ALC and CON volumes by as much as ~15%). Although
prominent volume increases were observed in both groups in
inferolateral and some medial temporal lobe regions, the ex-
posed groups did not significantly differ from each other in
these regions. Results from permutation analyses for the direct
comparison between MAA and ALC groups were not signifi-
cant during permutation correction for multiple compari-
sons, perhaps because of the smaller samples in the exposed
groups relative to the comparisons between each exposed
group versus the unexposed controls.

Figure 1.

Classical discriminant function analyses

Classical DFA of the 14 ROIs and FSIQ revealed two factor scores
that discriminated the three groups with overall 72% accuracy
(67% accurate for the ALC group, 72% accurate for the CON
group, and 76% accuracy for the MAA group) using jackknife
procedures (Fig. 5). Factor loadings (canonical discriminant
functions standardized) on each of the 14 brain and FSIQ predic-
tors are shown in Table 1. The first factor seems most important
in determining whether or not an individual was exposed to
drugs prenatally, and the second factor differentiates MAA from
ALC groups. Qualitative assessment of standardized discrimi-
nant function scores for factor 1 suggest that volumes of the left
supracalcarine and occipital fusiform cortex and FSIQ pro-
duced the best linear equation to discriminate exposure groups
from controls. All of these measures loaded more heavily on fac-
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Statistical £ maps displaying group differences in local brain volume between CON, ALC, and MAA from the
three-group analyses. Shown are surface renderings with box plots at various points over the brain where the measure-
ments were taken. The x-axis represents the three groups (CON, ALC, and MAA), and the y-axis represents the percentage
(range of —20 to 60) of tissue growth and tissue loss in the extracted anatomical points of interest from each subject
relative to the MDT of 102 subjects. Shown in color are all voxels in which three-group analyses were statistically significant
at a threshold of p << 0.05 (uncorrected). Anatomical location associated with each graph was as follows: 4, superior
parietal lobule; B, C, supracalcarine cortex; D, F, thalamus; E, midcingulate; G, H, caudate; I, posterior inferior frontal gyrus;
J, K, temporal fusiform cortex. L, Left; R, right.

tor 1 than factor 2. Loadings for factor 2, discriminating MAA
from ALC groups, relied most heavily on right superior parietal
lobe, right medial prefrontal, left caudate, and right thalamus. All
of these regions loaded with factor scores above 0.3 (or below
—0.3) and were much higher on factor 2 than factor 1.

Brain volumes and FSIQ

Exploratory analyses for simple correlations between FSIQ and
Jacobian-based volume measurements for each of the 14 ROIs
shown in Table 1 revealed significant correlations for several
ROIs (uncorrected). Left and right occipital (supracalcarine and
fusiform) Jacobian volumes were positively correlated with FSIQ
such that individuals with lower volumes had lower IQ scores
(left, r = 0.275, p = 0.036; right, r = 0.334, p = 0.018). Volume
reductions in the right thalamus were also associated with reduc-
tions in FSIQ (r = 0.296, p = 0.024). These findings make sense in
light of volume decreases observed in these regions in both expo-
sure groups relative to controls and suggest that the greater the
volume reduction, the lower the intellectual ability. Left inferior
temporal fusiform regions were significantly negatively corre-
lated with FSIQ such that individuals with higher volumes had
lower FSIQ scores (r = —0.322, p = 0.014). These results also
make sense in that volume increases in these inferotemporal re-
gions are observed in both exposed groups relative to controls
and suggest that greater volume increases are associated with
greater decrements in FSIQ. Although the effects for each brain
region that correlated with FSIQ were in the predicted direction,
it should be noted that none of these effects remained significant
when group membership was used as an additional predictor.
This suggests that relationships between brain volumes and FSIQ
are mediated by group differences in both brain and FSIQ mea-
sures. In other words, individuals with prenatal exposure to drugs
of abuse are likely to have lower FSIQ and lower volumes in the
thalamus and medial occipital regions than individuals without
significant prenatal drug exposure histories. Group X score in-
teractions for these measures were significant in predicting the
left caudate Jacobian-based volume measurement (F = 3.38, p =
0.042) (Fig. 5) such that, within the MAA group, smaller volumes
were associated with lower FSIQ scores. In contrast to the MAA
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Figure 3.

group, for children in the ALC and CON groups, smaller caudate
volumes were associated with higher FSIQ scores.

Discussion

We have long known that the deleterious effects of prenatal ex-
posure to alcohol on brain morphology endure through child-
hood and adolescence (Archibald et al., 2001; Bookstein et al.,
2001; Autti-Rdm 6 et al., 2002; Bookstein et al., 2002; Sowell et al.,
2002, 2007) and that many women who abuse methamphet-
amine also abuse alcohol, but here we show for the first time that
brain morphology is affected in children with prenatal MA expo-
sure above and beyond the effects of alcohol exposure alone.
Overall, the regional pattern of brain dysmorphology was similar
in the two exposure groups relative to the unexposed controls.
That is, regions that were reduced in the ALC group also tended
to be reduced in the MAA group. Similar brain systems appear to
be affected in similar ways whether the prenatal exposure is to

alcohol and not MA, or alcohol and MA. Generally, subcortical
structures of the striatum and thalamus, as well as more lateral
cortical regions of the temporoparietal lobes bilaterally and the
frontal pole in the right hemisphere, are reduced in volume in the
exposed relative to control groups. The etiology of volume reduc-
tions in these regions is not entirely clear from these structural
brain imaging investigations. There is evidence that MA neuro-
toxicity to brain structures high in monoaminergic receptors
(i.e., the striatum) results in agenesis of mature axons and axon
terminals (McCann and Ricaurte, 2004), but the impact of MA
on developing neural systems likely has a much more pro-
nounced effect. This is because monoaminergic circuits project
widely in the brain and develop early in ontogeny, increasing the
likelihood that non-aminergic neural networks could also be im-
pacted (for review, see Frost and Cadet, 2000). Similar mecha-
nisms could be implicated in prenatal alcohol exposure, although
different brain neurotransmitter circuits may be targeted (for re-
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Follow-up test statistical binarized p maps at a threshold of p = 0.05 (uncorrected) representing the following contrast categories between groups: (1) CON << MAA (red), (2) CON <

MAA and CON << ALC (orange), (3) CON << MAA and ALC << MAA (yellow), (4) CON << ALC, CON << MAA, and ALC << MAA (green), (5) CON > MAA and ALC > MAA (dark blue), (6) CON > MAA
(light blue), (7) CON > ALCand CON > MAA (purple), and (8) CON > ALC, CON > MAA, and ALC << MAA (light pink). Regions of interest were created by binarizing statistical maps for all voxels
within the brain that were consistent with the color-coded contrast categories, and the average Jacobian determinant of all voxels within each of the eight regions of interest for each subject was
calculated. The average Jacobian determinant value [y-axis; percentage growth or shrinkage relative to the control group (centered on 0)] for each subject for each contrast RO is plotted by group

membership (x-axis).

view, see Derauf et al., 2009). This could help explain the volume
reductions in cortical regions without high densities of monoamin-
ergic receptors, and targeting of different neurotransmitter circuits
by the two different drugs may explain why some brain regions are
more or less reduced in volume in the two exposure groups.
Striatal volume reductions in children with prenatal MA ex-
posure observed here are consistent with previous findings
(Changetal., 2004) and consistent with our predictions based on
the known neurotoxicity of MA to dopamine-rich brain areas
(Volkow et al., 2001), but volume reductions of striatal structures
have also been observed in children with heavy prenatal alcohol
exposure (Archibald et al., 2001). Striatal volume reductions ob-
served in this sample were more severe in the MAA than ALC
groups, suggesting that prenatal MA exposure or the combina-
tion of MA and alcohol exposure has a larger impact on the
striatum than alcohol alone. Group X FSIQ interactions were

significant in the left caudate, in which smaller volume was asso-
ciated with lower FSIQ scores in the MAA group, and smaller
volume was associated with higher FSIQ scores in the CON
group. These findings, although preliminary, suggest that the
damage to striatal structures resultant from prenatal MA expo-
sure or to the combination of MA and alcohol exposure, and
potential subsequent disturbances in maturational change
within those structures is related to lower general intellectual
functioning long after the perinatal insult(s) to the brain. This
effect appears to be somewhat specific to the striatum because
group X score interactions were not significant in any other re-
gion evaluated, which makes sense given the prevalence of dopa-
mine receptors and their vulnerability to MA toxicity. It should be
noted, however, that these analyses were exploratory and should
be interpreted with caution until replicated in independent
samples.
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et al., 2003). Although correlations here
between FSIQ and local volume in infe-
rior temporal limbic regions and thala-
mus were significant when considered for
all three groups combined, these correla-
tions were primarily mediated by group
membership. Additional study will be re-
quired to determine the cognitive signifi-
cance of brain dysmorphology in children

with prenatal exposure to drugs of abuse.
The difference in brain dysmorphol-
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Figure 5. A, Factor analysis using Jacobian values for each of the 14 ROIs (described in Table 1 and illustrated in Fig. 1) and

full-scale intelligent quotient to predict group membership. B, Group X score interactions in predicting left caudate volume, with
volume measures presented as percentage change from the average MDT (i.e., —10% is 10% smaller than the grand group

average).

Volume reductions in left occipital brain regions, right occip-
ital fusiform cortex, and bilateral dorsal parietal cortex were also
more severe in the MAA than ALC subjects and, although unex-
pected, may be consistent with findings of decreased regional
cerebral blood flow in left occipital cortices in adult MA abusers
(Chang et al., 2002). Local volume increases were observed in
both exposure groups relative to the unexposed controls, partic-
ularly in the limbic cortices of the anterior and posterior cingu-
late and inferior and medial temporal and bilateral perisylvian
cortices. We have noted previously cortical thickness increases in
lateral and medial temporal regions in independent samples of
children with heavy prenatal alcohol exposure (Sowell et al.,
2007), and others have noted relative volume sparing in medial
temporal lobe structures in a similar population (Archibald et al.,
2001). This is the first time volume increases in cingulate corti-
ces in children with prenatal MA exposure have been reported,
and, in a direct comparison of exposed groups, cingulate vol-
ume increases were more pronounced in the MAA than the ALC
group (i.e., MAA > ALC). The anterior cingulate cortex is part of
the attentional network shown to be deficient in children with
prenatal MA exposure (Chang et al., 2004) and is associated with
monitoring of control, conflict resolution, and decision making
and generally connects sensory inputs with executive brain cen-
ters in generating motor outputs (for review, see Assadi et al.,
2009). The anterior cingulate is also strongly interconnected with
dopamine-rich striatal, medial temporal, and thalamic structures
(for review, see Assadi et al., 2009), all shown to be dysmorphicin
children with prenatal drug exposure. Dopamine receptors are
most highly expressed in the striatum, but there is evidence that
extrastriatal dopamine receptors exist in anterior cingulate and
lateral temporal lobe structures (Okubo et al., 1999). Although
we observe volume increases in extrastriatal limbic cortices in
those with prenatal MA and/or alcohol exposure, a report in adult
MA abusers show volume deficits in cingulate and medial tem-
poral lobe structures (Thompson et al., 2004). Volume increases
in cingulate and other interconnected limbic cortices may be
compensatory for dysfunction in striatal and thalamic structures
that are reduced in volume in children with MA and/or alcohol
exposure. Alternatively, it is possible that volume increases are
dysfunctional, resulting from lack of synaptic pruning and/or
decreased myelination, cellular changes that are known to con-
tinue during childhood and adolescence, and are thought to re-
sult in more efficient cognitive processing (for review, see Sowell

Left Caudate

ogy between the MAA and ALC groups
highlights that structural brain imaging
may yield more information about the in-
tegrity of brain networks than evaluations
at the behavioral level alone. This state-
ment is further supported by the results
from discriminant function analyses pre-
sented here. Whether or not factor scores
from the current sample could be used to
predict new subjects has yet to be tested, but the estimate from
jackknifed analyses of an overall 72% accurate classification is
promising. Information from structural brain imaging may even-
tually be used diagnostically for children with cognitive or behav-
ioral abnormalities but without well documented exposure
histories. That different brain systems are more or less affected in
these children with different drug exposure histories suggest that
different interventions may be appropriate for cognitive and be-
havioral deficits depending on which brain systems are more
affected.

There are limitations to this study that necessitate cautious
interpretation of results. As with the vast majority of studies of
prenatal exposure to drugs of abuse, quantities and frequencies of
drug exposure are difficult to accurately recall years after the drug
use and may be compounded by the stigma of admitting to drug
use during pregnancy. When women receive methamphetamine
from their partners, they may not actually know the dosage they
ingest. Potential underreporting by biological mothers is of suf-
ficient concern that reports from adoptive mothers (based on
observation of biological mother’s behavior or from social ser-
vices reports) may have similar levels of validity to that of biolog-
ical mothers. The majority of our MA-exposed participants also
had concomitant alcohol exposure, and it is not clear that quan-
tity and frequency of exposure were comparable between our
ALC and MAA groups. The possibility that morphological differ-
ences observed in the MAA group is related to an interaction of
methamphetamine with alcohol rather than to methamphetamine
alone cannot be ruled out. Nonetheless, studying children whose
exposure histories are representative of the communities from
which they were drawn may be more ecologically valid than trying to
find groups of children with “pure” exposures to only one drug.

Also of considerable concern is the concomitant nicotine ex-
posure that is likely more prevalent in the exposed than nonex-
posed populations. Nicotine exposure is of particular concern
because, in animal models, it has been shown to disrupt the tim-
ing of cell replication and differentiation, and such effects are
longer lasting than effects from fetal cocaine exposure (Slotkin et
al., 1998). In a recent survey of 191 prospectively identified
MA exposed subjects, ~80% were also exposed to nicotine
(Della Grotta et al., 2009), and another recently published survey
article, 55% of women who reported drinking during pregnancy
also admitted smoking (Aliyu et al., 2009). Thus, rates of coexpo-
sure to nicotine are high in general in those who abuse MA and/or
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alcohol, and similar rates are likely present in our samples, which
would suggest that differences between the MAA and ALC groups
are not likely attributable to differences in nicotine exposure.
Finally, although mono-drug exposures are rare in humans, there
is a vast animal literature suggesting that damage to the fetus
occurs when alcohol (Sulik, 2005) or MA (Melo et al., 2008) are
administered alone. Unfortunately, unavailability of nicotine-
exposure information from a significant proportion of our ex-
posed subjects makes it difficult to evaluate whether the rate of
nicotine exposure in the MAA and ALC groups differ. Finally, our
sample sizes in the exposed groups were relatively small, but our
sample sizes were sufficient to detect the group differences in
brain morphology reported here. It remains possible, however,
that insufficient power precluded us from detecting subthreshold
differences between the ALC and MAA groups.
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