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Abstract

Structural and metabolic abnormalities in fronto-striatal structures have been reported in children 

with prenatal methamphetamine (MA) exposure. The current study was designed to quantify 

functional alterations to the fronto-striatal circuit in children with prenatal MA exposure using 

functional magnetic resonance imaging (fMRI). Because many women who use MA during 

pregnancy also use alcohol, a known teratogen, we examined 50 children (age range 7–15), 19 

with prenatal MA exposure, 15 of whom had concomitant prenatal alcohol exposure (the MAA 

group), 13 with heavy prenatal alcohol but no MA exposure (ALC group), and 18 unexposed 

controls (CON group). We hypothesized that MA exposed children would demonstrate abnormal 

brain activation during a visuospatial working memory (WM) “N-Back” task. As predicted, the 

MAA group showed less activation than the CON group in many brain areas, including the 

striatum and frontal lobe in the left hemisphere. The ALC group showed less activation than the 

MAA group in several regions, including the right striatum. We found an inverse correlation 
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between performance and activity in the striatum in both the CON and MAA groups. However, 

this relationship was significant in the caudate of the CON group but not the MAA group, and in 

the putamen of the MAA group but not the CON group. These findings suggest that structural 

damage in the fronto-striatal circuit after prenatal MA exposure leads to decreased recruitment of 

this circuit during a WM challenge, and raise the possibility that a rewiring of cortico-striatal 

networks may occur in children with prenatal MA exposure.

INTRODUCTION

Methamphetamine (MA) abuse is a continuing public health problem worldwide, and recent 

data indicated 16–17 million Americans over the age of 12 have used methamphetamine, 

including approximately 19,000 pregnant women (Colliver et al., 2006). Until recently, little 

was known about the effects of prenatal MA exposure on the developing brain, but new 

reports have demonstrated a variety of detrimental effects on behavior, cognition, brain 

structure, and brain function in children exposed to MA in utero. A recent and large 

prospective study reported restricted fetal growth in newborn infants with known prenatal 

MA exposure, along with poorer neurobehavioral outcomes, such as increased stress and 

depressed arousal and movement scores (Smith et al., 2006; Smith et al., 2008). Another 

study documented lower verbal memory, spatial memory, attention, and visual-motor 

integration scores in children with prenatal MA exposure relative to unexposed controls 

(Chang et al., 2004). Several neuroimaging studies reported that children exposed to MA in 

utero exhibit brain abnormalities. Structural and metabolic brain abnormalities, especially in 

the dopamine-rich prefrontal-striatal circuitry, have been detected (as reviewed in Derauf et 

al., 2009). Cellular and molecular mechanisms explaining the damage to monoaminergic 

neurons, as well as the resulting effects on developing neural circuitry, have been proposed 

(as reviewed in Frost & Cadet, 2000). Further, a recent study by our group reported that MA 

exposed children exhibited abnormal fMRI activity patterns during a verbal learning 

paradigm (Lu et al., 2009). Taken together, these data strongly suggest that prenatal MA 

exposure negatively impacts brain development. However, conclusions about the specific 

effects of prenatal MA in humans are limited because of the high rates of concomitant 

alcohol use by MA abusing mothers during pregnancy. A recent study showed that nearly 

half of MA using pregnant women also drink alcohol (Smith et al., 2006), and alcohol is a 

known teratogen, frequently resulting in various brain and cognitive abnormalities (as 

reviewed in Riley & McGee, 2005).

Here, we aimed to evaluate alterations to visuo-spatial working memory (WM) neural 

circuitry in children with prenatal MA exposure versus typically developing unexposed 

controls. In order to explore the specific effects of prenatal MA exposure, we attempted to 

account for the effects of concomitant alcohol exposure by including an additional contrast 

group of children with heavy prenatal alcohol but no MA exposure, and included alcohol 

exposure clinical severity as a parameterized between-group covariate in our analyses. One 

important circuit affected by MA is the fronto-striatal loop. The output of the basal ganglia 

exerts a gating function, filtering out noise and distractions and enhancing select memories 

through disinhibition of the prefrontal cortex (Gruber et al., 2006). This modulation of 

mnemonic processes is thought to occur via dopaminergic projections to the prefrontal 
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cortex (Graham & Goldman-Rakic, 1995; Gruber et al, 2006). MA has known dopaminergic 

neurotoxicity (as reviewed in Frost & Cadet, 2000). Further, structural and metabolic 

abnormalities in the striatum have been reported in children with prenatal MA exposure 

(Smith et al., 2001; Chang et al., 2004; Sowell et al., 2010). Additionally, our group recently 

found that children with prenatal MA exposure have left hemispheric white-matter 

abnormalities, in tracts connecting frontal and striatal structures (Colby et al, submitted). 

Thus, we hypothesized that MA exposed children would have functional deficits in frontal 

and striatal regions due to specific effects of MA and not comorbid alcohol exposure. More 

specifically, because the frontostriatal loop is important for performing WM tasks (Lewis et 

al., 2004; Gruber et al., 2006; McNab & Klingberg, 2008), we predicted that MA exposed 

children would show abnormal frontal and striatal activity relative to both CON and ALC 

groups while performing a WM task.

METHODS

Participants

After prospective participants were screened for every type of exclusion criteria detailed 

below, fifty subjects, ranging from 7 to 15 years of age, were retained and included in the 

analyses presented in this report. Each participant was classified into one of three groups 

based on prenatal exposure histories: a methamphetamine-exposed group (MAA, n=19, 15 

with concomitant alcohol exposure, age range 7–13), an alcohol-exposed group (ALC, n=13, 

age range 7–15), and a non-exposed control group (CON, n=18, age range 7–15). Exposure 

status was established by extensive interviews administered to the parents or adult guardians 

of participants. Additionally, social, medical and/or legal records were used when available 

to confirm exposure histories.

Participants were included in the MAA group if prenatal exposure to methamphetamine was 

confirmed by parental or guardian report, or by maternal or infant medical records. Fifteen 

of the 19 children in the MAA group were also exposed to alcohol prenatally. Children in 

the MAA group were recruited from three sources: 1) older children of mothers who were in 

an MA rehabilitation program and had infants born positive for MA, 2) a social skills 

training group for children with fetal alcohol spectrum disorders (FASDs) at UCLA, and 3) 

self-referral in response to advertisements and word-of-mouth. Participants in the alcohol-

exposed group (ALC) had exposure to four or more drinks per occasion at least once per 

week or 14 drinks or more per week and were not exposed to methamphetamine during 

gestation (n=13). Most ALC subjects were recruited from the same social skills training 

group as the MAA subjects. Typically-developing controls (CON) were excluded from the 

study if they had exposure to illicit drugs or more than two alcoholic drinks on any occasion 

or an average of one drink or more per week during gestation. CON subjects (n=18) were 

recruited from the same Los Angeles communities as the exposed groups via advertisement, 

and effort was made to recruit from similar socioeconomic strata.

Details of diagnostic procedures for fetal alcohol spectrum disorders used to classify ALC 

and MAA subjects are described in another report (O'Connor et al., 2006). Briefly, an 

experienced clinician examined alcohol-exposed children using the Diagnostic Guide for 

Fetal Alcohol Syndrome (FAS) and Related Conditions (Astley, 2004). This system uses a 
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4-digit diagnostic code reflecting the magnitude of expression of four key diagnostic 

features of FAS: 1) growth deficiency, 2) the FAS facial phenotype, including short 

palpebral fissures, flat philtrum, and thin upper lip, 3) central nervous system dysfunction, 

and 4) gestational alcohol exposure. This classification method has been shown to correlate 

with brain function and structure (Astley & Clarren, 2001). Using these criteria, children 

with alcohol exposure (with or without concomitant MA exposure) were diagnosed with 

fetal alcohol syndrome (FAS), partial FAS, sentinel features, or alcohol-related 

neurodevelopmental disorder (ARND). Table 1 illustrates the clinical severity of alcohol 

exposure in each group.

Other exclusion criteria precluding participation in the study for subjects in all three groups 

included: 1) prenatal exposure to cocaine or opiates, 2) age younger than 7 years, 3) IQ less 

than 70, 4) head injury with loss of consciousness for more than 20 minutes, 5) a physical 

(e.g., hemiparesis), psychiatric, or developmental (e.g., autism) disability that would 

preclude participation, 6) other potential known causes of mental deficiency (e.g., 

chromosomal disorders), 7) significant maternal illness with increased risk for fetal hypoxia 

(e.g., sickle cell disease), 8) presence of metallic implants in the body which posed a risk for 

MRI. Additionally, subjects were excluded from the study if they performed below 1.5 

standard deviations from the mean performance of their group on the N-Back task (n=7), or 

due poor fMRI data quality (n=8). After the exclusion of all unsuitable subjects, the fifty 

remaining participants were included in the analyses described below.

Procedures

Following a complete description of the study protocol, all participants and their parents 

gave informed assent/consent according to procedures approved by the UCLA Institutional 

Review Board.

Image Acquisition

Functional magnetic resonance imaging data were collected on a 3 Tesla Siemens Allegra 

head-only magnet. Multislice echo-planar imaging was used with a gradient echo echo-

planar imaging sequence. We used TR = 3 seconds, TE = 25 ms, 3mm slice thickness with 1 

mm skip, 36 slices, 64 X 64 pixels yielding 3.1 mm in-plane resolution with whole-brain 

acquisition. A high-resolution T2-weighted echo-planar imaging volume was collected in 

the anterior commissure-posterior commissure plane, coplanar with the functional scan to 

facilitate the subsequent spatial registration of each subject’s data into the Montreal 

Neurological Institute (MNI)-152 standard coordinate space (TR = 5 seconds, TE = 33 ms, 

flip angle = 90°, 3mm slice thickness with 1 mm skip, 36 axial slices covering the entire 

brain, matrix size = 128 X 128 with 1.6 X 1.6 mm in-plane resolution).

Neurocognitive Evaluations

Children underwent extensive neuropsychological testing. Included 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 Verbal Comprehension Index (VCI) and Perceptual Reasoning 
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Index (PRI). This method is described in the WISC-IV manual. FSIQ was not available for 1 

of the ALC subjects.

Functional Imaging Task: Visuo-spatial N-Back

Figure 1 depicts our visuo-spatial N-Back task. The task consisted of rest and experimental 

blocks, with 3 rest blocks (30 seconds each, during which subjects stared at a blank screen) 

and 12 experimental blocks with 4 each of 0, 1 and 2-Back blocked trials randomly 

interspersed. The 0, 1 and 2-back blocks started with a display of the instructions “Push for 

Center”, “Push for 1-Back”, and “Push for 2-Back”, respectively. Each experimental block 

consisted of 16 stimuli presented for 500 msec each, with a 1,500 msec inter-stimulus 

interval. The stimulus “O” was presented in one of 9 distinct visuo-spatial locations. In the 

1-back task, participants were asked to respond if the stimulus was in the same location as 

the previous stimulus, and in the 2-back task they were asked to respond if the stimulus was 

in the same location 2 steps back. All subjects were able to perform the task during pre-scan 

training. The entire task lasted 8.2 minutes. Accuracy was recorded and brain activation 

between groups was compared.

Image Analysis

Preprocessing—FMRI data processing was carried out using FEAT (FMRI Expert 

Analysis Tool) Version 5.98, part of FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/

fsl, Smith et al., 2004). Unless otherwise noted, all of the individual tools drew from that 

library. Prior to analysis, each image was partially processed and assessed for image quality 

using the following preprocessing methods: they were motion corrected using MCFLIRT 

(Motion Correction FMRIB’s Linear Image Registration Tool, Jenkinson et al., 2002) but 

not smoothed, and visually inspected for artifact. Five subjects were excluded due to visible 

slice dropout on more than 10 volumes and three participants were excluded because of 

excessive field distortion, caused by movement outside of the field of view over the course 

of the scanning session. In the remaining participants, the following .pre-statistics 

processing was applied: non-brain removal on structural and motion corrected functional 

images using FSL’s Brain Extraction Tool (BET) (Smith, 2002), spatial smoothing using a 

Gaussian kernel of FWHM 6.0mm, grand-mean intensity normalization of the entire 4D 

dataset by a single multiplicative factor, high-pass temporal filtering (Gaussian-weighted 

least-squares straight line fitting, with sigma = 30.0 s).

Single Subject Statistical Analyses—FMRI data processing was carried out using 

FEAT (FMRI Expert Analysis Tool) Version 5.98, part of FSL (FMRIB's Software Library, 

www.fmrib.ox.ac.uk/fsl). Time-series statistical analysis was carried out using FMRIB’S 

Improved Linear Model (FILM), with local autocorrelation correction done to estimate and 

correct the temporal autocorrelation, improving parameter estimates (Woolrich et al, 2001). 

FMRI data were analyzed using standard methods within the FMRIB’s fMRI Expert 

Analysis Tool (FEAT version 5.98). Registration to both high resolution, T2-weighted 

structural and the Montreal Neurological Institute (MNI)-152 standard space template 

images was carried out with FLIRT (FMRIB’s Linear Image Registration Tool, Jenkinson & 

Smith, 2001, Jenkison et al., 2002), using 6 and 12 degrees of freedom respectively. 

Significance of Z (Gaussianised T/F) statistic images was determined by using a voxelwise 
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threshold of Z >1.7 and a (corrected) cluster significance threshold of P=0.05 (Friston et al., 

1994; Worsley et al., 1996; Worsley, 2001).

Group Analyses—For fMRI signal detection and localization, a hemodynamic response 

model was created based on the convolution of the stimulus timing with a double gamma 

model of the nominal hemodynamic “impulse” response (Woolrich et al., 2001). The 

temporal derivative was also modeled, compensating for the spread in acquisition time of 

the slices across the TR period and allowing robust detection of activation slightly out of 

phase with the stimulus. Each condition was contrasted with rest on a single-subject level, 

leading to estimates of beta weights and variance at each voxel location. To account for 

residual motion related intensity changes after motion correction, 6 motion parameters 

outputted by MCFLIRT (Motion Correction FMRIB’s Linear Image Registration Tool) and 

their temporal derivatives were modeled: the former accounted for slow changes and the 

latter for sudden changes in head position. Working-memory activation was derived by 

contrasting activation during the 2-Back with activation during the 0-Back task. The 2-Back 

task was used in the contrast because this condition involves greater cognitive demands than 

the 1-Back task, and using a challenging task facilitates the detection of possible group 

differences in brain activation.

In order to explore the specific effects of prenatal MA exposure, we conducted whole-brain 

pair-wise group analyses (i.e., MAA vs. ALC, ALC vs. CON, MAA vs. CON) and included 

alcohol exposure clinical severity as a parameterized between-group covariate (with a score 

of 0 indicating no prenatal alcohol exposure, 1 indicating some alcohol exposure or a 

diagnosis of ARND, 2 indicating a sentinel diagnosis, 3 representing a diagnosis of PFAS, 

and 4 representing an FAS diagnosis). In addition, follow-up analyses were performed in 

order to address the possible confounding effects of group differences in age and N-back 

task performance. In an analysis comparing ALC and MAA participants, subject age was 

included as a between-group covariate in order to remove variance in brain activation due to 

age differences between groups. Additionally, in an analysis comparing the CON and MAA 

groups, subject accuracy on the 2-Back task was included as a between-group covariate in 

order to model variance in brain activation due to group differences in performance on the 

task. Significance for Z (Gaussianised T/F) statistic images resulting from group analyses 

was determined by using a voxelwise threshold of Z >1.7 and a (corrected) cluster 

significance threshold of P=0.05 (Friston et al., 1994; Worsley et al., 1996; Worsley, 2001).

Brain Activation-Performance Correlations

In order to explore the correlations between performance on the 2-Back task and functional 

brain activation during working memory (2-Back – 0-Back contrast) in each of the 3 groups, 

we conducted whole-brain analyses in which demeaned accuracy scores were included as a 

within-group covariate.

Statistical Analysis of Demographics and Performance Data

Statistical analyses were conducted using SPSS Statistics 17.0. Raw scores were evaluated 

for accuracy on the visuo-spatial N-Back task. Group differences for integer variables (e.g., 
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age) were evaluated with analysis of variance (ANOVA). Group differences in categorical 

data (e.g., gender) were assessed with a Pearson Chi-square test.

RESULTS

Demographics

Demographic descriptors and behavioral performance on the N-Back task and on FSIQ 

measures are reported in Table 2. Groups did not differ from each other in gender 

distribution. The groups differed in FSIQ [F (2,48) = 10.62], with the CON group scoring 

significantly higher than both the ALC (p < 0.001) and MAA groups (p = 0.017), but the 

MAA and ALC groups did not differ from each other. The groups also differed in age [F 

(2,49) = 3.93] with the ALC group being significantly older than the MAA group (p = 

0.023) but not the CON group, and the CON and MAA group did not differ from each other. 

The groups differed in overall accuracy on the N-Back task [F (2,49) = 6.47, p = 0.002] and 

in accuracy on the 2-Back condition of the task [F (2,49) = 4.50, p = 0.019]. In both cases, 

the CON group scored significantly higher than the MAA group but not the ALC group, and 

the 2 exposed groups did not differ from each other.

Group Averages and Group Differences in Brain Activation

Figure 2 depicts group average activation maps during the visuo-spatial working memory 

task (2-Back – 0-Back contrast), showing activation in the canonical frontal-parietal-

cerebellar WM network for the MAA, ALC, and CON groups. Qualitative comparisons 

suggest some discrepancies between groups, primarily in two areas involved in 

dopaminergically-mediated executive processing. Activation in the basal ganglia was 

apparent in the CON group, but not the exposed groups. Further, ALC subjects seemed to 

show greater intensity of activation than the other two groups in dorsal frontal regions.

After controlling for age, the MAA group showed increased activation relative to the ALC 

group in several areas, including in the anterior cingulate bilaterally, in the right insula, right 

caudate and putamen, right frontal orbital cortex, and right frontal pole, and in the left 

precuneous in the 2-Back – 0-Back contrast. Figure 3 illustrates these group differences. 

Initial group comparison analyses suggested that the ALC group had increased activation 

relative to MAA subjects in various brain regions, notably in the right cerebellum and lateral 

occipital cortex, and in the left dorsolateral prefrontal cortex (data not shown). However, 

these differences where no longer significant in a follow-up analysis which included subject 

age as a between-group covariate in order to statistically control for the significant group 

difference in age. This suggests that these differences in brain activation reflected age 

differences between the ALC and MAA group, rather than differences which could be 

attributed to prenatal exposure to different teratogens.

Figure 4 illustrates that the MAA group had decreased activation relative to the CON group 

in many brain areas, including, as predicted, frontal and basal ganglia regions in the left 

hemisphere during working memory (2-Back) versus rest (0-Back). This group difference 

was most prominent in the left caudate, left putamen, and left inferior frontal gyrus, around 

Broca’s area. In these three regions (Table 3), plots of the functional activation (t-values) for 
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each subject in all 3 groups revealed that ALC individuals showed a level of functional 

activation intermediate between that of CON and MAA participants (Fig. 5).

Other brain regions in the left hemisphere where the MAA group showed decreased 

activation relative to the CON group included the middle frontal gyrus, the precentral gyrus, 

the frontal orbital cortex, the superior and middle temporal gyri, the temporal pole, the 

planum temporale, and the insula. Additionally, MAA subjects recruited both left and right 

thalamus less than CON subjects during working memory versus rest (Fig 4). A follow-up 

analysis in which accuracy on the 2-Back task was included as a between-group covariate in 

order to control for the variance in functional activation due to the performance difference 

between the CON and the MAA groups revealed very similar results (data not shown). This 

suggests that activation differences between the CON and MAA groups illustrated in Figure 

4 were not explained by group differences in accuracy on the task.

Brain Activation-Performance Correlations

To better understand what activation patterns are associated with better visuospatial WM 

performance, we performed whole-brain analyses of the correlations between activation 

during working memory (2-Back - 0-Back contrast) and accuracy on the 2-Back task, in 

each of the 3 groups. Results showed that, in the ALC group, correlations between brain 

activation and performance did not reach significance in any brain regions. In the CON 

group, activation in some superior and posterior brain regions was positively correlated with 

task accuracy such that increased activation was associated with better performance. These 

regions encompassed the supramarginal and angular gyri, the superior parietal lobule, and 

the precuneous, bilaterally (Fig. 6, top panel).

There was a negative correlation between performance and activation in the inferior 

temporal gyrus and temporal pole, the middle temporal gyrus, the anterior cingulate and 

paracingulate gyri, the frontal orbital cortex and frontal pole bilaterally, and the left superior 

frontal gyrus, in both the CON and MAA groups (Fig. 6, middle and bottom panels). In 

addition, activation in the right inferior frontal gyrus and insula, and in the planum 

temporale and caudate nucleus bilaterally was negatively correlated with task accuracy in 

the CON group only (Fig. 6, middle panel). In all these regions, individuals with less 

activation performed better on the task. Specific to the MAA group was a negative 

correlation between performance and activation in the left parahippocampal gyrus, and 

bilaterally in the pre- and post-central gyri, superior temporal gyrus, and putamen (Fig. 6, 

bottom panel).

The left putamen was both an area in which MAA individuals showed decreased activation 

relative to controls (Fig. 4 and Fig. 5B), and a region whose activation was negatively 

correlated with performance in the MAA group (Fig. 6 bottom panel and Fig. 7A). In this 

region (Table 3), plotting the functional activation (t-values) in sample voxels for each 

subject in all three groups revealed that the negative correlation between performance and 

activation in the left putamen (r = −0.46) may be specific to MAA subjects. In the ALC and 

CON groups, there was no significant correlation between activation in this region and 

accuracy on the 2-Back task (r = 0.18 and r = 0.002, respectively, Fig. 7B). However, the 
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group-by-score interaction did not reach statistical significance, so caution should be taken 

in interpreting the non-significant effects in the ALC and CON groups.

DISCUSSION

We observed overall regional activation in the neuronal network known to be involved in 

WM: in frontal and parietal regions, including the dorsolateral prefrontal cortex (DLPFC), 

middle frontal gyrus, posterior parietal lobe (Goldman-Rakic, 1988; Courtney et al., 1996; 

Smith & Jonides, 1996; Braver et al., 1997; Klingberg et al., 1997; Belger et al., 1998; 

Carlson et al., 1998; Casey et al., 1998; Jonides et al., 1998; Callicot et al., 1999; Rypma et 

al., 1999, Braver et al., 2001) and in the cerebellum (Desmond et al., 1997; Kirschen et al., 

2005). All of these brain areas were activated to some extent in the MAA, ALC, and CON 

groups. As predicted, we found that the MAA group had decreased activation relative to the 

CON group in striatal and frontal regions in the left hemisphere during working memory (2-

Back - 0-Back contrast). Various human and animal studies have established that the basal 

ganglia plays a crucial role in WM, which is thought to be mediated by dopaminergic 

projections from the striatum to the prefrontal cortex (Goldman-Rakic, 1995; Graham & 

Goldman-Rakic, 1995; Gruber et al., 2006; McNab & Klingberg, 2008). Structural and 

metabolic abnormalities of the striatum and fronto-striatal connections have been 

demonstrated in subjects with prenatal exposure to MA, specifically reduced striatal 

volumes (Chang et al., 2004), abnormalities in the white matter fibers connecting the cortex 

and the striatum (Colby et al., submitted), and increased creatine and phosphocreatine in the 

striatum, suggesting abnormal energy metabolism in this region (Smith et al., 2001). Our 

finding suggests that damage to this fronto-striatal circuit in subjects with prenatal exposure 

to MA may be related to suppression of activation in the brain regions involved in this 

circuit while performing a WM task. Additional brain regions in which we reported 

decreased activation in MAA relative to the CON group, such as the left inferior frontal 

gyrus and lateral temporal lobe, and the thalamus bilaterally, are also known to show 

structural and/or metabolic abnormalities in subjects with prenatal MA exposure (Chang et 

al., 2009; Sowell et al., 2010).

Structural, metabolic, and functional abnormalities in the striatum have also been reported in 

subjects with severe prenatal alcohol exposure. Several studies have shown reduced striatal 

volumes in children with FAS (Mattson et al., 1996) and FASDs (Archibald et al, 2001; 

Cortese et al., 2006). Metabolic abnormalities in striatal regions as a result of severe prenatal 

exposure to alcohol have been reported both in human (Clark et al., 2000) and animal 

(Schneider et al., 2005; Schneider et al., 2008) studies. In addition, a functional imaging 

study showed decreased caudate activation during a response inhibition task in subjects with 

FASDs, suggesting a functional impairment of the fronto-striatal circuitry in this population 

(Fryer et al., 2007). In the present study, we found that ALC individuals showed a level of 

functional activation intermediate between that of CON and MAA participants in the left 

caudate and putamen, and in another study with an overlapping sample of subjects, direct 

comparisons of the ALC and MAA groups revealed that, although both exposed groups 

showed striatal volume reductions compared to controls, MAA individuals were more 

severely affected (Sowell et al., 2010). Although we must use caution in interpreting this 

finding, because the difference in functional activation between the ALC group and either 
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the CON or MAA group did not reach statistical significance in the left striatum, this 

observation suggests that in children with prenatal exposure to drugs of abuse, greater 

damage (i.e., greater volume deficits) to the fronto-striatal circuit is associated with 

suppression of activation in the brain regions important for WM, relative to unexposed 

controls.

Correlation analyses revealed activation involving basal ganglia circuits are related to WM 

performance. Our findings of negative correlations between activation in the caudate 

bilaterally and task accuracy in the control group corroborates a previous report that, despite 

the important role of the striatum in WM, basal ganglia activation during WM decreases 

over the course of development (Scherf et al., 2006). An unexpected but intriguing finding 

was that, in the MAA group, there was no correlation between performance and activation in 

the caudate, but in this group, we found a negative correlation between accuracy on the 2-

Back task and activation in the putamen bilaterally. There are five distinct basal ganglia-

thalamocortical circuits (or loops) organized in parallel, with each circuit engaging specific 

regions of the cerebral cortex, striatum, pallidum, substantia nigra, and thalamus, and each 

circuit serving distinct motor, cognitive, or emotional functions (Alexander et al., 1986; 

Cummings, 1993). The dorsolateral prefrontal loop, which is involved in working memory, 

engages the dorsolateral caudate (Cummings, 1993; Lewis et al., 2004) whereas the motor 

loop engages the putamen (Alexander et al., 1986; Cummings, 1993). It has been shown that 

striatal dopamine depletion leads to changes in cortico-striatal network properties, leading to 

a remapping of cerebral connectivity that reduces spatial segregation and causes increased 

interaction between different cortico-striatal loops (Helmich et al., 2010). This has been 

demonstrated to occur as a result of a reduction in striatal dopamine in Parkinson’s disease 

(Helmich et al., 2010). One possible interpretation for the fact that, in the MAA group, we 

found a negative correlation between performance and activation in the putamen, rather than 

the expected negative correlation between performance and activation in the caudate, is that 

a mechanism similar to the one occurring in Parkinson’s disease may take place in children 

with prenatal exposure to MA. It is plausible that damage to dopamine terminals in the 

striatum during ontogeny may affect the development of neural circuits and lead to a 

comparable remapping phenomenon. Thus, in MAA individuals, the dorsolateral prefrontal 

loop activated during working memory tasks may preferentially engage the putamen, rather 

than the dorsolateral caudate, perhaps because of decreased spatial segregation between the 

motor loop and the dorsolateral prefrontal loop.

This interpretation is consistent with a related observation in the striatum. We found that 

activation in the left putamen was negatively correlated with performance in the MAA 

group, but not in the ALC and CON groups. Because the dorsolateral prefrontal loop 

involved in working memory engages the caudate and not the putamen (Cummings, 1993; 

Lewis et al., 2004), we would not expect to see any correlation between performance and 

activation in the putamen in the CON or ALC groups. The putamen is normally a part of the 

motor loop (Alexander et al., 1986; Cummings, 1993), but if such remapping of cerebral 

connectivity occurred in people with prenatal MA exposure, resulting in preferential 

recruitment of the putamen during WM tasks, we would expect that the MAA group would 

be the only group showing a negative correlation between performance and activation in the 

putamen. The interpretation that a rewiring of cortico-striatal networks may occur as a result 
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of prenatal MA exposure may explain our findings, but future studies should aim at directly 

measuring and quantifying functional connectivity across different networks in order to test 

this hypothesis. Our data does not provide insight as to whether this possible remapping 

phenomenon represents a detrimental effect of methamphetamine teratogenicity or a 

favorable compensatory mechanism in response to damage to specific parts of the networks.

After controlling for age, direct statistical comparisons between the ALC and MAA groups 

suggested that ALC individuals showed decreased activation relative to MAA subjects in 

several areas, located mostly in the right hemisphere, in the 2-Back – 0-Back contrast. These 

areas included the right caudate and putamen. As noted above, the striatum is a region 

involved in WM function and known to be a target of the teratogenic effects of both alcohol 

(Mattson et al., 1996; Clark et al., 2000; Archibald et al., 2001; Schneider et al., 2005; 

Cortese et al., 2006) and MA (Smith et al., 2001; Chang et al., 2004; Colby et al., 

submitted). Some evidence suggests that this brain structure may be more damaged in the 

right hemisphere in persons prenatally exposed to alcohol, whereas striatal abnormalities 

may be more pronounced in the left hemisphere in subjects with prenatal MA exposure. To 

our knowledge, the only human report of physiological abnormalities in the striatum of 

subjects with FASDs showed decreases in relative regional metabolic rates in the caudate 

head bilaterally, but only in the right caudate body and right putamen (Clark et al., 2000). In 

addition, an fMRI study of prenatal alcohol exposure reported decreased activation in the 

right caudate in ALC children and adolescents during a response-inhibition task, suggesting 

functional abnormalities in this region (Fryer et al., 2007). In contrast, our group recently 

reported white-matter abnormalities in corticostriate projections restricted to the left 

hemisphere in an overlapping sample of subjects with prenatal MA exposure (Colby et al., 

submitted), partially replicating a previous report (Cloak, 2009). Taken together with the 

finding that the MAA group had decreased activation relative to the CON group in the left 

striatum, the observation that the ALC group had decreased activation relative to MAA 

subjects in the right striatum provides additional support for the idea that in exposed 

children, damage to the fronto-striatal circuit is associated with suppression of activation in 

the brain regions involved in this circuit, while performing a WM task. While we did not 

have strong predictions about laterality in activation, and although the etiology of these 

apparent left-right structural asymmetries is unknown, these findings are intriguing and 

suggest that alcohol and methamphetamine exposure during gestation may have specific 

effects on brain structure and function. The differences reported here might be due to 

distinct mechanisms of teratogenic action for the two drugs, or interactions between them 

which may differentially impact the two hemispheres.

There are some important limitations to this study. Because maternal smoking records were 

unavailable in a large portion of our current sample, we were unable to add prenatal nicotine 

exposure as a covariate in our analyses. This limitation is particularly concerning, given that 

nicotine has been shown to induce lasting abnormalities in neurogenesis in animal models 

(Slotkin, 1998). We cannot exclude the possibility that nicotine exposure could contribute 

partly to the observed differences between exposed groups and control subjects. However, 

well-controlled animal studies of prenatal exposure to alcohol and methamphetamine have 

shown that each of these substances is sufficient to induce lasting structural, metabolic, and 

behavioral changes, in the absence of any concurrent exposure to nicotine or other drugs of 
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abuse (as reviewed in Thompson et al., 2009). We also expect that exposed groups would 

have similarly matched nicotine exposure rates and that the possible nicotine main effect 

would have only minimal influence on the MAA vs. ALC contrast. However, future studies 

should examine the possibility of second-order nicotine-MA or nicotine-ALC interactive 

effects. Given that polydrug exposure is apparently the norm, at least in Southern California 

from where our sample was drawn, it is not clear that samples with “pure” single drug 

exposures would be as relevant to the populations we ultimately hope to serve.

Precise exposure histories and dosages were generally unavailable given that many of the 

subjects in our exposed groups had been adopted. This is true of most retrospective human 

studies of prenatal drug exposure given that 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. Further, women who receive methamphetamine 

from their partners may not actually know the dosage they ingest. Potential underreporting 

by biological mothers is of sufficient concern that reports from adoptive mothers (based on 

observation of biological mother’s behavior or from social services reports) may have 

similar levels of validity to that of biological mothers.

Finally, the majority of our MA-exposed participants also had concomitant alcohol 

exposure, and although we included alcohol exposure clinical severity as a parameterized 

between- group covariate in our analyses in hopes of enhanced specificity for detecting MA 

effects, it is possible that higher-order interaction effects between alcohol and MA may 

account for some of our observations pertaining to the MAA group. Besides, it is not clear 

that we accounted for all the variance due to possible differences in quantity and frequency 

of alcohol exposure between our ALC and MAA groups. Nonetheless, given that we did 

detect group differences supporting our a priori hypotheses, and given that some of our 

hypotheses are supported by animal studies with well-documented single drug exposures, it 

is likely that the results we report here have more to do with MA exposure, or the 

combination of MA and alcohol exposure, than with alcohol exposure alone.

Despite these limitations, this study offers important contributions to the study of prenatal 

exposure to MA. By providing the first report of abnormal brain activation during working 

memory in children and adolescents with prenatal MA exposure, by evaluating these effects 

of prenatal MA exposure in the context of an alcohol-exposed contrast group, and by raising 

the possibility that a rewiring of cortico-striatal networks may occur in these subjects, this 

study provides support to the idea that methamphetamine exposure leads to unique patterns 

of functional activation and perhaps functional connectivity within the developing brain. 

Future studies should focus on the integration of observations from different brain imaging 

modalities in order to precisely characterize the structural, metabolic, and functional brain 

abnormalities resulting from prenatal methamphetamine exposure. This will enable 

clinicians to develop appropriate behavioral, educational, and occupational interventions in 

order to address the specific needs of this population.
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Figure 1. Parametric Visuo-spatial Working Memory “N-Back” Task
Zero, one, and two item loads were presented in separate blocks. Subjects were required to 

maintain and update the location of a black circle and make a button press according to the 

target location within each block.
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Figure 2. Visuo-spatial N-Back: Group Average Activation Maps
Axial and sagittal sections displaying group average activation maps during the visuo-spatial 

n-back working memory task. Shown here are regions of significantly (Z>1.7 and a 

corrected cluster significance threshold of p=0.05) greater activation during working 

memory (2-back – 0-Back contrast). Colors on the maps correspond to the color bar on the 

right.
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Figure 3. Visuo-spatial N-Back: MAA>ALC
Axial and sagittal sections displaying group differences in brain activation during the visuo-

spatial N-Back working memory task. Shown here are regions of significantly (Z>1.7 and a 

corrected cluster significance threshold of p=0.05) greater activation during working 

memory (2-Back – 0-Back contrast) in the MAA than the ALC group with age included as a 

covariate. Colors on the maps correspond to the color bar on the right.
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Figure 4. Visuo-spatial N-Back: CON>MAA
Axial and sagittal sections displaying group differences in brain activation during the visuo-

spatial N-Back working memory task. Shown here are regions of significantly (Z>1.7 and a 

corrected cluster significance threshold of p=0.05) greater activation during working 

memory (2-Back – 0-Back contrast) in the CON than MAA group. Colors on the maps 

correspond to the color bar on the right.

Roussotte et al. Page 20

Neuroimage. Author manuscript; available in PMC 2015 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Group Differences in activation in the Left Inferior Frontal Gyrus, Left Putamen, and 
Left Caudate
In order to investigate how individuals’ activation during WM vs. rest contributed to group 

differences in activation, we plotted t-values (x-axis) for each subject from regions of 

interest that were significant in the group comparison map (see Fig. 4) in the left inferior 

frontal gyrus (A), in the left putamen (B), and in the left caudate (C). The medians are joined 

by interrupted lines. A star represents a significant difference (p < 0.05) in functional 

activation between groups.

Roussotte et al. Page 21

Neuroimage. Author manuscript; available in PMC 2015 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Correlations Between Performance on the 2-Back Task and Functional Brain 
Activation in the CON and MAA groups
Axial and sagittal sections displaying regions showing a significant (Z>1.7 and a corrected 

cluster significance threshold of p = 0.05) correlation between accuracy on the 2-Back task 

and functional brain activation during working memory (2-Back – 0-Back contrast). The top 

panel represents regions whose activation is positively correlated with performance in the 

CON group. The middle panel represents regions whose activation is negatively correlated 

with performance in the CON group. The bottom panel represents regions whose activation 

is negatively correlated with performance in the MAA group. Colors on the maps 

correspond to the color bar on the right.
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Figure 7. Correlations Between Performance on the 2-Back Task and Functional Brain 
Activation in the Left Putamen
(A) Axial section displaying regions showing a significant (Z>1.7 and a corrected cluster 

significance threshold of p = 0.05) negative correlation between accuracy on the 2-Back task 

and functional brain activation during working memory (2-Back – 0-Back contrast) in the 

MAA group. Circled in red is the left putamen. (B) Regression plots for correlations 

between functional activation in the left putamen (t-values) and accuracy on the 2-Back task 

in all 3 groups. Pink, CON group; Blue, ALC group; Green, MAA group.
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Table 1

Alcohol Exposure Clinical Severity by Group

MAA (n = 19) ALC (n=13) CON (n=18)

No Alcohol 4 0 18

Exposed (least severe) 1 0 0

ARND 9 4 0

Sentinel 2 2 0

PFAS 2 3 0

FAS (most severe) 1 4 0

ARND = Alcohol-related neurodevelopmental disorder, Sentinel = Shows mild facial dysmorphology, PFAS = Partial FAS, FAS = Fetal Alcohol 
Syndrome
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Table 2

Demographics and Performance for Each Group (Mean and Standard Deviation)

MAA (n=19) ALC (n=13) CON (n=18) Group Differences

Age 9.16 (1.83) 11.46 (2.44) 10.28 (2.61) ALC>MAA
[F (2,49) = 3.93, p=.023]

Female/Male 8 / 11 4 / 9 9 / 9 None

Accuracy (Total) .84 (.08) .88 (.07) .92 (.04) CON>MAA
[F (2,49) = 6.47, p=.002]

Accuracy (2-Back) .71 (.11) .78 (.10) .80 (.09) CON>MAA
[F (2,49) = 4.50, p=.019]

FSIQ 97.47 (14.08) 86.67 (16.49) 111.67(14.61) CON>ALC
[F (2,48) = 10.62, p<.001];
CON> MAA
[F (2, 48) =10.62, p=.017]

Values expressed as mean (SD)
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Table 3

Regions of interest: anatomical name, MNI coordinates, hemisphere, and location in figures.

Anatomical Structure MNI x, y, z coordinates Hemisphere Location

Inferior Frontal Gyrus −50, 8, 16 Left Figure 5 A

Putamen −22, 10, 4 Left Figure 5 B

Caudate −10, 4, 10 Left Figure 5 C

Putamen −20, 2, −8 Left Figure 7
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