
Lower diffusion in white matter of children
with prenatal methamphetamine exposure

C.C. Cloak, PhD
T. Ernst, PhD
L. Fujii, MD
B. Hedemark, BA
L. Chang, MD

ABSTRACT

Background: Methamphetamine use is a common problem among women of childbearing age,
leading to an increasing number of children with prenatal methamphetamine exposure. Whether
microstructural brain changes associated with prenatal methamphetamine exposure can be de-
tected with diffusion tensor imaging (DTI) is unknown.

Method: Twelve-direction DTI was performed in 29 methamphetamine-exposed and 37 unex-
posed children ages 3–4 years on a 3-T MRI scanner. Fractional anisotropy (FA) and apparent
diffusion coefficient (ADC) were determined in the corpus callosum (genu and splenium) and bilat-
erally in the frontal and parietal white matter (WM), basal ganglia (caudate, putamen, globus palli-
dus), and thalamus.

Results: Children with prenatal methamphetamine exposure had lower ADC in the frontal (right:
�2.1%, p � 0.04; left: �2.0%, p � 0.09) and parietal WM (right: �3.9%, p � 0.002; left:
�3.3%, p � 0.02) compared to unexposed children. The methamphetamine-exposed children
also showed a trend for higher FA in the left frontal WM (�4.9%, p � 0.06) compared to the
unexposed children.

Conclusion: Since less myelination and higher dendritic or spine density have been reported in
animals exposed to methamphetamine, lower diffusion in our children may reflect more compact
axons or greater dendritic or spine density associated with prenatal methamphetamine exposure.
These findings suggest alterations in white matter maturation in these children exposed to meth-
amphetamine in utero. Neurology® 2009;72:2068–2075

GLOSSARY
ADC � apparent diffusion coefficient; ANOVA � analysis of variance; ASI � Addiction Severity Index; CES-D � Center for
Epidemiologic Studies–Depression scale; DSM-IV � Diagnostic and Statistical Manual of Mental Disorders, 4th edition;
DTI � diffusion tensor imaging; EPI � echoplanar imaging; FA � fractional anisotropy; ISP � Index of Social Position; NART-R
� National Adult Reading Test; ROI � region of interest; SASSI � Substance Abuse Subtle Screening Inventory; TE � echo
time; TI � inversion time; TR � repetition time; VIQ � verbal intelligence; WM � white matter.

Methamphetamine use is an increasing problem among women of childbearing age. Prenatal meth-
amphetamine exposure has been associated with smaller subcortical brain volumes1 and elevated
striatal creatine in children ages 3–16 years.2 Methamphetamine increases synaptic dopamine,
which may stimulate dopamine receptors that are present in the human brain as early as the first
trimester.3 Since D1 receptors can regulate the cell cycle during corticogenesis,4 methamphetamine
has the potential to alter cortical development. Methamphetamine also stimulates several catechol-
amine systems that are present prenatally and play diverse roles in brain development.5

Diffusion tensor imaging (DTI) allows the evaluation of brain microstructure.6 The apparent
diffusion coefficient (ADC) is a measure of the water molecules’ average freedom to diffuse in a
given area. In contrast, anisotropy measures the degree of restricted diffusion along certain directions
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and provides information about structural ori-
entation. Normal brain development shows the
greatest changes in FA and diffusivity during the
first 5 years of life.7,8 DTI may also differentiate
between stages of brain maturation.9 In adult
methamphetamine users, DTI demonstrated
lower FA in the frontal white matter (WM).10

Likewise, children with prenatal exposure to co-
caine, another psychostimulant, showed higher
diffusion in frontal WM.11 Since the effects of
prenatal methamphetamine exposure on the de-
veloping brain remain unknown, we performed
a study to determine whether children with pre-
natal methamphetamine exposure would dem-
onstrate higher diffusion and lower FA in the
subcortical and frontal WM regions.

METHODS Subjects. Twenty-nine methamphetamine-

exposed and 37 unexposed children, ages 3 or 4 years, were re-

cruited from local hospitals, drug rehabilitation centers, and the

local community. Cumulative gestational methamphetamine ex-

posure was determined by detailed interviews of the mothers

regarding quantity of methamphetamine used/day, days used/

week, duration of use, and lifetime usage patterns as assessed by

the Addiction Severity Index (ASI) and Substance Abuse Subtle

Screening Inventory (SASSI) questionnaire. These children had

careful physical and neurologic evaluations and were screened to

ensure they had no contraindications for the MR studies. To

evaluate possible environmental influences on brain develop-

ment, the children’s primary care providers (typically the bio-

logic mothers but also some legal guardians) were evaluated for

their estimated verbal intelligence (VIQ) using the National

Adult Reading Test (NART-R), mood with the Center for Epi-

demiologic Studies–Depression scale (CES-D), and socioeco-

nomic status using the Hollingshead Two-Factor Index of Social

Position (ISP).12

Methamphetamine-exposed children meeting the following

criteria were included: 1) ages 36–59 months and 2) any re-

ported maternal methamphetamine use during pregnancy or

positive toxicology at birth. Children were excluded from the

study if their legal guardian was unable to give informed consent

(non-English speaking, low cognitive functioning with VIQ

�80) or the mother had 1) HIV-1 during the pregnancy, 2) a

history of comorbid psychiatric illness that may confound study

analysis (e.g., schizophrenia, bipolar disorder with psychosis), 3) a

medical condition during pregnancy that might alter the child’s

brain development (e.g., severe preeclampsia, sickle cell anemia, car-

diac, renal, or liver failure, syphilis), or 4) a history of DSM-IV

dependence on alcohol or other drugs except nicotine during preg-

nancy. In addition, potential participants were excluded from the

study if they 1) had a congenital, genetic, or infectious neurologic

disorder (e.g., fetal alcohol syndrome, Down syndrome, fragile X),

2) were preterm (�36 weeks), 3) had a history of failure to thrive

within the first year of life, 4) had an overt TORCH infection

[Toxoplasmosis, Other (Treponema pallidum, varicella zoster

virus, parvovirus), Rubella virus, Cytomegalovirus, and Her-

pes simplex virus] at birth, 5) had a major neurologic disorder

since birth (e.g., bacterial meningitis, epilepsy), or 6) had

other contraindications for MR studies, such as metallic or elec-

tronic implants in the body or severe claustrophobia.

Comparison subjects fulfilled the same inclusion and exclu-

sion criteria as the methamphetamine-exposed children, but had

no history of methamphetamine exposure. Legal guardians

signed an informed consent approved by the University of Ha-

waii, Committee on Human Studies.

Imaging acquisition and processing. MR scans were per-

formed on unsedated children in a 3 T Siemens Trio scanner

(Siemens Medical Solutions, Erlangen, Germany), using an

eight-channel phase-array RF coil. The children were typically

scanned during a nap, after a meal and acclimation to the scan-

ner, or while watching a favorite movie. One to five sessions were

required to obtain good quality scans in each child. The follow-

ing structural sequences were acquired: 1) three-plane localizer,

2) sagittal high-resolution three-dimensional magnetization-

prepared rapid gradient echo (repetition time [TR]/echo time

[TE]/inversion time [TI] � 2,200/4.91/1,000 msec, 208 � 256

� 144 matrix, 1 mm isotropic resolution), and 3) transversal

fluid-attenuated inversion recovery (TR/TE/TI � 10,000/79/

2,500 msec; 1 excitation; 205 � 320 matrix, 28 slices; voxel size �

0.9 � 0.7 � 4.0 mm3). Next, two axial spin-echo echoplanar imag-

ing (EPI) scans with diffusion weighting and full-brain coverage

were acquired consecutively, with 1) 3 diffusion directions (28

slices, 4 mm slice, 1 mm gap, TR/TE � 3,400/80, 128 � 128

matrix, b � [0,1000] s/mm2) and 2) 12 diffusion directions (28

slices, 4.6 mm slice, 0.46 mm gap, TR/TE � 3,700/88 msec,

128 � 128, b factor � [0,1000]s/mm2). All images were re-

viewed for structural abnormalities and movement or other arti-

facts. FA and ADC values for each voxel were calculated using

DTIStudio version 2.0313 using the 12-axis DTI data. Regions

of interest (ROIs) were manually drawn, using fixed size ROIs,

on FA and ADC maps and cross-referenced with other available

images for accurate placement. ROIs included the genu and sple-

nium of the corpus callosum (4 � 3 mm) and bilateral frontal

and parietal WM (4 � 4 mm), caudate (3 � 3 mm), putamen

(4 � 4 mm), globus pallidus (3 � 3 mm), and thalamus (6 � 6

mm). One investigator (L.F.), who was blinded to subjects’ ex-

posure status, completed all drawings. ROIs for each area were

drawn on the axial slices in which the respective structure ap-

peared largest and most delineated (figure 1).

To calculate intraoperator reliabilities, the investigator re-

drew the same ROIs from 10 sets of scans, and remeasured the

FA and ADC values for all ROIs. Intraclass correlation coeffi-

cients for the ADC values of all regions were r � 0.8 and p �

0.0001, while FA values of all regions were r � 0.6 and p �

0.03.

Statistical analysis. Statistical analyses were performed using

StatView 5.0.1 and SAS Enterprise Guide 4.1.0.471 (SAS Insti-

tute Inc., Cary, NC). Repeated measures analyses of variance

(ANOVA) of FA and ADC were performed to determine group

differences between methamphetamine-exposed and control

subjects for all regions (with the regions as within-subject re-

peated measures for global changes in ADC or FA). Similarly,

repeated measures ANOVAs were then performed to test for

changes in the WM regions (frontal, parietal, and corpus callo-

sum), the striatal regions (caudate, putamen, and globus palli-

dus), and within individual regions (within subject genu and

splenium for the corpus callosum and left and right hemisphere

for other regions). t Tests were performed for those measures

with significant findings or trends on the ANOVAs (p � 0.1).

Mean � SEM are reported for all measures. To test for possible
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relationships between methamphetamine exposure and diffusion
measures, linear regression analyses were performed using imag-
ing measures as dependent variables, and drug use measures as
independent variables. To reduce the number of comparisons,
only imaging measures with significant group differences (meth-
amphetamine vs control) were tested with the regression analy-
ses. To test for possible confounds from other drug exposure,
regions with significant methamphetamine effects on overall
ANOVA were reexamined with repeated measure analyses of co-
variance using other drug exposures as covariates. A type I error
probability �0.05 was used to determine significance.

RESULTS Subject characteristics. The two subject
groups had similar age and parental estimated verbal
intelligence, but the mothers or primary caretakers of
the methamphetamine-exposed group had lower ed-
ucation and Hollingshead ISP (table 1). Because
some children were not raised by their biologic mothers,
detailed drug exposure histories were not available for
all children. The children with prenatal methamphet-
amine exposure were exposed to methamphetamine for
an average of 2.5 � 0.2 trimesters. Of the 17 children
who had records of urine or meconium toxicology, per-
formed only in those with a suspicion of maternal
methamphetamine use, 65% tested positive for meth-
amphetamine at birth. During pregnancy, mothers had
a broad range of methamphetamine usage (average 58
� 31 g). Although none of the mothers met DSM-IV
criteria for any other drug dependence except for meth-
amphetamine or nicotine while pregnant, the mothers

who used methamphetamine smoked more cigarettes,
drank more alcohol, and showed a trend for more mar-
ijuana use (table 1).

DTI findings. Despite normal-appearing MRIs, chil-
dren with prenatal methamphetamine exposure had
lower diffusivity across all regions measured (p �

0.05), with some regions having greater reductions
than others (group by region interaction [p � 0.04]).
There was also a trend for higher FA across all
regions (p � 0.10). Post hoc analyses showed
methamphetamine-exposed children had lower dif-
fusivity across all WM regions (p � 0.007), specifi-
cally in the right frontal (�2.1%, p � 0.04), right
parietal (�3.9%, p � 0.002), and left parietal
(�3.3%, p � 0.02) WM (figure 2), as well as a trend
in the left frontal WM (�2.0%, p � 0.09). Con-
versely, there were no group differences in FA, except
for a trend for higher FA in the left frontal WM
(�4.9%, p � 0.06) of methamphetamine-exposed
children. No group differences were observed in the
basal ganglia or thalamus.

Potential covariates. Lower frontal and parietal WM
diffusivity in the methamphetamine-exposed children
retained significance or a trend for significance when
covaried for the number of trimesters exposed to nico-
tine (frontal p � 0.05; parietal p � 0.002), marijuana
(frontal p � 0.01; parietal p � 0.008), or alcohol (fron-

Figure 1 Representative region of interest placements on fractional anisotropy maps for the seven regions studied

Thalamus (E), globus pallidus (F), putamen (G), caudate (H), and white matter (WM) regions [frontal WM (C) and parietal WM (D)] were drawn bilaterally, while
corpus callosum was drawn as indicated in the splenium (A) and genu (B).
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tal p � 0.03; parietal p � 0.02), as well as when covar-
ied for the number of cigarettes (frontal p � 0.09;
parietal p � 0.004), joints of marijuana (frontal p �
0.02; parietal p � 0.02), or drinks of alcohol (frontal
p � 0.05; parietal p � 0.04) used while pregnant, al-
though fewer subjects were available for analyses.

Correlations between DTI measures and participant
characteristics. Consistent with prior reports,6 as the
children become older, their parietal WM ADC
became lower (r � �0.2, p � 0.02) across all partici-

pants. Children whose mothers had higher lifetime ma-
ternal drug use disorder probability (SASSI FVOD
Drug scale) had lower ADC in the parietal (r � �0.18,
p � 0.04) and frontal (r � �0.19, p � 0.03) WM.
However, there were no correlations between WM
ADC and gestational drug exposure (number of trimes-
ters used, or quantity used), including methamphet-
amine, nicotine, marijuana, and alcohol.

Regional and hemispheric differences in DTI. As ex-
pected and similar to prior reports,14 diffusion mea-
sures varied by region (FA, p � 0.001; ADC, p �

0.001) (table 2). FA was highest in the corpus callo-
sum and lowest in the putamen, while ADC was
highest in the parietal WM and also lowest in the
putamen. Across all subjects, left hemisphere showed
lower FA than the right hemisphere in the parietal
WM, putamen, and thalamus (table 2). In contrast,
across all subjects, higher ADC was observed in the
left vs the right hemisphere for the putamen and glo-
bus pallidus, but right greater than left in the thala-
mus. The splenium of the corpus callosum had
higher FA values than the genu, with no difference in
ADC. Only the caudate ADC showed an interaction
between hemisphere and drug exposure, due to a
nonsignificantly lower ADC in the left caudate
(�1.4%) and a nonsignificantly higher ADC (�0.7%)
in the right caudate of the methamphetamine-exposed
children.

DISCUSSION Children with prenatal methamphet-
amine exposure showed lower brain diffusivity than

Figure 2 Lower white matter diffusion in children with prenatal
methamphetamine exposure (repeated measures analysis of
variance for all white matter regions p � 0.007)

Means and SEM are shown with percent change for significant between-group post hoc t
tests for each region. METH � methamphetamine; WM � white matter.

Table 1 Subject characteristics

Unexposed (n � 37) Methamphetamine exposed (n � 29) p Value

Age, mo 47.7 � 1.2 (36–59) 48.4 � 1.4 (36–59) 0.68

Percent girls 49 31 0.21

Gestational age at birth, wk 39.2 � 0.2 (36–42) 38.8 � 0.3 (36–41) 0.33

Birthweight, kg 3.5 � 0.1 (2.3–4.8) 3.0 � 0.1 (1.8–4.1) 0.002

Current head circumference, cm 50.5 � 0.2 (48–54) 50.5 � 0.3 (47–53) 0.94

Current body mass index 16.9 � 0.2 (14–20) 17.1 � 0.2 (14–20) 0.59

Maternal age at childbirth 29.9 � 1.3 (18–46) 25.1 � 1.1 (18–40) 0.008

Maternal education, y 14.2 � 0.5 (8–20) 12.7 � 0.4 (8–18) 0.03

Maternal estimated VIQ 102.2 � 1.5 (83–127) 101.7 � 2.0 (81–122) 0.82

Hollingshead Job Scale 3.8 � 0.3 (1–7) 4.5 � 0.4 (1–7) 0.20

Index of Social Position 36.4 � 3.0 (11–65) 45.5 � 3.5 (11–69) 0.05

Estimated amount of drug exposure*

Methamphetamine exposure (g; n � 16) NA 57.9 � 31.0 (0.1–477.8) NA

Nicotine exposure (pack; n � 20) 25 � 16 (0–546) 88 � 26 (0–273) 0.04

Alcohol exposure (drinks; n � 15) 0.1 � .01 (0–2) 15.3 � 9.8 (0–120) 0.02

Marijuana exposure (joints; n � 16) 0.8 � 0.8 (0–29) 18.2 � 17.0 (0–273) 0.12

Values are mean � SEM (range).
*Drug exposure is reported as units the mother used while pregnant (n � available data for methamphetamine using mothers).
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Table 2 Regional diffusion imaging measures

Region Controls Methamphetamine % Dif
RM ANOVA drug,
p value

RM ANOVA hemi,
p value

RM ANOVA drug x
hemi, p value

Fractional anisotropy

Frontal white

Right 0.357 � 0.008 0.351 � 0.009 �1.8 NS NS 0.07

Left 0.344 � 0.005 0.361 � 0.008 4.9

Parietal white

Right 0.409 � 0.010 0.426 � 0.011 4.1 NS �0.0001 NS

Left 0.386 � 0.010 0.381 � 0.011 �1.3

Corpus callosum

Genu 0.791 � 0.008 0.789 � 0.007 �0.2 NS 0.003 NS

Splm 0.806 � 0.008 0.816 � 0.007 1.2

Caudate

Right 0.165 � 0.005 0.166 � 0.006 0.6 NS NS NS

Left 0.165 � 0.006 0.170 � 0.008 3.5

Putamen

Right 0.139 � 0.004 0.140 � 0.005 0.7 NS 0.002 NS

Left 0.129 � 0.004 0.134 � 0.004 4.0

Globus pallidus

Right 0.266 � 0.007 0.276 � 0.007 3.7 NS NS NS

Left 0.257 � 0.006 0.266 � 0.008 3.3

Thalamus

Right 0.243 � 0.006 0.246 � 0.006 1.3 NS 0.007 NS

Left 0.225 � 0.005 0.236 � 0.006 4.8

Apparent diffusion coefficient
(x10� 4)

Frontal white

Right 9.07 � 0.06 8.88 � 0.07 �2.1 0.05 NS NS

Left 9.05 � 0.07 8.86 � 0.08 �2.0

Parietal white

Right 9.59 � 0.09 9.22 � 0.07 �3.9 0.004 NS NS

Left 9.65 � 0.11 9.32 � 0.08 �3.3

Corpus callosum

Genu 8.68 � 0.08 8.54 � 0.06 �1.6 NS NS NS

Splm 8.60 � 0.11 8.40 � 0.10 �2.3

Caudate

Right 8.55 � 0.07 8.61 � 0.07 0.7 NS NS 0.01

Left 8.58 � 0.07 8.47 � 0.07 �1.4

Putamen

Right 8.47 � 0.05 8.40 � 0.06 �0.8 NS 0.002 NS

Left 8.59 � 0.06 8.52 � 0.07 �0.8

Globus pallidus

Right 9.32 � 0.07 9.32 � 0.08 0.1 NS 0.006 NS

Left 9.47 � 0.06 9.40 � 0.08 �0.7

Thalamus

Right 9.09 � 0.09 8.99 � 0.06 �1.1 NS �0.0001 NS

Left 8.93 � 0.06 8.87 � 0.06 �0.7

Diffusion imaging measures (apparent diffusion coefficient and fractional anisotropy) are reported as mean � SEM. Results of subject repeated measure
(RM) analyses of variance (ANOVA) are reported for between-subject drug exposure (drug), within-subject brain region (hemi; right vs left hemisphere or
genu vs splenium), and for interactions between drug exposure and brain hemisphere.
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unexposed subjects, particularly in the frontal and
parietal WM. Additionally, there was a trend
for higher FA in the frontal WM in the
methamphetamine-exposed children relative to the
unexposed children. Although the mothers who used
methamphetamine also used more nicotine, alcohol,
and marijuana than the mothers of the unexposed
children, including these variables in the compari-
sons did not alter the finding of lower diffusion in
these brain regions of the methamphetamine-
exposed children.

These findings are opposite from our initial hy-
pothesis, which was based on findings in adult meth-
amphetamine users and preadolescents with prenatal
cocaine exposure. A study of normally developing
but older children (ages 6 –17 years) found age-
related decreases in diffusion along with age-related
increases in FA in the inferior longitudinal fasciculus
and the inferior frontal occipital fasciculus,9 which
are fiber tracts that traverse the frontal and parietal
WM regions in the current study. Such normal age-
related decreases in diffusion and increases in anisot-
ropy in children were reported by others as well.15

Our prenatal methamphetamine-exposed children
showed lower diffusion than the unexposed children,
which would correspond to the lower diffusion typi-
cally observed with older age in normally developing
children. However, the prenatal methamphetamine
children did not show the normal concomitant in-
creases in FA in these WM regions. We also observed
greater FA in right than left hemisphere in most
brain regions in both subject groups, which is oppo-
site from those reported previously in similar brain
regions (i.e., the inferior-frontal-occipital fasciculus)
of normally developing older children. However, in
the frontal WM, the methamphetamine-exposed
children showed no hemispheric difference, unlike
the trend for higher right hemisphere FA in our age-
matched unexposed children, which again suggests a
more similar pattern to the older children.9 Further-
more, fewer girls were included in the prenatal
methamphetamine-exposed group (31%) compared
to the unexposed group (49%), which might have led
to an apparently higher diffusion (i.e., masking the
even lower diffusion) in the methamphetamine-
exposed group since girls were found to have lower
transverse and mean diffusion in these brain regions
than boys.9 Taken together, our findings suggest pre-
natal methamphetamine exposure accelerates brain
development in an abnormal pattern. Such abnormal
brain development may account for the slower matu-
ration of behavioral measures observed in neonates
with prenatal methamphetamine exposure.16,17

While the exact mechanism of how prenatal
methamphetamine exposure may lead to lower brain

diffusivity is unknown, lower WM diffusivity typi-
cally reflects more compact axonal fibers. Consistent
with this interpretation, children with prenatal
methamphetamine exposure showed smaller subcor-
tical structures.1 Animal models of prenatal metham-
phetamine exposure also demonstrated greater
cellularity and compactness of cells. Specifically, in
utero exposure of rat pups to methamphetamine
caused a reduction of the optic nerve diameter, due
to thinner myelination but not fewer axons.18 If pre-
natal methamphetamine exposure has similar effects
on the development of axonal fiber tracts within the
frontal and parietal lobes, this might lead to more
densely packed axons within the WM and lower dif-
fusion values without a measurable effect on the FA.
These findings are also consistent with prior reports
of greater dendritic branching19 and spine densities
in the dorsolateral striatal regions after methamphet-
amine administration.20 Such increased complexity
in the neuronal structures would hinder diffusion of
water molecules and hence lower mean diffusion in
the brains of children with prenatal methamphet-
amine exposure.

Lower diffusivity and higher FA have been ob-
served in several WM regions of young (1–3 years
old) autistic children, and were thought to be related
to decreased synaptic pruning.8 Less pruning, if
present in our children with prenatal methamphet-
amine exposure, also could lead to higher cell density
and restriction of water movement, and lower ADC,
without specifically affecting directionality or FA.

Two other studies have evaluated prenatal stimu-
lant drug exposure using DTI. One study of children
with prenatal nicotine exposure found higher FA in
frontal WM and the genu, but diffusion was not
evaluated.21 While some women in our study smoked
cigarettes, adjusting for nicotine or marijuana usage
did not alter the methamphetamine effects. Contrary
to our findings, another study found higher than
normal diffusivity in the frontal WM of 10- to 12-
year-old children with prenatal exposure to cocaine,
another stimulant that causes dopamine release.11

The discrepancy between these studies may reflect
differences in maternal drug usage, since post hoc
analyses found that the prenatally cocaine exposed
children with additional alcohol or marijuana expo-
sure had even higher diffusion.11 The different age
ranges may be another factor since WM volumes and
anisotropy increase into adolescence,22,23 and the pre-
adolescent cocaine-exposed children would have
been subjected to many more environmental influ-
ences compared to the young preschoolers in our
study.

Like age-related changes in diffusion and FA,
brain lateralization is well established and likely be-
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gins early in cortical development.24 We observed re-
gional differences in laterality in our children;
specifically, FA was greater in the right than left pari-
etal WM, putamen, and thalamus. These findings
are consistent with those of a study of 2- to 8-year-
old children that found right greater than left FA in
the inferior longitudinal fasciculus,25 but contrary to
another study of older (6–17 years) children that
showed trends for left greater than right FA in the
inferior longitudinal fasciculus and inferior fronto-
occipital fasciculus.9 We also found greater diffusiv-
ity in the left than right putamen and globus
pallidus, but greater diffusivity in the right than left
thalamus. It is unclear whether these asymmetries in
diffusivity are normal since diffusion in these brain
regions was not evaluated in the prior studies of 2- to
8-year-old or 6- to 12-year-old children. Asymmetric
organization of the brain also includes monoamine
asymmetries,26 with right greater than left D2 and
D3 receptor availability in the human adult caudate.
Therefore, dopamine system disruption by metham-
phetamine could alter normal lateralization, particu-
larly in the dopamine dense caudate, where we
observed methamphetamine exposure by hemisphere
interaction on diffusion. Longitudinal follow-up is
necessary to determine if the hemispheric asymme-
tries in diffusion or FA in these brain regions remain
with continued development, and if asymmetries in
dopamine-rich regions will be associated with altered
psychomotor skill development.

The findings of this study are confounded by in-
complete drug histories on some subjects that may
minimize or exacerbate the effects of methamphet-
amine. In addition, genetic and environmental influ-
ences cannot be ruled out as a source for the lower
WM diffusion, since the children whose mothers
with greater lifetime substance use disorder probabil-
ity had lower diffusivity, while estimated amount of
prenatal drug exposure did not appear to influence
brain diffusivity. However, we attempted to mini-
mize the effect of many potential confounders, for
instance, by narrowing the age range to minimize
variability on DTI measures associated with age, re-
cruiting children at a young age to minimize envi-
ronmental influences, and excluding children who
were considerably preterm, since that has been
shown to affect DTI measures and brain matura-
tion,27 or had other prenatal infections. We also had
rigorous quality assurance, and scans were repeated
until imaging quality was acceptable. Longitudinal
studies, which are ongoing, will determine if the
lower WM diffusion observed in these young chil-
dren will remain low, normalize, or change to higher
diffusion with age.
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