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Abstract

IMPORTANCE—Methamphetamine is a common illicit drug used worldwide. Methamphetamine 

and/or tobacco use by pregnant women remains prevalent. However, little is known about the 

effect of comorbid methamphetamine and tobacco use on human fetal brain development.

OBJECTIVE—To investigate whether microstructural brain abnormalities reported in children 

with prenatal methamphetamine and/or tobacco exposure are present at birth before childhood 

environmental influences.

DESIGN, SETTING, AND PARTICIPANTS—A prospective, longitudinal study was conducted 

between September 17, 2008, and February 28, 2015, at an ambulatory academic medical center. 

A total of 752 infant-mother dyads were screened and 139 of 195 qualified neonates were 

evaluated (36 methamphetamine/tobacco exposed, 32 tobacco exposed, and 71 unexposed 

controls). They were recruited consecutively from the community.

EXPOSURES—Prenatal methamphetamine and/or tobacco exposure.

MAIN OUTCOMES AND MEASURES—Quantitative neurologic examination and diffusion 

tensor imaging performed 1 to 3 times through age 4 months; diffusivities and fractional 

anisotropy (FA) assessed in 7 white matter tracts and 4 subcortical brain regions using an 

automated atlas-based method.

RESULTS—Of the 139 infants evaluated, 72 were female (51.8%); the mean (SE) postmenstrual 

age at baseline was 41.5 (0.27) weeks. Methamphetamine/tobacco-exposed infants showed 

delayed developmental trajectories on active muscle tone (group × age, P < .001) and total 

neurologic scores (group × age, P = .01) that normalized by ages 3 to 4 months. Only 

methamphetamine/tobacco-exposed boys had lower FA (group × age, P = .02) and higher 
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diffusivities in superior (SCR) and posterior corona radiatae (PCR) (group × age × sex, P = .002; 

group × age × sex, P = .01) at baseline that normalized by age 3 months. Only methamphetamine/

tobacco- and tobacco-exposed girls showed persistently lower FA in anterior corona radiata (ACR) 

(group, P = .04; group × age × sex, P = .01). Tobacco-exposed infants showed persistently lower 

axial diffusion in the thalamus and internal capsule across groups (P = .02).

CONCLUSIONS AND RELEVANCE—Prenatal methamphetamine/tobacco exposure may lead 

to delays in motor development, with less coherent fibers and less myelination in SCR and PCR 

only in male infants, but these abnormalities may normalize by ages 3 to 4 months after cessation 

of stimulant exposure. In contrast, persistently less coherent ACR fibers were observed in 

methamphetamine/tobacco- and tobacco-exposed girls, possibly from increased dendritic 

branching or spine density due to epigenetic influences. Persistently lower diffusivity in the 

thalamus and internal capsule of all tobacco-exposed infants suggests aberrant axonal 

development. Collectively, prenatal methamphetamine and/or tobacco exposure may lead to 

delayed motor development and white matter maturation in sex- and regional-specific manners.

Methamphetamine accounts for 96% of amphetamine-type stimulants, the second-most 

commonly abused category of illicit drugs worldwide.1 In the United States, the prevalence 

of pregnant women seeking treatment for methamphetamine use disorder increased from 8% 

to 24% between 1994 and 2006, while treatment for cocaine, alcohol, and tobacco declined.2 

This trend will likely continue owing to the steady incidence of methamphetamine use 

between 2002 and 20133 and because twice as many women of childbearing age sought 

treatment for methamphetamine use disorder compared with men.4 Although 70% to 90% of 

methamphetamine users smoke tobacco cigarettes concurrently,5 the effect of comorbid 

methamphetamine and tobacco use during pregnancy on fetal brain development is rarely 

studied.

Methamphetamine increases synaptic dopamine,6 which may alter dopamine D1 receptors 

that regulate the cell cycle during corticogenesis.7 Both stimulants (methamphetamine and 

nicotine) also influence the developing catecholamine and cholinergic systems.8 

Furthermore, rodent studies consistently demonstrate neurotoxic effects of prenatal 

methamphetamine or nicotine exposure, including oxidative DNA damage to fetal brain 

development,9 poorer motor development,10 and altered learning and memory.11 Prenatal 

stimulant-induced alterations in behavior and neuronal structure are often sex specific and 

were linked to epigenetic modifications in mouse brains, showing DNA-methylation 

changes with methamphetamine exposure12 and altered histone methylation with nicotine 

exposure.13

Human adult methamphetamine users showed larger basal ganglia,14,15 lower neuronal but 

higher glial metabolites,16 and higher white matter mean diffusivity than nonusers.17 

Conversely, children exposed prenatally to methamphetamine showed smaller subcortical 

structures, including basal ganglia,18,19 and deficits on functional magnetic resonance 

imaging during visual attention and working memory tasks.20,21 Young children with 

prenatal methamphetamine and/or tobacco exposure had sex-specific alterations in brain 

metabolites in the frontal white matter and thalamus22,23 and lower white matter diffusivity 

on diffusion tensor imaging (DTI).24,25
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Microstructural brain maturation can be assessed non-invasively with DTI,26 showing the 

greatest increases in fractional anisotropy (FA) and decreases in mean diffusivity during the 

first year of life.27 Mice prenatally exposed to nicotine showed increased FA and spine 

density on cortical neurons.13 However, whether microstructural abnormalities are present in 

human neonates with prenatal stimulant exposure is unknown. Therefore, we prospectively 

evaluated early developmental trajectories of major white matter tracts and subcortical 

structures in neonates with and without prenatal tobacco or methamphetamine/tobacco 

exposure. Studying infants minimizes potential childhood environmental influences on brain 

development; therefore, the findings can be attributed primarily to prenatal exposure.28 

Based on prior studies,10,22-25 we expected that, compared with unexposed infants, 

stimulant-exposed infants would show persistently lower diffusivity in brain structures of 

interest and delayed quantitative motor development. In addition, since prenatal 

methamphetamine or nicotine exposure causes sex-specific alterations in myelination29 and 

myelin gene expression in animals30 and white matter metabolite abnormalities in exposed 

children,22,23 we expected to identify sex-specific alterations of white matter developmental 

trajectories in stimulant-exposed neonates.

Methods

Research Participants

A total of 752 infant-mother dyads were recruited from the local community by flyers or 

word of mouth and were pre-screened by telephone (between September 17, 2008, and 

February 28, 2015); 195 were screened for enrollment. A physician evaluated all participants 

to ensure they fulfilled study criteria31 (eAppendix in the Supplement). Fifty-six infants 

were excluded owing to either excessive maternal alcohol use (>3 drinks/mo during 

pregnancy [n = 17]), maternal polysubstance (n = 2) or cocaine dependency (n = 1), human 

immunodeficiency virus-infected mother receiving zidovudine (n = 1), prolonged (>1 week) 

neonatal intensive care (n = 6), incorrect magnetic resonance imaging parameters (n = 16), 

or incomplete (n = 6) or unusable (n = 9) DTI scans. Some infants had more than 1 reason 

for exclusion. Of the remaining infants, 68 had stimulant exposure (36 methamphetamine/

tobacco exposed, 32 tobacco exposed), and 71 were unexposed infants serving as controls. 

Each mother-infant pair completed up to 3 evaluations when infants were aged 

approximately 1 week, 1 to 2 months, and 2 to 4 months. All infants were evaluated with a 

structured examination, including the Amiel-Tison Neurological Assessment at Term 

(ATNAT). The sections and score ranges (highest scores indicate poorer performance) for 

the ATNAT include neurosensory function (0-8), passive muscle tone (0-14), active muscle 

tone (0-19), primitive reflexes (0-8), deep tendon reflexes (0-6), cranial assessment (0-6), 

adaptiveness to manipulation (0-2), and sum of all neurologic examinations (0-59); score 

ranges varied by postmen-strual age (PMA).32 Birth records were also reviewed. The study 

was approved by the University of Hawaii Committee on Human Studies. The infants’ 

parents or legal guardians provided written and verbal informed consent and received 

financial compensation for their participation.
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Assessments of Maternal Characteristics

Mothers completed the (1) Substance Abuse Subtle Screening Inventory (SASSI) to estimate 

the probability of having a substance dependency disorder (categories and score ranges: face 

value alcohol total, 0-36 [least to most used], face value other drugs total, 0-42 [least to most 

used], defensiveness, 0-11 [least to most defensive], and random answering pattern, 0-6 [>2 

suggest data are invalid])33; (2) Beck Depression Inventory II (BDI-II) (score range, 0-63; 

≤13 indicates minimal depression)34; (3) Edinburgh Postnatal Depression Scale, which 

identified mothers at risk for perinatal or postnatal depression (score range, 0-30, ≥10 

indicates possible depression)35; (4) Symptom Checklist-90-Revised, which assessed 9 

domains of psychopathology (T scores of 30 [2 SD] indicate below-average and 80 [3 SD] 

indicate above-average levels of psychopathology)36; and (5) Hollingshead Two-Factor 

Index of Social Position (ISP) (score range, 11-77, indicating highest to lowest 

socioeconomic status),37 which quantified the primary caregivers’ socioeconomic status. A 

study physician (L.C. or D.A.) performed a structured interview of each mother for a 

detailed list and amounts of potential substances or medications used during the pregnancy 

for each trimester.

Imaging Acquisition and Processing

All infants were sleeping naturally without sedation and were visually monitored during 

scans. Magnetic resonance imaging was performed with a 12-channel head coil (Trio TIM 

3.0T; Siemens). The protocol included a sagittal, 3-dimensional, magnetization-prepared, 

rapid-acquisition gradient-echo sequence (repetition time [TR]/inversion time, 3200/1400 

milliseconds; echo time [TE], 4.47 milliseconds, version B15; TE, 4.15 milliseconds, 

version B 17), a T2-weighted scan (to exclude lesions), and DTI (single-shot, spin-echo, 

echo-planar; 12 noncollinear diffusion directions; b = 1000 s/mm2; 44 axial sections; 2.5-

mm thickness; 2 averages; 2-mm in-plane resolution; TR/TE, 9500/90 milliseconds). All 

images were visually reviewed for structural abnormalities, excess movement, or other 

artifacts immediately following image reconstruction by experienced research staff. Scans 

with excess motion were repeated, provided the infants remained asleep or when they 

returned for another scanning session. Diffusion-weighted images were coregistered to one 

of the minimally diffusion-weighted images using a linear transformation of automated 

image registration. From these images, 6 elements of the diffusion tensor were calculated for 

each pixel with multivariate linear fitting using DtiStudio, version 2.03.38-40 The automated 

outlier rejection function41 of DtiStudio eliminated sections with relative fitting errors of 

>3%. An experienced neurologist (K.O.) performed secondary quality control by visually 

inspecting color-coded orientation maps calculated from the tensor field. The quality 

control-passed tensor fields were transformed to the Johns Hopkins University (JHU)-

neonate DTI atlas42,43 using dual-channel, large deformation diffeomorphic metric mapping.
44,45 Mean diffusivity (average of tensor eigenvalues), axial diffusivity (first eigenvalue), 

radial diffusivity (second and third eigenvalues averaged), and FA were calculated from each 

tensor field and transformed into atlas space (Figure 1A). Mean FA and diffusivity values 

(left and right averaged) for 7 major fiber tracts and 4 subcortical regions were extracted 

using the anatomical parcellation map of the JHU-neonate atlas (Figure 1B). These regions 

were selected based on their rapid growth during infancy.
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Of 325 DTI scans attempted from 139 infants, 102 scans (31.4%) were excluded because of 

infants’ inability to remain asleep, excessive head motion, or different scanning parameters 

during an optimization phase. Forty-eight infants required 62 repeat sessions. A total of 223 

DTI scans from 109 infants (32 methamphetamine/tobacco exposed, 30 tobacco exposed, 

and 47 unexposed controls) passed final quality assurance; 109 infants completed 1 time 

point, 72 completed 2 time points, and 44 completed 3 time points.

Statistical Analysis

Demographic variables were compared across groups using 1-way analysis of variance or a 

χ2 test. Group effects and group × age interactions on longitudinal FA and diffusivity 

measures were performed using mixed models with a random intercept and unstructured 

covariance matrix. Because plots of FA and diffusivity against PMA were curvilinear, a 

quadratic model was applied with mean centering of PMA (without age-squared 

interactions). Demographic variables showing group differences (sex, ISP, BDI, maternal 

weight gain, and maternal alcohol and marijuana use during pregnancy) were included as 

covariates in the mixed models but were retained for final models only if they showed 

significant effects. Missing covariates (1 each for BDI and weight gain) were imputed for 

covariate analyses. Sex differences on ATNAT scores and DTI metrics were examined using 

3-way analysis of covariance (ANCOVA) (group × age × sex interactions). For each DTI 

metric, a Bonferroni correction for multiple (n = 10) regions was applied; ie, P < .05/10 

(double-sided) were considered statistically significant, whereas P < .05 were considered 

trends for significance. Statistical analyses were performed using SAS, version 9.3 (SAS 

Institute Inc).

Results

Neonatal Characteristics

The 3 infant groups had similar gestational age, racial and ethnic background, delivery 

method, Apgar score, birth head circumference, birth weight, and body mass index (Table 

1). The mean (SE) PMA at baseline was 41.5 (0.27) weeks. However, tobacco-exposed 

infants had shorter mean (SE) birth length than did methamphetamine/tobacco-exposed 

infants (47.99 [1.07] vs 51.23 [0.42]; P = .003). The unexposed group had more girls than 

boys (44 [62%] vs 27 [38%]), whereas the tobacco-exposed group had more boys than girls 

(21 [65.6%] vs 11 [34.4%]) (P = .03; χ2 test), but the proportions were similar in the final 

groups (unexposed: 29 girls, 18 boys; methamphetamine/tobacco exposed: 14 girls, 18 boys; 

tobacco exposed: 11 girls, 19 boys; P = .07; χ2 test).

At baseline imaging, methamphetamine/tobacco-exposed infants were older (mean [SE], 

43.44 [0.77] weeks PMA) compared with the tobacco-exposed (41.38 [0.56]) and unexposed 

(40.56 [0.19]) groups (P < .001) and hence had greater weight, length, and head 

circumference but showed poorer active muscle tone and total scores on the ATNAT that 

normalized by 3 to 4 months PMA (Figure 2A).
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Maternal Characteristics

Mothers in the 3 groups had similar age at the infants’ birth and similar head circumferences 

and self-reported body mass index at baseline (Table 2). However, methamphetamine/

tobacco group mothers gained more weight during pregnancy than women in the other 2 

groups (mean [SE], 21.46 [1.84] vs 11.53 [1.74] and 13.74 [0.79] kg in the tobacco-exposed 

and unexposed groups, respectively; P < .001). Among groups, methamphetamine/tobacco 

group mothers had the lowest educational level and socioeconomic status. All infants lived 

with at least 1 biological parent.

Methamphetamine/tobacco group mothers used methamphetamine variably (mean [SE] 

total, 96.6 [18.9] g; median: 47 g; range, 0.15-388 g) during pregnancy. Although none of 

the methamphetamine/tobacco group mothers met DSM-5 criteria for moderate or severe 

use of substances other than methamphetamine or tobacco, they drank more alcohol and 

tended to smoke more marijuana during pregnancy than women in the other 2 groups. 

Compared with tobacco group mothers, methamphetamine/tobacco group mothers smoked 

twice the number of cigarettes and more continued tobacco use (19 of 36 [52.8%] vs 10 of 

32 [31.2%]; P = .07, χ2 test], but only 7 of 36 (19.4%) continued methamphetamine use 

through more than two-thirds of the third trimester.

Although methamphetamine/tobacco group mothers had higher BDI-II scores than the 

unexposed and tobacco groups (11.94 [1.71] vs 7.48 [0.91] and 9.91 [1.40]; P = .04), their 

scores indicated minimal depressive symptoms. Similarly, the 3 groups showed no 

significant psychopathological symptoms on Edinburgh Postnatal Depression Scale and 

Symptom Checklist-90-Revised. On the SASSI across groups, methamphetamine/tobacco 

group mothers more commonly had a high probability of moderate to severe substance use 

disorder as well as higher self-reported alcohol total and other drugs total, but both stimulant 

groups had lower defensiveness scores (Table 2).

DTI Findings

In the superior corona radiata (SCR), FA increased with age and diffusivities decreased with 

age in all groups (Figure 2B and C). The trajectories of FA were lower in the 

methamphetamine/tobacco-exposed boys than in the other 2 groups at earlier PMA but 

normalized at later PMA; conversely, girls showed no group differences in SCR FA 

trajectories (age-dependent changes: group × age × sex interaction; P = .002) (Figure 2C, top 

graphs). Similarly, diffusivity measures were higher in the methamphetamine/tobacco-

exposed boys at baseline but had steeper declines compared with the other 2 male infant 

groups; however, the girls showed no group difference in diffusivities in either direction 

(mean diffusivity: group × age × sex interaction, P = .002; axial diffusivity: group × age × 

sex interaction, P = .009; radial diffusivity: group × age × sex interaction, P < .001) (Figure 

2C, bottom graphs).

Across groups, FA in the anterior corona radiata (ACR) and posterior corona radiata (PCR) 

increased (P < .001) and diffusivities decreased with age (P < .001). In the PCR (Figure 3A 

and B), the trajectories of mean and radial diffusivity in methamphetamine/tobacco-exposed 

boys started higher and declined steeper compared to the other 2 groups, but these 
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trajectories were not different across female groups (mean diffusivity: group × age × sex 

interaction, P = .01; radial diffusivity: group × age × sex interaction, P = .008). 

Methamphetamine/tobacco-exposed boys also had higher mean PCR diffusivity than the 

unexposed group (post hoc ANCOVA, P = .05), mostly due to higher radial diffusivity (post 

hoc ANCOVA, P = .05).

In the ACR (Figure 3C and D), FA in female stimulant-exposed groups was lower compared 

with FA in unexposed girls (post hoc ANCOVA, covarying for PMA: methamphetamine/

tobacco vs unexposed, P = .06; tobacco vs unexposed, P = .03), whereas age-dependent FA 

changes were not different across male groups (group × age × sex interaction, P = .01). In 

addition, stimulant-exposed girls, but not boys, tended to have slower development than did 

the unexposed infants regarding radial ACR diffusivity (group × age × sex interaction, P = .

07).

Independent of sex, the developmental trajectories of the thalamus and internal capsule 

(posterior limb of the internal capsule and retrolenticular part of the internal capsule) 

differed across groups (eFigure 1A-F in the Supplement). In the posterior limb internal 

capsule, tobacco-exposed infants tended to show lower mean diffusivity (group, P = .06), 

mostly due to lower axial diffusivity (P = .02), compared with the other groups (eFigure 1B 

and C in the Supplement). In the retrolenticular internal capsule, the 2 stimulant-exposed 

groups showed altered age-dependent decreases in axial diffusivity compared with the 

unexposed group (eFigure 1E in the Supplement). Furthermore, tobacco-exposed infants had 

lower axial diffusivity in the thalamus compared with the other groups (post hoc: tobacco vs 

unexposed group, P = .009) (eFigure 1F in the Supplement).

Discussion

To our knowledge, this is the first study to demonstrate altered developmental trajectories of 

brain microstructure and abnormal active muscle tone in infants with prenatal tobacco or 

methamphetamine/tobacco exposure. Methamphetamine/tobacco-exposed boys showed 

lower FA and higher diffusivities in the SCR and PCR at baseline, but these measures 

normalized at later time points. In contrast, stimulant-exposed girls showed lower FA in 

ACR, and all tobacco-exposed infants showed lower axial diffusion in the thalamus and 

posterior limb internal capsule across time points. These brain abnormalities were likely due 

to prenatal stimulant exposure, possibly via epigenetic effects,12,13,46 genetic predisposition,
47 or other prenatal factors not evaluated. Normalization of the motor examination, as well 

as SCR and PCR white matter trajectories, in methamphetamine/tobacco-exposed infants 

over the first 3 to 4 months suggests improved myelination after cessation of stimulant 

exposure.

Neonatal Physical and Neurologic Development

Unlike studies48,49 showing that prenatal methamphetamine exposure is associated with 

lower birth weight and higher incidence of being small for gestational age, we found no 

group differences in birth weight, which is consistent with a large study50 of pregnancy 

outcomes in methamphetamine-using women. These discrepancies may be attributable to 

differences in racial or ethnic distributions or participant criteria across studies. The present 
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study enrolled primarily healthy, term-born infants and mothers without significant 

comorbid disorders. The shorter lengths despite similar birth weights in our tobacco-exposed 

infants compared with the unexposed infants may be a result of the higher proportion of 

boys than girls, which likely masked the well-documented fetal growth restriction due to 

tobacco exposure51,52 since boys usually weigh more than girls at birth.53

The normal physical examination and normal-appearing brain magnetic resonance imaging 

are consistent with results from the multicenter Infant Development, Environment, and 

Lifestyle (IDEAL) study, which found no increased incidence of congenital abnormalities54 

or abnormal head sonograms55 in infants with prenatal methamphetamine exposure. 

However, on neurologic evaluation, our methamphetamine/tobacco group had delayed 

development on active muscle tone and total ATNAT scores, although these scores appeared 

to normalize at 3 to 4 months of age. These findings contrast with the poorer fine motor 

(grasping) scores at ages 1 and 3 years56 and poorer inhibitory control at school age57 in 

IDEAL children with high meconium methamphetamine metabolite concentrations. Another 

cohort of young methamphetamine-exposed children (aged 3-4 years) also showed poorer 

visual-motor integration, which correlated with lower glial metabolite myoinositol levels in 

the thalamus.22,23 Similarly, rat pups prenatally exposed to methamphetamine showed 

impaired development of postural motor movements on the rotarod test during the first 3 

postnatal weeks.10 The normalization of motor scores at later time points in 

methamphetamine/tobacco-exposed infants may result from improved myelination (eg, in 

SCR and PCR) when infants are no longer exposed to stimulants. Follow-up evaluations are 

needed to evaluate their fine motor development.

Maternal Behaviors

While the 3 groups of mothers had similar weights at their baseline evaluations, 

methamphetamine/tobacco group mothers had greater weight gain during pregnancy than the 

other 2 groups. This finding suggests lower prepregnancy weights and possibly poorer 

nutrition during early pregnancy stages due to the stimulants’ powerful appetite-suppressant 

effects and subsequent excess weight gain during abstinence58 in the last trimester. 

Compared with tobacco group mothers, methamphetamine/tobacco group mothers smoked 

more tobacco cigarettes for more trimesters, which is consistent with greater addictive 

behaviors during active substance use5 and higher rates of tobacco use among Native 

Hawaiian women.59 The higher levels of nicotine exposure might have contributed to greater 

abnormalities on DTI in methamphetamine/tobacco-exposed compared with tobacco-

exposed neonates. Furthermore, maternal factors that might contribute to these abnormal 

findings include higher probabilities of having moderate to severe substance use disorder 

and alcohol use on SASSI, higher BDI-II scores,60 and lower socioeconomic status61 or 

educational levels,62 which are all typical of methamphetamine users63 compared with non-

drug users. However, none of these variables, except for greater stimulant use, contributed to 

the DTI abnormalities.

DTI Findings

Our infants had typical and rapid FA increases and diffusivity decreases during the first 

months of life due to ongoing myelination and brain growth.42,64 The lower baseline and 
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faster increases of FA in the SCR of methamphetamine/tobacco-exposed boys, but not 

methamphetamine/tobacco-exposed girls, indicate less coherent fibers at birth, with delayed 

white matter maturation during the first 3 months of age. Higher mean diffusivities in SCR 

and PCR in methamphetamine/tobacco-exposed boys during the early weeks of life suggest 

lesser and delayed myelination in these tracts. This interpretation is consistent with the 

reduced myelin content in the optic nerves of rats with prenatal methamphetamine exposure,
29,65 and smaller optic nerve diameters and areas in male–but not female–

methamphetamine-exposed rats as early as postnatal day 7.65 Similarly, only male juvenile 

(postnatal day 21) rats with gestational nicotine exposure showed lesser myelin gene 

expression in the striatum, compared with saline-exposed controls.66

However, lower FA in the ACR of girls exposed to stimulants, particularly tobacco, suggests 

that axons are less coherent in this tract, perhaps attributable to greater dendritic branching 

and spine densities67 as well as delayed myelination and deformed axons, as observed in 

rodents with prenatal tobacco or methamphetamine exposure.29,65 Altered glial or neuronal 

metabolites were also observed primarily in young girls with prenatal tobacco23 or 

methamphetamine exposure.22 Similarly, reduced expression of myelin genes was found in 

periadolescent (postnatal days 35-36) female rats with gestational nicotine exposure.30 

Together, these findings suggest that prenatal stimulant exposure might lead to epigenetic 

effects, with reduced myelin gene expression and less mature white matter development in 

the ACR of girls exposed to stimulants (especially tobacco). Unlike prior studies68,69 that 

suggest nicotine’s neuroprotective effects on methamphetamine-induced neurotoxic effects 

in adults, our methamphetamine/tobacco-exposed infants had greater white matter 

abnormalities.

Furthermore, persistently lower axial diffusivity in the thalamus and posterior limb internal 

capsule of tobacco-exposed infants might have resulted from reduced myelination between 

compacted axons or from increased dendritic branching and spine densities, as observed in 

young adult mice with these long-lasting alterations, along with epigenetic changes 

(upregulation of histone methylation complexes) after prenatal nicotine exposure.13,67 In 

contrast, in the retrolenticular internal capsule, altered age-dependent changes in axial 

diffusivity, which are higher at baseline but lower at 4 months PMA in the stimulant-exposed 

groups compared with the unexposed group, suggest less mature development, possibly with 

less myelination initially followed by aberrant dendritic branching later.67

Limitations

This study has several limitations. First, because not all of the infants completed their 

follow-up scans, the developmental trajectories may be skewed at later time points; future 

studies with larger sample sizes and complete follow-up visits are needed to validate these 

findings. Second, despite strict inclusion criteria, mothers who used methamphetamine/

tobacco also likely had more unstable social circumstances70 and stress, which may 

contribute to epigenetic reprogramming of fetal brain development.71 Third, the potential 

neurotoxic effects of stimulants might influence only subregions of white matter tracts and 

subcortical structures and lead to smaller effect sizes. Fourth, because we excluded mothers 

with clinical depression, which would be common among methamphetamine users during 
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abstinence, our findings cannot be generalized to infants whose mothers additionally had 

depression during pregnancy or post partum.

Conclusions

The altered white matter developmental trajectories, which are often sex specific, in several 

major white matter tracts of infants with prenatal stimulant exposure may be due to 

epigenetic influences that lead to sex-specific delayed or arrested myelination, or aberrant 

neuronal growth, as observed in preclinical studies. However, in some fiber tracts, these 

effects on myelination may normalize when stimulant exposure ceases postnatally, as seen in 

methamphetamine/tobacco-exposed boys.
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Key Points

Question Do infants with prenatal methamphetamine and/or tobacco exposure show 

brain abnormalities?

Findings In this case-control study of 139 neonates, methamphetamine- and tobacco-

exposed infants showed delayed developmental trajectories on active muscle tone, and 

the exposed boys also had significantly delayed trajectories in superior and posterior 

corona radiatae that normalized by ages 3 to 4 months. However, persistently lower 

fractional anisotropy was found in anterior corona radiata of methamphetamine/tobacco- 

and tobacco-exposed girls as well as lower diffusion in the thalamus and internal capsule 

of all tobacco-exposed infants.

Meaning Prenatal methamphetamine/tobacco or tobacco exposure may lead to delayed 

motor development and white matter maturation in sex- and regional-specific manners.
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Figure 1. Automated Atlas-Based Analyses for Diffusion Tensor Imaging (DTI) From Infants
A, The steps involved in matching the template to the final atlas are illustrated. After the 

affine transformation, the large deformation diffeomorphic metric mapping (LDDMM)44,45 

was performed to match the new DTI to the neonatal atlas developed for infants,42,43 which 

is available at http://www.mristudio.org. The atlas parcellation map (PM) automatically 

segmented 122 brain regions, yielding diffusivity (mean, radial, and axial) and fractional 

anisotropy in each region. (Modified with permission from Deshpande et al.43) B, Seven 

major fiber tracts and 4 subcortical regions were selected for the current analyses; the 

superior longitudinal fasciculus was not included owing to its slow development at this age. 

JHU indicates Johns Hopkins University.
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Figure 2. Developmental Trajectories of the Amiel-Tison Neurological Assessment at Term 
(ATNAT) and Diffusion Tensor Imaging Metrics in Superior Corona Radiata
A, ATNAT showing delayed active muscle tone and total scores in methamphetamine/

tobacco-exposed infants compared with the other groups. B, Fiber tracts in bilateral superior 

corona radiata from a 1-month-old infant are shown in the axial and coronal views. C, 

Fractional anisotropy (FA) increases with age while diffusivities decrease with age in all 

groups. However, the developmental trajectory in the FA of methamphetamine/tobacco-

exposed boys showed a slightly steeper trajectory than the other 2 groups at an earlier age 

but normalized at later postmenstrual age (PMA), with no group differences in the age-

dependent changes among the female infants. Similarly, diffusivities in both the axial and 

radial directions, and hence mean diffusivity values, were also higher at baseline in the 

methamphetamine/tobacco-exposed boys compared with the other 2 groups of boys, but no 

group differences in diffusivities were observed in either direction in the girls. L indicates 

left; R, right.
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Figure 3. Developmental Trajectories of Diffusivities and Fractional Anisotropy (FA) in Anterior 
Corona Radiata (ACR) and Posterior Corona Radiata (PCR) Across Groups
Diffusivities decreased with age and FA increased with age across all groups in both fiber 

tracts. A, Fiber tracts in the PCR from a 1-month-old infant are shown in the axial and 

coronal views. B, In the PCR, the developmental trajectories of both the mean diffusivity 

and radial diffusivity in the methamphetamine/tobacco-exposed boys declined slower than 

those in the tobacco-exposed and unexposed boys, but the age-dependent changes in 

diffusivities are not significantly different across the groups in the girls. The male 

methamphetamine/tobacco-exposed infants also had higher mean and radial diffusivities 

than did male unexposed infants in the PCR (post hoc analysis of covariance, P = .05 for 

both measures). C, Fiber tracts in the ACR from a 1-month-old infant are shown in the axial 

and coronal views. D, In the ACR, the developmental trajectories of the FA in the 2 female 

stimulant-exposed groups remained lower than the FA in the unexposed girls across the age 

span, but the age-dependent changes in FA were not significantly different across the groups 

in the boys. PMA indicates postmenstrual age.
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