
Neuroimaging of Children Following Prenatal Drug Exposure

Chris Deraufa,1, Minal Kekatpureb,1, Nurunisa Neyzib,1, Barry Lesterc, and Barry
Kosofskyb,2
aJohn A. Burns School of Medicine, University of Hawaii, Honolulu, HI

bDepartment of Pediatrics, New York Presbyterian Hospital, Weill Medical College of Cornell University,
New York, NY

cBrown Center for the Study of Children at Risk, Warren Alpert Medical School of Brown University and
Women and Infants’ Hospital, Providence, RI

Abstract
Recent advances in MR-based brain imaging methods have provided unprecedented capabilities to
visualize the brain. Application of these methods has allowed identification of brain structures and
patterns of functional activation altered in offspring of mothers who used licit (e.g., alcohol and
tobacco) and illicit (e.g., cocaine, methamphetamine, and marijuana) drugs during pregnancy. Here
we review that literature, which though somewhat limited by the complexities of separating the
specific effects of each drug from other confounding variables, points to sets of interconnected brain
structures as being altered following prenatal exposure to drugs of abuse. In particular, dopamine-
rich cortical (e.g., frontal cortex) and subcortical (e.g., basal ganglia) fetal brain structures show
evidence of vulnerability to intrauterine drug exposure suggesting that during brain development
drugs of abuse share a specific profile of developmental neurotoxicity. Such brain malformations
may shed light on mechanisms underlying prenatal drug-induced brain injury, may serve as bio-
markers of significant intrauterine drug exposure, and may additionally be predictors of subsequent
neuro-developmental compromise. Wider clinical use of these research-based non-invasive methods
will allow for improved diagnosis and allocation of therapeutic resources for affected infants,
children, and young adults.
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1. INTRODUCTION
Recent advances in the field of magnetic resonance (MR) based neuroimaging have greatly
improved our understanding of alterations in brain structure, function and metabolism resulting
from prenatal exposure to licit and illicit drugs of abuse. This in turn has aided researchers in
identifying potential hypotheses explaining brain-behavior relationships underlying the

2Corresponding author. Barry Kosofsky, MD, PhD, Chief, Division of Child Neurology, Weill-Cornell Medical College, New York
Presbyterian Hospital, 525 East 68th Street, Box 91, New York, NY 10021 (USA), Tel. +1 212 746 5942, Fax +1 212 746 8137, E-Mail
E-mail: bar2009@med.cornell.edu.
1Contributed equally to this manuscript
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2010 June 1.

Published in final edited form as:
Semin Cell Dev Biol. 2009 June ; 20(4): 441–454. doi:10.1016/j.semcdb.2009.03.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prenatal drug-exposed phenotype, and has also conferred unique opportunities to examine in
detail the structural, metabolic and functional consequences of prenatal drug exposure in
vivo. One of the great advantages of these neuroimaging methods is that they are safe and non-
invasive, which enables repeated studies in single individuals including infants and children,
making them ideal tools for monitoring longitudinal brain development in this population.

These neuroimaging techniques utilize differences in tissue density to produce data that can
be reconstructed into visual images, which can then be analyzed quantitatively using
specialized software packages and data processing pipelines. By standardizing the acquisition
of such MR data sets across magnets of different field strength manufactured by different
vendors, these results can then be compared across different groups of patients, and across
multiple sites and studies. Unfortunately, due to the extensive cost and time required to conduct
such studies and analyze the resulting data, sample sizes often tend to be small, increasing
chances for bias, thus underlying a need for replicating the results of any individual study in
any particular cohort.

MRI (magnetic resonance imaging) is the most commonly used research-based brain imaging
modality as it provides accurate neuroanatomical details regarding brain structure, which can
additionally be used to quantitate the volume of specific brain areas when advanced methods
enabling brain morphometry are applied. Such morphometric methods may be manual, semi-
automated or fully automated into a data analysis pipeline (e.g., FreeSurfer). Alternative MR-
based neuroimaging methods include functional MRI (fMRI) and MR Spectroscopy (MRS),
which can provide information regarding functional and metabolic aspects of particular brain
regions of interest, respectively. Diffusion Tensor Imaging (DTI) is becoming an increasingly
used imaging modality to study white matter structure and integrity. ADC (Apparent Diffusion
Coefficient) and the FA (Fractional Anisotropy) are two important variables derived from DTI
data sets, which show region-specific patterns accompanying normal brain maturation, and
specific patterns of variation underlying particular brain pathologies, thus providing important
information of changes occurring within the white matter of the brain. To date the application
of MRS has been primarily limited to proton spectroscopy, which can resolve only a handful
of molecules of sufficient abundance in the brain (e.g., choline, and N-acetylaspartate,
constituents of white matter and grey matter, respectively) to be identified using standard
clinical scanners with field strengths of 1.5 and 3 Tesla (T).

MR technology is evolving at a rapid pace, fostering the use of higher field strength magnets
that will improve the resolution of additional compounds using MRS, and higher resolution of
brain structures imaged with T1- and T2-based methods. The development of higher strength
gradients has enabled improved signal to noise for DTI studies. Smaller coils, and coils utilizing
phased-array acquisitions permit faster and higher resolution acquisitions without the need to
go to higher field strength. Additional advances in software and hardware development have
introduced methods to correct for head movement during scanning, which will greatly improve
the quality of data derived from younger subjects, particularly those who may be unable to stay
still for long periods of time, as is evident in a subset of drug exposed children.

Below we will review current brain imaging literature defining alterations in the structure of
the Central Nervous System (CNS) of infants, children, and young adults following prenatal
exposure to cocaine, methamphetamine, marijuana, alcohol, and tobacco. For each of these
drugs we will introduce the topic with a discussion highlighting some of the mechanisms
thought to underlie their neuro-teratogenic effects. Neither the discussion of the mechanism of
action nor the review of imaging findings in offspring following such prenatal drug exposures
is exhaustive, but rather are geared to provide insights to better educate both researchers
studying and clinicians caring for such infants and children.
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2. NEUROIMAGING OF PRENATAL EXPOSURE TO COCAINE
2.1 Background

Beginning in the 1980s, cocaine (benzoylmethyl ecgonine) became one of the most frequently
abused illicit drugs during pregnancy1 and also one of the most studied with regards to its
potential neuro-teratogenic effects on the developing fetus and child. While early catastrophic
predictions about the fate of prenatally cocaine-exposed children proved unfounded, concerns
remain about “subtle” effects2 that may heighten the risk for sub-optimal developmental
outcomes, particularly as children age and manifest more nuanced cognitive and behavioral
functioning.

There are several pathophysiologic pathways through which prenatal exposure to cocaine may
influence early brain development. The first major pathway involves the direct effects of
cocaine on brain neurotransmitter systems. Because monoamine (MA) neurotransmitter
receptors (NA, 5-HT and DA) are present early in corticogenesis, areas highly expressing these
neurotransmitter systems may be especially susceptible to elevated synaptic MA levels
secondary to cocaine’s main effect of blocking catecholamine reuptake at the presynaptic
level3-5. In particular, as MA neurotransmitters play a key trophic role in brain
development6, prenatal cocaine may alter normal mechanisms that modulate neuronal
growth3. In the rabbit model, prenatal cocaine causes a functional uncoupling of the dopamine
D1 receptor from its G-protein in cortical and subcortical areas, and associated cytoarchitectural
alterations in excitatory pyramidal neurons and inhibitory interneurons7. Other
cytoarchitectural alterations have been observed in mouse, rat and non-human primate
models8-10. Additional less well understood mechanisms by which cocaine may directly
impact early brain development include its interaction with other neurotransmitters, including
GABA and glutamate11-13 and its effects on altering gene expression8, including
dopaminergic and serotonergic systems14, 15, as well as multiple apoptosis-associated
genes16.

The second major pathophysiologic pathway involves cocaine’s vasoconstrictive effects,
which may indirectly impact fetal brain development through alterations in placental
vasculature, elevations in plasma catecholamines17, and decreased placental blood flow18.
These in turn can reduce the supply of oxygen and nutrients to the fetus which can contribute
to intrauterine growth restriction19, hypoxemia, and in a small number of cases large vessel-
distribution strokes20, 21. Others working in the field22 have shown that, at least in the mouse
model, prenatal cocaine-induced CNS alterations are not mediated through maternal
vasoconstriction.

Finally, a third major pathophysiologic pathway, fetal programming, has recently been
proposed23 in which prenatal cocaine exposure may alter the expression of key candidate genes
and gene networks important to placental function in late gestation. Two of the proposed
candidate placental genes include norepinephrine transporter (NET) and 11-ß-
dehydroxysteroid dehydrogenase type 2 (11ß-HSD-2), both of which modulate the fetal
neuroendocrine environment by controlling catecholamine and glucocorticoid levels.
Alterations in the expression of these genes and downstream effects on placental gene networks
are hypothesized to cause developmental dysregulation in the HPA axis and subsequent long-
term neurobehavioral effects.

In clinical studies, prenatal cocaine exposure has been associated with a wide range of subtle
effects including small but significant decreases in fetal growth, increased rates of intrauterine
growth retardation, early impairments during both the neonatal period and infancy in arousal,
self-regulation, acoustic cry characteristics, and motor development. More recently, long-term
problems have been identified in children prospectively followed through the age of 15 years,
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including deficits in intelligence, language skills, executive functioning, impulse control and
attention, and evidence of internalizing and externalizing behavioral traits23-25. For the MRI
studies, the cohorts of children with and without prenatal exposure to cocaine are determined
based on self-report and drug screening (e.g., urine-toxicology, hair radioimmunoassay,
meconium analysis). Here we review what T1-weighted anatomical MRI, DTI, fMRI and MRS
studies in these children have told us about the effects of prenatal cocaine exposure.

2.2 Neuroimaging Studies of Prenatally Cocaine-Exposed Children
T1-weighted anatomical MRI can be used to qualitatively determine a variety of structural
abnormalities. Structural MRI of infants and children exposed to cocaine in utero have revealed
cortical infarcts, pachygyria, schizencephaly26-28, and an increased incidence of
periventricular hemorrhage, subependymal and periventricular cysts 29-31,

T1-weighted MRI can also be used to quantitatively detect more subtle effects. A number of
studies have reported MRI-based volumetric brain data from children with prenatal cocaine
exposure. Volumes of the following regions have been investigated: cortical gray matter, white
matter, subcortical structures, corpus callosum and cerebellum.

Behnke et al. found a significant decrease in the volume of right anterior cerebellum in cocaine-
exposed children32. On the other hand, Singer et al. reported decreased gray matter volume in
right parietal and left occipital lobes in cocaine-exposed children32. Singer et al. also found a
decrease in the area of corpus callosum. The cerebral lobes and cerebellum were labeled and
quantified by these investigators using an Automatic Non-Linear Image Matching and
Anatomical Labeling (ANIMAL) tool. The amount of cocaine exposure was predictive of the
total area of corpus callosum and, although the cocaine-exposed children were also exposed
to more cigarettes and alcohol, the volumetric decrease remained significant after adjustment
for other exposures. These investigators hypothesized that observed morphologic
abnormalities may have been caused by vascular injury or anterior corpus callosum agenesis
as a result of exposure to toxins. Changes in grey matter volume in the occipital and parietal
lobes did not show a dose-dependent response. In addition, gray matter volume of the right
parietal lobe was shown to correlate with visual attention, visual-motor performance,
sensorimotor ability and syntax construction scores at 6 years of age. Grey matter volume of
the left occipital lobe was shown to correlate with visual motor performance scores at 6 years
of age as well as with neonatal visual attention and visual recognition memory when 12 months
old. The above findings (by Behnke and Singer) were presented during a symposium at the
annual meeting of the Neurobehavioral Teratology Society but have yet to be published.

Avants et al. reported a decrease in caudate volumes in cocaine-exposed children33. The
cocaine-exposed children were also exposed to marijuana, tobacco and alcohol but not to
methamphetamine. These poly-substance effects were not separately analyzed but the subjects
were all right handed, socio-economically matched with no significant difference in IQ scores
or gender.

A recent study from our group reported MR volumetric decreases in cortical gray matter,
thalamus and putamen34 in prenatally cocaine exposed children when compared with a group
of children, who were not exposed to cocaine. The groups were matched on age and IQ, and
significant differences remained after controlling for gender. Furthermore, we observed an
inverse relationship between the exposure level and the thalamic and putaminal volumes. Both
groups were exposed to marijuana, tobacco and alcohol but not to methamphetamine. No
correlation was seen between alcohol or tobacco exposure and structure volumes, but a
reduction in the putaminal volume was noticed in two heavily alcohol-exposed subjects, neither
of them exposed to cocaine. When these subjects were removed from the control group, the
significance in putaminal volume changes remained.
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Finally, Rivkin et al. reported35 lower mean cortical gray matter and total parenchymal
volumes. While this study did not assess dose-response with respect to cocaine, after covarying
for other drugs, the effects of cocaine on brain volumes lost significance.

Overall, these volumetric T1-weighted MR studies suggest that prenatal cocaine exposure is
associated with long-term morphological CNS changes, and that these may correlate with
functional outcomes. For example, both caudate and putamen receive dense dopaminergic
innervation, and changes in their morphology may underlie difficulties in attention that some
children with prenatal cocaine exposure experience. Likewise, alterations in the thalamus have
been hypothesized to underlie subtle learning difficulties that children with prenatal cocaine
exposure may encounter36. Finally, as the Rivkin paper describes, demonstrated changes in
cortical gray matter may be due to the presence of poly-substance confounds and not
consequent to prenatal cocaine exposure alone.

The impact of prenatal cocaine exposure on the developing CNS has also been studied using
DTI and MRS. Warner et al. found increased ADC in the left frontal callosal and the right
frontal projection fibers among exposed children in comparison to a socio-economically
matched comparison group, however, no significant differences in FA were identified37. These
six-directional DTI images were acquired on a 3T Siemens scanner and the ADC outcomes
were controlled for age and gender. A study utilizing MRS showed increased creatine (Cr) in
the frontal white matter with normal N-acetylaspartate (NAA) and the absence of any
observable brain abnormalities on structural MRI38. The investigators hypothesized that the
increased Cr may reflect altered energy metabolism or glial proliferation. The frontal white
matter findings in both of these studies are consistent with an underlying mechanism of
intrauterine hypoxia, which is one of the most commonly identified mechanisms explaining
the consequences of prenatal cocaine exposure38-40.

Rao et al. reported 10% decrease in global cerebral blood flow (CBF) in adolescents with
prenatal cocaine exposure41. They observed a relative increase in CBF in anterior and superior
brain regions and suggested that this may be due to development of compensatory mechanisms
for reduced global cerebral blood flow during neural ontogeny. Their findings were based on
the MRI scans of 25 cocaine-exposed and 24 control subjects (average 14 years old). The
perfusion fMRI scans were acquired using arterial spin labeling (ASL).

Hurt et al. reported similar results in a fMRI study of 17 prenatally cocaine-exposed and 17
non-exposed adolescences, with an average age of 14 years, performing an executive function
task42.

Finally, Sheinkopf and colleagues recently investigated fMRI brain activation patterns in 12
prenatally cocaine-exposed and 12 non-exposed comparison school-aged children (8-9 years
of age) using a variant of the Go/No Go response inhibition task43. While no group differences
were noted in task performance, the exposed children showed greater BOLD signal activation
in frontal and striatal regions, contrasting with greater activation among non-exposed children
in the occipital cortex and fusiform gyrus, suggesting functional differences in neural systems
underlying cognitive control and attention.

In conclusion, recent advances in MRI have greatly contributed to our understanding of prenatal
cocaine exposure effects on the developing human brain. Longitudinal studies with careful
control of other factors (exposure to other drugs, maternal care, socio-economic status) need
to be conducted on larger sample sizes. Correlations between clinical data and structural,
metabolic, functional and diffusion MR images will provide further insights into the underlying
pathophysiologic basis for prenatal cocaine effects on brain structure and function.
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3. NEUROIMAGING OF PRENATAL EXPOSURE TO METHAMPHETAMINE
3.1 Background

The neurotoxic amphetamines include D-amphetamine (AMP), D-methamphetamine
(METH), 3,4-methylenedioxymethamphetamine (MDMA), and p-chloroamphetamine. Since
the late 1980s there has been a large increase in the use of METH44 and MDMA45, 46
including use among women of childbearing ages47-50 but there have been no long term
studies of the neurodevelopmental consequences of prenatal MDMA in humans51. METH is
a potent psychostimulant drug that has been shown to be neurotoxic to mature dopaminergic
and serotonergic axons and axon terminal arbors52, and potentially neurotoxic to mature
glutaminergic axons53. The cellular and molecular mechanisms implicated in the neurotoxicity
induced by METH on mature neurons include the production of reactive oxygen species and
nitric oxide, p53 activation resulting in apoptosis, and mitochondrial dysfunction54. Less is
known about the mechanisms involved in METH-induced toxicity in the developing central
nervous system. However, as mentioned above for cocaine, the early and widespread influence
of serotonergic, dopaminergic and glutamatergic systems on neuronal growth and connectivity
provides a strong theoretical basis for suspecting that prenatal exposure to METH and other
neurotoxic amphetamines may also result in alterations in developing neural circuitry53. In a
fetal rat model of low and high-dose gestational METH exposure, Weissman and Caldecott-
Hazard produced both serotonergic neurotoxic effects and synaptic remodeling of axonal
terminals55. More recently, Jeng et al. identified oxidative DNA damage in the brains of
embryonic and fetal mice, along with resultant postnatal motor deficits, after exposure to a
single dose of METH56.

In adult animals and humans, METH exerts its neurotoxic effects on multiple brain areas
including prefrontal cortex and ventral striatum (nucleus accumbens)57-59, dorsal striatum
(putamen, caudate, globus pallidus)60, hippocampus and cingulate gyrus61, and
amygdala62. These areas of the brain are important in the development, expression and control
of affect, attention, language and cognition, and social relationships, functional domains that
have all been identified as potential areas of concern following prenatal psychostimulant
exposure63-67. In addition to its direct neurotoxic effects, METH may alter fetal development
through indirect mechanisms such as vasoconstriction68, 69, resulting in diminished utero-
placental blood flow and fetal hypoxia70, and maternal anorexia71, resulting in intrauterine
growth retardation and impaired fetal brain development72, 73.

Although METH use by women of child-bearing age places fetuses at risk for exposure to this
drug, the short and long-term consequences of gestational exposure to METH are only
beginning to be elucidated and are still for the most part largely unknown. A group of
researchers in Stockholm, Sweden has followed a cohort of 65 children since 1976 whose
mothers used AMP during pregnancy. They have documented a variety of adverse physical,
cognitive, emotional, and social effects in these children, including increased rates of ADHD,
learning disabilities, aggression, and school failure74-82. However, multiple methodological
flaws, including the lack of a control group, confounding drug exposures, and examiners not
blinded to exposure status, make interpretation problematic. More recently, our group has
identified subtle neurobehavioral findings83 and increased rates of intrauterine growth
restriction84 in an ongoing prospective, controlled and blinded study of prenatal METH
exposure and child development. Our longitudinal clinical study is now focused on identifiying
specific endophenotype profiles (e.g., attention, motivation and memory) of prenatal METH
exposure that, if identified, have the potential to enhance our understanding of the underlying
pathophysiology and will provide powerful behavioral correlates to structural and functional
brain imaging data.
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3.2 Neuroimaging Studies of Prenatally Methamphetamine-Exposed Children
Only two MRI studies were identified in the literature that have evaluated changes in the brains
of infants and children exposed prenatally to METH. The first study by Smith et al., reported
on the use of MRS to evaluate neurochemical alterations in children exposed prenatally to
METH and a control group of non METH-exposed children85. MRS allows for the assessment
of neuronal and glial integrity and function, energy metabolism, and neurotransmission, and
has been used to evaluate chemical alterations in normally developing children86-89 and in
children with developmental delays90, autism91, 92, ADHD93, 94, and other conditions95,
96. In the Smith et al. study, children in the METH-exposed group also had prenatal tobacco
(6/12) and alcohol (4/12) exposure; none of the control group were identified as alcohol
exposed and only 1/14 was exposed prenatally to tobacco. Significant increases in total creatine
in the basal ganglia of the METH-exposed group was noted, suggesting possible alterations in
cellular energy metabolism, however, no differences were found in N-acetyl-containing
compounds, a marker of neuronal damage or loss.

The second study, done by the same group97, assessed volumetric differences in multiple brain
regions among METH-exposed children compared to non METH-exposed children. Similar
to their MRS study, 6/13 METH-exposed children had prenatal tobacco exposure and 2/13 had
prenatal alcohol exposure; among the control group 1/15 children had prenatal tobacco
exposure and none were reportedly alcohol-exposed. Correcting for multiple comparisons,
significant volumetric reductions were noted in several subcortical areas in the METH-exposed
group (globus pallidus, putamen and hippocampus). Although no interaction effects were found
between METH exposure status, brain volume, and neurocognitive performance, when both
METH-exposed and -unexposed groups were combined, volumetric decreases in these three
structures were associated with poorer performance on sustained attention (Test of Variable
Attention) and delayed verbal memory (California Verbal Learning Test for Children) tasks.

It is premature to conclude that these findings are definitive METH effects, given the small
sample sizes and the potential confounds of uncontrolled drug exposures, medical and socio-
demographic conditions. For instance, as summarized below, there is accumulating evidence
that prenatal nicotine exposure in and of itself may be related to structural changes in the
developing brain35, 98, and prenatal alcohol exposure has been clearly linked to a wide range
of neurostructural alterations99. The further problem of differentiating actual causal processes
from epiphenomena and compensatory responses is also present in these cross-sectionally
designed studies100. Nevertheless, these studies suggest that subcortical brain structures and
prefrontal-striatal circuitry involved in attention and memory101-103 may be impacted
adversely by the neurotoxic effects of METH on developing neural systems.

4. NEUROIMAGING OF PRENATAL EXPOSURE TO MARIJUANA
4.1 Background

Marijuana is the most commonly used illicit drug during pregnancy104, yet like other drugs
of abuse the preponderance of studies have focused on birth and early childhood outcomes and
relatively little research has examined the long-term neurodevelopmental consequences of
gestational marijuana exposure105.

Cannabinoids, including marijuana and its primary pharmacologically-active alkaloid, delta-9-
tetrahydrocannabinol (THC), exert their psychoactive effects on multiple brain regions in
concert with multiple neurotransmitter systems, including dopaminergic, GABAergic,
glutaminergic, and cholinergic systems106. Like other drugs of abuse, including cocaine,
amphetamines, opiates, nicotine and alcohol, the cannabinoids produce their rewarding effects
primarily by increasing dopamine release in the nucleus accumbens, a major terminal field of
the mesolimbic dopamine system106. Proposed mechanisms include both direct effects of
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cannabinoids on dopaminergic neurotransmission in the nucleus accumbens, and indirect
effects of cannabinoids on brain CB1 cannabinoid receptors causing the release of endogenous
opioids, which then act on opioid receptors in the VTA causing release of dopamine in the
nucleus accumbens107. In addition to these mechanisms, however, there has been increasing
recognition of the role that exogenous and endogenous cannabinoids may play in CB1 receptor-
mediated synaptic transmission and synaptogenesis in the adult CNS108, and, more important
to this review, in the regulation of multiple aspects (e.g., neuronal proliferation, migration,
differentiation, survival, and synaptogenesis) of prenatal CNS development109. The early and
widespread distribution of cannabinoid receptors in the fetal and neonatal brain, at levels that
appear to exceed those seen in the adult CNS110, and the important physiological role that
CB1 receptors play in GABA-driven cortical network activity111, raises concern regarding
potential effects of prenatal marijuana exposure on fetal and subsequent brain development.

In clinical studies, prenatal marijuana exposure has been associated with alterations in newborn
and infant state regulation112, 113, deficits in short-term memory, and verbal and abstract/
visual reasoning among preschool and early school-age children114-116, and statistically
smaller head circumference at ages 9-12 years among children born to heavy marijuana
users117. In contrast to the more global developmental impairments seen with prenatal alcohol
and nicotine exposure, prenatal marijuana exposure has been shown to result in selective
executive function (EF) deficits in discrete areas such as complex visuo-perceptual tasks105,
sustained attention118, and hyperactivity, impulsivity, and delinquency119, 120. These and
other findings have led researchers to hypothesize that the effects of prenatal marijuana
exposure on higher cognitive functions are mediated preferentially through the prefrontal
cortex, and its connections with other parts of the brain105, 121.

4.2 Neuroimaging Studies of Prenatally Marijuana-Exposed Children
There is little data documenting structural brain changes as a result of prenatal marijuana
exposure. In a recent volumetric MRI study of 10-14 year old children with and without
intrauterine exposure to cocaine and other drugs of abuse, cortical gray matter was reduced in
the marijuana-exposed children, but he model used was not adjusted for age, gender and other
drug exposures35. Another recent study, using DTI to assess frontal white matter development
in children with prenatal cocaine exposure, found that intrauterine exposure to both cocaine
and marijuana resulted in higher (worse) mean diffusivity than exposure to cocaine alone37.
Finally, in a study of adult subjects, initiation of marijuana use prior to age 17 years was
associated with reductions in whole brain and percent cortical gray matter volumes and
increased percent white matter volume, suggesting the possibility that marijuana exposure
during developmentally sensitive periods is required to produce structural CNS
alterations122. The limited findings of these studies are paralleled by the general lack of
association between marijuana use and structural brain abnormalities in adults123, 124.

Two fMRI studies, both from the same group of investigators, have examined the relationship
between prenatal marijuana exposure and adolescent/young adult neural functioning during
tasks requiring response inhibition and visuo-spatial working memory, while controlling for
covariates such as IQ, prenatal nicotine, alcohol and caffeine exposure, and current marijuana,
nicotine and alcohol use121, 125. In the first study, subjects with and without prenatal
marijuana exposure underwent fMRI while performing a two condition Go/No-Go task. There
were no significant group differences for reaction time and errors of omission for either
condition, however the prenatally exposed group had significantly more errors of commission
on the more difficult of the two tasks. The amount of prenatal marijuana exposure was
significantly positively related to bilateral prefrontal cortex (PFC) and right premotor cortex
activity, and significantly negatively related to left cerebellar activity, suggesting to the authors
the possible need for increased effort to perform the task, perhaps as a compensatory response
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to altered or delayed development of the PFC or a larger neural system involving these three
brain regions. In the second study, fMRI was conducted on the same subjects during a visuo-
spatial 2-back test. There were no significant performance differences between the prenatally
exposed and unexposed groups. However, as in the previous study, the amount of prenatal
marijuana exposure was significantly positively related to increased activity in the left medial
PFC, the left inferior frontal gyrus, and the left cerebellum, and significantly negatively related
to activity in the right dorsolateral, medial, and ventral PFC, left pre-supplemental motor
cortex, and the right parahippocampal gyrus. The authors speculated that prenatal marijuana
exposure may have altered the lateralization and functional connectivity of multiple brain
regions, which, along with the PFC, are important in the performance of a complex EF task.

5. NEUROIMAGING OF PRENATAL EXPOSURE TO ALCOHOL
5.1 Background

Prenatal exposure to alcohol (PEA) can cause serious disruptions in growth and maturation
within the developing human brain. As early as 1973, Jones et al. coined the term fetal alcohol
syndrome (FAS) characterized by a triad of features: 1) Growth deficiencies that are prenatal
in origin; 2) A dysmorphic facial appearance with specific craniofacial anomalies typical of
FAS (i.e., indistinct philtrum, thin vermillion border, and small palpebral fissures), and 3)
Evidence for brain dysfunction126. Recently, “Fetal Alcohol Spectrum Disorders” (FASD)
has been designated as a non-diagnostic, ‘umbrella’ terminology to encompass the complete
spectrum of effects with or without facial dysmorphisms resulting from PEA. FASD currently
affects as many as one percent of all live births in the US127.

Since FAS was first described, more than 25 years ago, the molecular and cellular mechanisms
through which PEA is thought to exert its detrimental effects on the developing brain have
been slowly elucidated, with significant progress made over the last decade. Initial findings
highlighted the regional vulnerability of specific brain structures, including the neocortex,
cerebellum and hippocampus, to ethanol-induced neuronal cell loss128, 129. Subsequently,
researchers determined that prenatal alcohol exposure alters maturation of glial cells130, and
that this is associated with failure of neuroblasts to migrate to their proper targets131,
suggesting that alcohol-induced impairment of neurogenesis and neuronal migration contribute
to alterations in brain size and cortical architecture. More recent studies have emphasized the
relevance of alcohol-induced cell necrosis and enhanced natural apoptosis, mediated by
glutamatergic antagonism at the NMDA receptor and GABA-mimetic actions at the GABA-
A receptor132. Additionally, a number of other factors have been implicated as potential
contributors to the neurotoxicity of prenatal alcohol, including nutritional133 and
socioeconomic factors134, genetic susceptibility linked to polymorphisms in alcohol and
aldehyde dehydrogenase, and the serotonin transporter gene promoter (5-HTTLPR)135,
alcohol-induced hypoxia136, alcohol-induced free radical production137 and inhibition of cell
adhesion mediated by the human L1 gene138. How these potential mechanisms contribute
individually and collectively to altered brain growth and maturation resulting from alcohol
exposure has so far not been clearly established, and additional mechanisms may be operative
with specific developmental consequences (for review, see Guerri139). The subsequent
paragraphs briefly review the neuroimaging literature in subjects with PEA.

5.2 Neuroimaging Studies of Prenatally Alcohol-Exposed Children
Neuroimaging studies have consistently cited overall decrements in total cranial, cerebral and
cerebellar volumes in FAS subjects140-143. Using segmentation and parcellation techniques,
Archibald and colleagues reported volume reductions in parietal, temporal and frontal lobes
of the FAS group, with only parietal region showing statistically significant volume reduction
after accounting for the overall reduced brain volume. The study had age matched control
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subjects. No significant volume differences were noted amongst the non-dysmorphic FASD
subjects140. A disproportionate cerebral and cerebellar WM volume reduction, pointing
towards greater involvement of WM than the gray matter, was noted in FAS subjects. The
cerebellar WM volume reduction however did not reach statistical significance140.

Sowell et al. reported an average volume reduction of 12% in subjects with PEA, as compared
to control subjects144. Using voxel-based morphometric analyses, Sowell et al. demonstrated
greater volume reductions in the posterior temporal and parietal lobes in FASD group142. In
a subsequent volumetric study, these findings were consistently replicated143. Using whole
brain surface analyses, regional shape differences in an FASD group were studied and
compared with matched controls. This method measures the distances from the center (DFC)
or distances from a particular point on the anterior commissure to specific landmark points in
different brain regions. In the PEA group, the DFC on both sides of the inferior parietal regions
were less than those of the control group, causing these regions to look “narrow”. Also, the
DFC to landmarks on the cortical surface of the left orbito-frontal cortex were shorter in FASD
subjects, creating a “blunted” effect in the frontal lobe. Sowell et al. also observed structural
irregularities corresponding to either an increase in gray matter density, and/or in WM volume
reductions. Density maps within both the parietal lobes, especially the left hemispheric, showed
reduction in lobar volumes, with increased gray matter and decreased WM densities.

Further study of hemispheric asymmetry patterns using cortical matching techniques applied
to the PEA group showed significantly reduced “right to left” gray matter ratios in posterior
temporal lobes of subjects with PEA compared to controls. Increase in gray matter density was
observed in the inferior parietal and superior temporal lobes, while WM hypoplasia was most
prominent in the perisylvian and inferior parietal regions. An inverse relationship of regional
volume with gray matter density was observed 145. The authors suggest that neurocognitive
deficits in language processing, and object and face recognition frequently found among
subjects with PEA can be explained by parietal lobe involvement. Additionally, the frontal and
parietal lobe abnormalities may explain impairments in executive functions, spatial memory
and reduced response inhibition often seen in individuals with PEA 146.

Using cortical pattern matching algorithms and techniques for measuring cortical thickness in
the same cohort mentioned earlier, Sowell et al. reported significant cortical thickness excesses,
up to 1.2mm, in bilateral temporal, inferior parietal and right frontal regions in the PEA group
when compared to control subjects. Verbal recall and visuo-spatial measures correlated
strongly with the right dorsal frontal and left occipital region thicknesses, respectively147. It
should be noted that gray matter density and cortical thickness are not identical measures, as
each provide unique and independent information. Gray matter density essentially reflects the
proportion of tissue that has gray matter signal value on MRI, relative to other tissue types.
Cortical thickness, however, reflects regional structural integrity. It is a specific measure of
cortical anatomy, reflecting intrinsic alterations within the gray matter, and is unaffected by
sulcal widening or other CSF related effects148. With progressive myelination, pruning of
synaptic connections and, consequently, cortical thinning, occurs during normal brain
development and maturation149. The findings of this study provide evidence that synaptic
pruning and myelination may not be occurring normally, or may be disrupted in children with
PEA.

The CC (corpus callosum) is an interhemispheric WM tract connecting the two cerebral
hemispheres, which plays an important coordinating role for various functions like bimanual
motor tasks, interhemispheric information transfer, and sustained attention. Its role in visual
and spatial working memory is well recognized. CC hypoplasia, including significant volume
reductions in both anterior and posterior CC regions, has been frequently reported in subjects
with PEA141, 144, 150, 151.
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A similar study, using a subsample of the earlier study, found not only significant reductions
in the area of posterior CC (splenium), but also marked inferior and anterior displacement in
the FASD group compared to controls. Among the non-dysmorphic FASD subjects, this
displacement of the splenium was less than that for the FAS group and the amount of CC
displacement correlated well with impairment in verbal learning ability, suggesting that CC
displacement is a better predictor of verbal learning than the regional CC area144.

Bookstein et al. used novel shape-based CC morphology representations and found that
alcohol-exposed subjects showed greater CC shape variability compared to matched controls.
This shape-based analytical technique offers the advantage of overcoming the problem of
spatial correction required for microcephaly, a common feature of FASD152. These studies
demonstrate a differential sensitivity of certain CC sections to PEA. Additionally, it was found
that “thick” CC (blunted anterior CC portion with less projection into the frontal regions)
correlated with poorer executive functioning, perhaps owing to impaired connectivity of the
WM tracts in the anterior CC to the brain regions involved in executive functions, while “thin”
CC was related to motor deficits, probably because in this case, the connecting tracts within
the CC may be less efficient in relaying information to motor centers153.

DTI provides another imaging technique for evaluating WM integrity of the CC. Decreases in
FA with increases in ADC were observed in the genu and the splenium of the CC of the alcohol-
exposed group, compared to controls, findings that point to WM microstructural changes as a
result of PEA. Altered FA and ADC did not correlate to any specific neurocognitive
deficits154.

A small study showed that FASD subjects had greater mean diffusivity (MD) in the isthmus
of CC, with no significant differences in the other CC regions. MD represents average water
diffusion in all directions155. In another study, WM integrity following PEA was evaluated
and compared with matched controls, using DTI and T1-weighted MRI images, and their
correlation with neurocognitive deficits156. Lower values for FA were observed in the FASD
group in right lateral temporal lobe and bilaterally in lateral aspects of the splenium of CC.
WM density was found to be low in some, but not all of these regions with low FA. The areas
with low FA were confirmed to be WM using region of interest (ROI) analyses, suggesting
that PEA may be associated with decreased myelination or disorganized WM tracts. The FA
of the splenium, but not that of the temporal lobe correlated with scores of visuo-motor
integration tests156. Another study found impairments in tasks related to interhemispheric
information transfer in children with PEA, and showed that these impairments correlated with
reductions in the size of CC157. These abnormalities in CC may correlate with certain
functional impairments in executive functions, attention span, coordination, and verbal
learning abilities often seen in individuals with PEA.

The cerebellum has been associated with several motor functions including maintenance of
posture, coordination and balance. Its role in attention and classical conditioning has also been
well described158. Neuroimaging studies have consistently reported reductions of cerebellar
volume and surface area in subjects with PEA140, 141. Within the cerebellum, several studies
have observed regional specificity of alcohol effects141, 159. Abnormalities in balance,
coordination and attention observed commonly in subjects with PEA can be neuroanatomically
correlated to the cerebellar abnormalities.

Autti-Ramo et al. applied image analyses to structural MRI and studied the brain morphological
alterations caused by PEA. Out of the 17 children with PEA in this study, hypoplasia of the
vermis was observed in 10 children and one had malformed posterior vermis. Five children
had hypoplastic cerebellar hemispheres. Hypoplasia of the corpus callosum was observed in
two children. Small hippocampi were observed in three children and wide cortical sulci in six.
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No particular structural anomaly correlated specifically with neuropsychological deficits, but
abnormal development of cerebellar vermis was found the most sensitive morphological
indicator for PEA effects141.

Sowell et al. measured the area of cerebellar vermis from brain MRI of children and young
adults with prenatal alcohol exposure. From the midsagittal MRI section, three vermal areas
were circumscribed: anterior vermis (vermal lobules I-V), posterior vermis (vermal lobules VI
and VII), and the remaining vermal area (including lobules VIII-X). Both FAS subjects as well
as the non-dysmorphic subjects with PEA showed significant volume reductions in the anterior
cerebellar vermis (lobules I-V). The volume differences remained significant even after
controlling for overall reductions in brain size. These findings point to an abnormal pattern of
brain development in the anterior vermal region, with apparent sparing in the posterior vermal
region subsequent to PEA, suggesting that regionally specific Purkinje cell death may be
occurring in humans prenatally exposed to alcohol 159.

O’Hare et al. applied surface-based image analytic methods to T1-weighted MRI series and
correlated the findings with neuropsychological measures in PEA group and compared them
with matched controls. The morphology of the cerebellar vermis was characterized and
potential cognitive correlates of vermal morphology evaluated. In the PEA group, the anterior
and superior edges of anterior vermis appeared to be displaced by 1-3mm in FAS individuals,
while the FASD (non-dysmorphic subjects with PEA) showed less prominent displacement
(1.4mm). Anterior vermal dysmorphology was negatively correlated with verbal learning and
memory performance within the alcohol-exposed group. These observations localize the
specific pattern of cerebellar vermal dysmorphology following PEA with selective
involvement of the anterior vermis, an earlier developing cerebellar region, and with sparing
of the later developing cerebellar regions 160.

Neuroimaging data provides inconsistent evidence as to whether hippocampal development is
impacted in individuals with PEA140, 141, 161. A small study reported asymmetric
hippocampal size following PEA, with right hippocampal volumes larger than left, however
the study was not case controlled161. Other studies report relative sparing of hippocampus and
amygdala following PEA, especially when whole brain volumes are taken into account140,
162. The hippocampus and amygdala are components of the limbic system and are functionally
implicated in formation of long term memories and emotion, respectively. Considering their
functional implications, further studies clarifying the involvement of these structures following
PEA are warranted. Several studies have reported disproportionate volume reductions of the
BG (basal ganglia) in subjects with PEA. However, when overall brain volume was taken into
account, only reductions in caudate volume remained significant140, 162, 163. The volumes
of lenticular and accumbens nuclei were relatively spared140, 163.

A fMRI study in adolescents and young adults with PEA found significant reductions in
metabolic activity in the thalamus, caudate heads and the right caudate and putamen bodies as
compared to controls164. Cortese et al. reported MRS findings in a small group of children
with PEA. The caudate nucleus was not only found to be significantly smaller in the group
with PEA, but the metabolite ratio of NAA to Cr was also found to be elevated in the left
caudate nucleus compared to controls165. Elevated NAA/Cr was found to be secondary to
NAA elevations, raising the possibility of deficient apoptosis, dendritic pruning or myelination
in the FASD group165.

Riikonen et al. studied a small population of children with FAS using MRI and single photon
emission computed tomography (SPECT) to find specific brain regions of vulnerability
following PEA161. Morphological anomalies were observed in 6 of 11 patients by MRI and
were both cortical and subcortical. Additionally, volumetric studies of the hippocampus
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showed morphological left–right asymmetry in 5 of 8 patients with PEA. SPECT however
showed only mild hypoperfusion of the left hemisphere in all subjects. The negative left–right
index was located especially in the left parieto-occipital region, an area implicated in
arithmetical and logical functioning. Normal left–right dominance was also lacking in the
frontal area, an area that is also affected in attention deficit hyperactivity disorder (ADHD).
This suggested to the authors that functional anomalies may be more common than structural
abnormalities as a result of PEA in a developing brain161.

In conclusion, the recent advances in brain imaging have greatly contributed to our
understanding of prenatal alcohol exposure effects on the developing human brain and have
consistently demonstrated involvement of specific brain regions with sparing of other areas,
highlighting the regional vulnerability of the brain to alcohol’s detrimental effects.

6. NEUROIMAGING OF PRENATAL EXPOSURE TO TOBACCO
6.1 Background

The burden of prenatal exposure to maternal cigarette smoke (PEMCS) is high, with more than
half of the tobacco smoking women continuing to smoke through their pregnancies, resulting
in annual births of approximately half a million infants with PEMCS, within the US alone. The
overall prevalence of smoking among pregnant women has been estimated to range from
10-50%, with 10-16% women in United States continuing to smoke during
pregnancy166-168.

Nicotine is the primary psychoactive component of tobacco smoke. Prenatal nicotine exposure
may adversely impact fetal brain development through both indirect and direct mechanisms.
Potential indirect mechanisms include maternal and fetal undernutrition secondary to smoking-
induced anorexia, hypoxia due to increased carboxyhemoglobin and vasoconstriction,
placental hypertrophy and reduced transplacental transport of nutrients169. Preclinical studies
in rodents and primates have demonstrated the direct effects of fetal nicotine exposure on brain
and body growth parameters and have shown that nicotine is a neuro-teratogen that targets
several neurochemical systems, particularly NE170. Nicotine binds to nicotinic acetylcholine
receptors (nAChRs) which become detectable during the embryonic development shortly
before neurulation171. Acetylcholine (ACh) plays a crucial role in brain development and
maturation, initially promoting cell division and subsequently promoting a switch from cell
replication to differentiation. Stimulation of nAChRs by nicotine during gestation disrupts
brain development, by altering these trophic effects of Ach170, 172. These neuro-
developmental effects appear to be highly selective for particular brain regions172. Preclinical
studies have also demonstrated changes in other monoamine systems following prenatal
nicotine exposure. Dopamine synthesis and turnover is decreased in the forebrain and brain
stem173, 174, striatal and VTA dopamine content is reduced, and striatal D2 receptor binding
is decreased in rats exposed to nicotine175. Serotonin synthesis and turnover is likewise
decreased in the forebrain and brain stem of exposed rats 174. In addition, serotonin transporter
density is increased in brain stem and decreased in forebrain regions with prenatal nicotine
exposure176-178.

Despite the widespread prevalence of smoking among women, the exact effects of PEMCS on
the developing human brain are as yet not fully understood. Indirect clinical evidence points
to the detrimental effects of PEMCS on the fetal brain. A significant negative correlation
between PEMCS and the head circumference at birth has been reported 34, 179, 180. Several
clinical studies have reported an association of PEMCS with increased incidence of ADHD,
externalizing and conduct disorders, criminal behavior, higher rates of aggression, and also an
increased incidence of experimenting with, and, developing addiction to cigarette smoking
during adolescence181-183. Nevertheless, a causal relationship between PEMCS and
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externalizing disorders is not definitive, as unmeasured genetic and environmental confounds
may largely explain the association184. Language delay, impaired attention and visuo-spatial
memory deficits following PEMCS have also been reported185-188.

Only a handful of studies have reported neuroimaging findings in subjects with PEMCS.
Neuroimaging studies in subjects with PEMCS point to brain region-specific and gender-
specific effects of nicotine. The ensuing paragraphs briefly review the current literature on
neuroimaging findings in subjects with PEMCS.

6.2 Neuroimaging Studies of Prenatally Tobacco-Exposed Children
Small head size following PEMCS has been consistently reported, indirectly pointing to
reduced cranial volume consequent to PEMCS34, 179, 180. Prenatal exposure to nicotine
upregulates nicotinic cholinergic receptors within the developing brain, and shortens the
proliferative phase of brain development, thereby possibly allowing earlier onset of neuronal
differentiation, which may ultimately result in a smaller brain volume172, 189.

The corpus callosum (CC) is a tract of fibers connecting the two cerebral hemispheres and
forming the roof of the lateral ventricles. Although the CC is fully formed at birth, additional
axons continue to pass through this structure, forming new connections well until the third
decade of life.

A significant reduction in the overall CC size as compared to the control group was reported
by Paus et al. using T1-weighted MRI images from PEMCS group190. Reduced CC size was
observed only in females, being most pronounced in the posterior third of CC (isthmus and
splenium). The posterior third of CC mainly contains interhemispheric fibers forming parts of
ventral and dorsal visual streams, and the small sized CC could be consequent to abnormalities
in these interhemispheric fibers191. A subset of children in this study were subjected to
magnetization transfer image acquisition. No effect of PEMCS on the magnetization transfer
ratio based myelination index was demonstrable within any of the sections of CC, which
implies that PEMCS specifically affects the size, but not the myelination of CC, possibly by
interfering with the addition of axons during brain development. The authors suggest that the
clinical ramifications of these findings may help explain the increased incidence of ADHD and
association of PEMCS with impaired processing of visual stimuli.

Toro et al. compared cortical thickness in T1-weighted MRI images of adolescent subjects with
and without PEMCS 98. Cortical thickness, as measured by volumetric MRI studies, reflects
the volume of various cellular components comprising the cortex. In a region-based analysis,
the orbito-frontal (OFC), middle frontal and the parahippocampal cortices of the exposed group
were found to be thinner compared to the unexposed group, with differences being significant
only in females, in whom the thickness of OFC also correlated negatively with self rated
assessment of caring. Vertex-based analysis confirmed thinner cortices in exposed group, with
maximal thinning at vertices constituting the left lateral OFC in females. The authors
hypothesize that thinning of OFC likely reflects nicotine induced dysregulation of the
serotonergic and the cholinergic systems with subsequent decrease in activity-triggered
neuronal (dendritic) and glial growth, an effect that may persist well beyond the fetal period,
modifying the various neural maturational changes during childhood and adolescence192. This
regional specificity of the PEMCS effects on the OFC and middle frontal cortex are consistent
with the high concentration of nicotinic receptors found in these regions. The OFC and
prefrontal cortex play an important role in social interaction and behavior, and their
involvement may explain the high prevalence of social and behavioral problems frequently
reported to occur in adolescents with PEMCS 193.
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Changes in FA reflect maturational increase in cell packing density, fiber diameter, directional
coherence and myelination195. Accordingly, FA within the white matter tracts increases with
age in children and adolescents, and correlates with cognitive abilities196, 197. Using DTI,
evidence for WM microstructural alterations has been reported in subjects with and without
PEMCS, which were interactive with adolescent exposure (i.e., current smokers versus non-
smokers)194. PEMCS alone was found to increase FA in right and left frontal regions and the
genu of the CC. Adolescent smoking alone, in absence of PEMCS, was associated with
increased FA in a larger number of frontal regions, the genu and splenium of the CC, the left
inferior longitudinal fasciculus, and the anterior limb of right internal capsule (IC). However,
PEMCS combined with adolescent smoking was associated with increased FA in an even larger
number of regions relative to the other two exposure groups and included the genu of CC, left
frontal WM, right superior longitudinal fasciculus, and the anterior limb of the right IC. Direct
comparison of adolescent smokers with no PEMCS to prenatally exposed non-smokers
revealed significantly higher FA in anterior limb of right IC in the former group. Significant
increase in regional white matter FA, primarily in anterior cortical and subcortical areas, was
observed following exposure to smoking during the prenatal period alone, the adolescent period
alone, and during both developmental epochs. However, increases in FA were more
pronounced in adolescent smokers irrespective of PEMCS. This pattern suggests that WM
maturation, while potentially affected by PEMCS, is particularly vulnerable to the disruptive
effects of nicotine during adolescent development. The IC contains corticospinal,
corticopontine, corticothalamic and the corticofugal fibers. FA of the posterior limb of the left
IC correlated well with reaction time during an auditory attention task performance in smokers.
However, FA did not correlate with tests of motor efficacy, hinting at the specificity of nicotine
effects on the development of thalamocortical and corticofugal fibers, modulating ascending
auditory signals, thereby reducing the efficiency of this circuitry. The corticospinal and
corticopontine fibers, on the other hand, appear less vulnerable to the effects of PEMCS.

The effects of prenatal and adolescent exposure to cigarette smoke on auditory and visual
attention have also been evaluated using fMRI188. Similar to the cohort described above, this
study had adolescents with and without PEMCS who were and were not currently smoking.
Performance accuracy was found to be impaired in the group with PEMCS compared to
controls. Within the PEMCS group, males demonstrated greater reductions in performance
accuracy during auditory conditions relative to visual conditions, while exposed females had
reduced performance accuracy during both auditory and visual attention testing. Activation of
the right superior temporal gyrus on fMRI was found to be significantly greater during auditory
testing in all exposure groups relative to subjects with neither prenatal nor adolescent exposure.
Activation of bilateral lingual gyri was significantly greater in the group with prenatal exposure
alone than with subjects who had neither prenatal nor adolescent exposure. Intact cortical
cholinergic transmission is required for normal attentional performance198. Enhanced
cholinergic neurotransmission improves the selectivity of perceptual processing and improves
the efficacy of brain regions supporting higher cortical function, an effect associated with
reduced activation of regions mediating higher cortical processing199. Therefore, these results
suggested to the authors a loss of efficiency in cortical regions supporting auditory attention;
visualized as areas with greater fMRI activation. The small sample size of the group undergoing
fMRI did not allow for conclusions on gender specific fMRI effects. Greater vulnerability of
the neurocircuitry supporting auditory attention in males, and both auditory and visual attention
in females, following nicotine exposure during prenatal and adolescent development was
evident. The authors hypothesize that these gender specific effects on auditory attention may
not stem from the global male-female differences in nicotinic receptor binding sites, but may
be attributable to gender differences in the downstream effects of nAChR activation by nicotine
or in the hormonal regulation of these downstream effects. Further studies of sub-regions
specifically involved in auditory tasks may demonstrate sex related differences in receptor
expression or functioning.
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Hippocampus and parahippocampal areas constitute the medial temporal lobe (MTL). The
hippocampus is an essential component of the human memory network. It is integral to the
synthesis of learned information as well as information recovery during retrieval, and may be
involved in spatial learning abilities200. fMRI has been used to evaluate visuospatial memory
during abstinence from nicotine in adolescent smokers with and without PEMCS185.
Adolescent smokers with PEMCS experienced greater nicotine withdrawal related deficits in
immediate and delayed visuo-spatial memory relative to adolescent smokers with no PEMCS.
Among adolescent smokers with PEMCS, nicotine withdrawal was associated with increased
activation of the left parahippocampal gyrus during early recognition testing, and increased
activation of the hippocampus bilaterally during delayed recognition testing of the visuo-spatial
stimuli. These findings are clinically consistent with prior preclinical studies suggesting
alterations in hippocampal architecture associated with combined prenatal and adolescent
exposure to cigarette smoke and concomitant deficits in visuo-spatial memory201.

At a molecular level, smoking abstinence appears to increase the sensitized nAChRs and
thereby the cholinergic neurotransmission in smokers without PEMCS. The reduced MTL
activation observed in abstinent adolescent smokers without PEMCS during delayed
recognition testing may result from cholinergically mediated enhancements in encoding,
leading to reduced hippocampal and parahippocampal load during recognition testing185.
Conversely, if adolescent smokers with PEMCS do not upregulate nAChRs while smoking
and consequently experience decreased cholinergic neurotransmission during abstinence, then
the increased MTL activation observed during delayed recognition testing may result from
decreased efficacy of encoding, leading to increased hippocampal and parahippocampal load.
Increased MTL activation observed during abstinence in the group with PEMCS during
recognition testing may reflect compensatory activation in response to deficient encoding. The
combined effects of prenatal and adolescent exposure to nicotine produce pronounced and
lasting changes in hippocampal functioning.

To summarize, PEMCS has brain regional and gender specificity, with the female fetus being
more affected than male fetus. PEMCS produces long lasting structural brain alterations that
may well persist into adolescence and adulthood. The results of these studies serve to highlight
the need for public awareness, education and preventive measures to reduce nicotine abuse
among pregnant women.

7. CONCLUSIONS
In this review we have highlighted the putative and hypothesized underlying neuro-teratogenic
mechanisms, and selected findings from the behavioral and brain imaging literature, in infants,
children, and young adults exposed prenatally to cocaine, methamphetamine, marijuana,
alcohol, and tobacco. We specifically chose not to discuss the issue of prenatal exposure to
opiates, as to date there has been only one neuroimaging study of this population202, and the
literature describing possible teratogenic CNS effects of opiates in the developing child is
almost non-existent.

Recent advances in brain imaging have greatly contributed to our understanding of the effects
of prenatal drug exposure on the developing human brain. This is a relatively new and exciting
area of research that will eventually enable us to relate imaging findings to behavior and gene
by environment interactions as determinants of critical long term outcomes of children with
prenatal drug exposure including psychopathology and adolescent substance use onset.

The number of brain imaging studies related to prenatal drug exposure varies by drug. We were
able to identify 20 studies where the drug exposure of interest was alcohol, 10 with cocaine, 5
with tobacco, 4 with marijuana and 2 with methamphetamine. These trends are interesting in
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that, to some extent they coincide with historical trends in drug use patterns in the U.S. and the
availability of imaging techniques. Thus, methamphetamine use by pregnant women is a more
recent phenomenon and cocaine use became a societal concern as imaging research was also
gaining momentum. However, the fewer number of studies of tobacco and marijuana may
indicate less interest in these substances among the scientific community.

We say “drug use of interest” because one of the main difficulties in the field of substance use
during pregnancy is polysubstance abuse. Most women who use drugs during pregnancy use
more than one drug and this is especially true for illegal substances. Women who use cocaine
or methamphetamine during pregnancy often also use tobacco, alcohol and marijuana and to
a lesser extent, opiates. Among legal prenatal substance users, alcohol and tobacco are often
used together. The problem of polydrug use is problematic because very little is known about
how drug interactions and combinations affect fetal development and, in order to isolate the
effects of a specific drug large sample sizes are needed. With a large sample size there may be
enough statistical power and variability among various combinations of drugs to be able to
covary or adjust the effects of the drug of interest for the effects of other drugs. However, the
complexity and expense of brain imaging studies usually precludes samples that have the
statistical power to adjust for covariates. For example, Rivkin35 found an initial effect for
prenatal cocaine exposure on brain volume but the cocaine effect was no longer statistically
significant when other substances were controlled. Therefore, we cannot determine if the “true”
effect in this study is a polydrug effect or if unique cocaine effects would be observed with a
larger sample size.

In addition, confounding may also arise from factors other than polysubstance abuse, including
birth factors such as prematurity and head circumference, and adverse environmental factors
such as poverty and poor parenting. Some studies control for confounding variables by study
design, such as only selecting subjects exposed to the drug of interest which is feasible with,
for example alcohol160 or cigarette use194, or matching subjects for factors such as
gender140. Factors such as poverty are more problematic for studies of cocaine and
methamphetamine, whereas alcohol, tobacco and marijuana can be studied in impoverished
and non-impoverished populations. In addition, since most of these studies are cross sectional
rather than longitudinal, information on the past history of the children may be sparse or based
on recall and subject bias. Documentation of drug use during pregnancy is typically based on
self report without verification by toxicological analysis, and subjects may not reveal their true
drug use, especially in the case of illegal drugs. Thus, there can be undetected drug users in
the comparison group and information on use of other drugs or quantity and frequency of drug
use may be suspect. Few of the above studies examined dose response relationships between
drug use during pregnancy and imaging results, although the two studies of dose response
relationships between prenatal cocaine exposure and neuroimaging were longitudinal studies
that included toxicological verification32, 34.

The sample size of the studies (total of exposed and comparison groups) also varies by drug
of interest. Studies examining cocaine exposure have sample sizes ranging from 22-60,
methamphetamine 26 and 28, and the marijuana studies range from 11-31. Among the alcohol
studies, there is one cohort of 90152 with the rest of the studies ranging from samples of
2162 - 45153. The prenatal tobacco exposure studies include samples of 181194 300190 and
31498. By contrast, most studies of the behavioral consequences of prenatal drug exposure are
conducted on larger samples. A recent review of the prenatal cocaine exposure literature
indicated that more than half of the long term follow-up studies included samples of at least
300 with a maximum of 1,000203. Therefore, we probably have more confidence in the
behavioral findings than in the neuroimaging findings at this time point. Advances in
technology including both the software and hardware available on newer MR imaging
platforms, as well as the software and data processing pipelines evolving for the rapid and
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unbiased analysis of MR-derived data hold promise for the near future. There are parallel efforts
underway to make large normative developmental MR data sets available for the entire brain
imaging community, which will be an invaluable resource for researchers in the field.

Interpretation of imaging findings may also be clouded by the ages of the children in the
samples. Normal developmental changes in brain maturation could be confused with effects
of prenatal drug exposure when children are studied in a cross-sectional manner across a wide
age range, especially when the age ranges span periods of major changes in brain development
such as early childhood and adolescence. Among the alcohol studies, for example, the ages of
the children ranged from 8-22145, 18-37152 and 3-13 years161. Among the tobacco studies
the children were 12-18 years. This means that some of the children in these cohorts will be
using substances themselves. Thus, the effects of prenatal drug exposure on the brain
development may be confounded with effects of current substance abuse.

In addition to these methodological issues, it is important to bear in mind that imaging findings
do not tell us about causal mechanisms. They tell us about associations between a condition
and brain involvement, but do not help distinguish between cause, effect, or epiphenomena
(for a review of this issue, see: Peterson BS100). For example, from the studies of prenatal
cocaine and methamphetamine exposure, we might speculate that the findings identified in
fMRI43 MRS85, DTI37 and cerebral blood flow41 studies could well represent either direct
effects or involvement of compensatory mechanisms related to other (as yet unknown) areas
of the brain. Nor do we know the developmental course of these findings; whether these
alterations were present at birth, how the early brain changes from prenatal exposure might
impact normative processes of brain development and maturation, and how the postnatal
environment may be involved in shaping brain architecture, structure and function. To date,
there are no repeated measures studies of children with prenatal drug exposure that would
enable us to know whether neuroimaging findings persist over time or if other findings appear
with age. Conducting such studies beginning in infancy would help us understand how prenatal
drug exposure affects processes of brain development.

It is also noteworthy that we do not know how findings from different imaging procedures
relate to each other in this literature and we know little about how imaging findings relate to
child behavior and neuro-cognitive function. Future studies will be able to study changes in
brain function, structure and connectivity in the same children and determine how these
changes relate to the child’s behavior in the “real world.”

Clearly, we are at the early stages of using brain imaging to help elucidate the effect of prenatal
drug exposure. However, there are some interesting findings and trends. It is worthwhile
pointing out that this body of work represents a “proof of principle” that this kind of work can
be conducted even in very young children. Imaging techniques lend themselves to interrogate
the brain in ways that make sense in relation to prenatal drug exposure such as measuring the
volume of dopamine rich subcortical regions or designing fMRI tasks that capture brain activity
related to the kind of behavioral and neurocognitive deficits that have been described in
populations of drug exposed children.

Some findings may be drug specific whereas others may appear across more than one drug
class which could mean that there may be some common brain mechanism affected by prenatal
exposure to any drug in addition to the specific effects of an individual drug. Both cocaine and
methamphetamine were related to smaller volumes in subcortical regions including the
dopamine rich putamen. There were effects on increased brain metabolism related to cocaine,
methamphetamine, and alcohol. Effects on volumetric MRI, fMRI and DTI were found for
cocaine, methamphetamine, alcohol and tobacco suggesting that prenatal drug exposure has
long lasting and widespread effects on brain. This is important in light of known mechanisms
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of brain recovery and plasticity following insult and suggests that some prenatal exposure
effects are permanent. At the same time, we also saw evidence of potential compensatory
mechanisms related to cocaine, methamphetamine, marijuana and tobacco from fMRI and
MRS studies, perhaps suggesting mechanisms of neural plasticity and brain recovery. Thus,
neuroimaging in children with prenatal drug exposure may be an opportunity to study
mechanisms of brain adaptation in addition to deficits. The alcohol literature offers additional
insight into this approach showing involvement of specific brain regions with sparing of other
areas, demonstrating that not all brain regions may be equally vulnerable to its detrimental
effects. Tobacco also appears to have brain regional and gender specificity, with the female
fetus being more affected than male fetus. The study of drug by gender interactions could
indicate specific biological processes that are affected.

As reviewed above, we have made significant advances using neuroimaging to study the effects
of prenatal drug exposure on the brain, but we are just now starting to harness the power of
these methods to better understand the problem.
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