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Preclinical research has demonstrated the effects of prenatal cocaine exposure (PCE) on brain regions involved in emotional regulation,

motivational control, and addiction vulnerability—eg, the ventral striatum (VS), anterior cingulate (ACC), and prefrontal cortex (PFC).

However, little is known about the function of these regions in human adolescents with PCE. Twenty-two adolescents with PCE and

22 age-, gender-, and IQ-matched non-cocaine exposed (NCE) adolescents underwent functional magnetic resonance imaging (fMRI)

during exposure to individually personalized neutral/relaxing, stressful, and favorite-food cues. fMRI data were compared using group-

level two-tailed t-tests in the BioImage Suite. In comparison with NCE adolescents, PCE adolescents had reduced activity within cortical

and subcortical brain regions, including the VS, ACC, and medial and dorslolateral PFC during exposure to favorite-food cues but did not

differ in neural responses to stress cues. Subjective food craving was inversely related to dorsolateral PFC activation among PCE

adolescents. Among PCE adolescents, subjective anxiety ratings correlated inversely with activations in the orbitofrontal cortex and

brainstem during the stress condition and with ACC, dorsolateral PFC, and hippocampus activity during the neutral–relaxing condition.

Thus adolescents with PCE display hypoactivation of brain regions involved in appetitive processing, with subjective intensities of craving

and anxiety correlating inversely with extent of activation. These findings suggest possible mechanisms by which PCE might predispose to

the development of addictions and related disorders, eg, substance-use disorders and binge-eating.
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INTRODUCTION

Prenatal cocaine exposure (PCE) is associated with negative
behaviors during early childhood, including externalizing
and behavioral problems (Ackerman et al, 2010) and poor
sustained attention (Ackerman et al, 2010), inhibitory
control (Bridgett and Mayes, 2011) and working memory
(Mayes et al, 2007). By contrast, effects of PCE during
adolescence and young adulthood may be more subtle than
those observed during early childhood (Liu and Lester,
2011) and are less well understood (Buckingham-Howes
et al, 2013). Data suggest increased rates of substance use
and obesity during middle childhood and adolescence
following PCE (Delaney-Black et al, 2011; LaGasse et al,
2011; Rando et al, 2013; Richardson et al, 2013). Here, we
use functional magnetic resonance imaging (fMRI) to
investigate brain function underlying responses to stress
and favorite-food cues in adolescents with and without PCE.

Adolescence is a key period for the development of stress
processing (Andersen and Teicher, 2008) and motivational
control and is a vulnerable period for the development of
addictions (Chambers and Potenza, 2003). Preclinical
research has demonstrated significant effects of PCE on
brain regions involved in emotional regulation, motiva-
tional control, and addiction vulnerability during adoles-
cence (Chambers and Potenza, 2003)—eg, anterior
cingulate (ACC) (Harvey, 2004), prefrontal cortex (PFC)
(McCarthy and Bhide, 2012), and ventral striatum (VS)
(Harvey et al, 2001; Wang et al, 2013). In humans,
neurostructural (Rando et al, 2013) and neurofunctional
(Li et al, 2009; Sheinkopf et al, 2009; Li et al, 2011)
alterations (eg, during response inhibition, resting state
alterations) in regions of the VS and PFC have also been
reported among adolescents with PCE. Both stress and
reward systems involving the VS, ACC, and PFC may con-
tribute to engagement in risk behaviors, such as substance
use (Sinha, 2009). However, no fMRI studies have examined
the neural correlates of stress and craving among adoles-
cents with and without PCE.
Neural responses to both stressful and appetitive cues are

altered among obese (in comparison with lean) adults
(Jastreboff et al, 2013), and increased rates of childhood
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obesity have been reported among children with PCE
(LaGasse et al, 2011). However, the extent to which neural
responses to stressful and appetitive stimuli may be altered
among adolescents with PCE has not been assessed previo-
usly. Given that stress and appetitive processes may underlie
engagement in eating and substance-use behaviors, the
current study provides insight into how PCE may influence
specific brain processes that could influence the risk for
developing substance-use or weight-related problems.
We have previously demonstrated increased neural

responses within reward-related regions among adults with
cocaine dependence in response to stressful and appetitive
(substance cue) stimuli (Potenza et al, 2012). In contrast,
findings from adolescent studies suggest that decreased
reward-related VS activity may be a risk-factor for the
development of addictions (Peters et al, 2011). In addition,
decreased activity within the PFC and ACC is associated
with increased risk-taking among adolescents (Eshel et al,
2007). As such, we hypothesized that, in comparison with
NCE adolescents, PCE adolescents would have altered
activation within prefrontal-cortical and subcortical regions
(in particular the ACC, PFC, and VS) during exposure to
stressful and appetitive (favorite food) cues. Based on
previous findings of a significant positive association
between BOLD-signal responses within reward-related
neurocircuitry and subjective ratings of stress and craving
among adults with cocaine dependence (Potenza et al,
2012), we further hypothesized that neural activation within
prefrontal–cortical and limbic regions would be positively
correlated with self-reported ratings of anxiety and food
craving among both PCE and NCE adolescents.

METHODS

Participants and Screening

Adolescents were recruited from a larger cohort of PCE
and NCE children and adolescents who have been followed
since birth (Mayes et al, 2005; Hommer et al, 2012; Rando
et al, 2013). Maternal cocaine use was determined based
on mother’s self-report and on urine toxicology during
pregnancy or immediately following delivery. The final
sample included in this study consisted of 22 PCE
adolescents (mean age¼ 14.9 years (SE¼ 0.25); 8 female)
and 22 NCE adolescents (mean age¼ 14.5 years (SE¼ 0.13);
8 female) ranging between 14 and 17 years of age. Imaging
data from 23 of these participants (PCE¼ 13, NCE¼ 10) has
been published previously (Hommer et al, 2012); however,
this previous study did not compare adolescents’ fMRI data
based on PCE status. Current life stress was measured using
the Perceived Stress Scale (PSS; Cohen et al, 1983) and the
Negative Life Events Inventory (NLEI; Wills et al, 1992). IQ
was assessed using the Kaufman Assessment Battery for
Children (Kaufman, 1983). PCE and NCE adolescent groups
did not differ in age (F¼ 2.07, p¼ 0.16), body mass index
(BMI; F¼ 0.17, p¼ 0.69), IQ (F¼ 3.73, p¼ 0.06), PSS score
(F¼ 0.09, p¼ 0.77), NLEI score, gender (w2¼ 0.00, p¼ 1.00),
or race/ethnicity (w2¼ 6.34, p¼ 0.28). Complete demo-
graphic information is given in Table 1.
All participants were assessed using the National

Institute of Health Diagnostic Interview Schedule for
Children (C-DISC-4.0-Y) (Shaffer et al, 2000). None of the

adolescents included in this study met criteria for any Axis-
I disorder, including substance-use disorders. Consistent
with the estimates from the general population (SAMHSA,
2013), adolescents did report some substance use. Among
these, alcohol use was most frequently reported (n¼ 17,
38.6%), followed by tobacco (n¼ 14, 31.81%), cannabis
(n¼ 14, 31.81%), steroids (n¼ 2, 4.54%), opiates (n¼ 2,
4.54%), cocaine (n¼ 1, 2.27%), methamphetamine (n¼ 1,
2.27%), and inhalants (n¼ 1, 2.27%). PCE and NCE
adolescent groups did not differ in lifetime use for any
substance (p’s40.05; Table 1). Further exclusion criteria for
all participants included any contraindication to scanning.

Individualized Imagery Method and Script Development

Standardized, structured interviews were conducted using
the Scene Development Questionnaire (Sinha, 2009), and
the resulting data were used to create individually tailored
neutral, stressful, and appetitive scripts as described

Table 1 Demographic Characteristics of PCE and NCE
Adolescents

NCE (n¼22) PCE (n¼22) F P

Mean SE Mean SE

Age, years 14.50 0.13 14.91 0.25 2.07 40.10

BMI 25.95 1.39 25.27 0.94 0.17 40.10

IQa 99.20 3.36 90.53 2.96 3.73 40.05

Negative life eventsb 4.45 0.59 5.09 0.76 0.44 40.10

Perceived stressc 11.18 0.73 11.50 0.79 0.09 40.10

N % n % w2 P

Gender

Male 14 63.6 14 63.6 0.00 40.10

Female 8 36.4 8 36.4

Race/ethnicityd

African American 13 59.1 18 81.8 6.34 40.10

Caucasian 3 13.6 2 9.1

Asian 2 9.1 1 4.5

Hispanic 0 0.0 1 4.5

Biracial 1 4.5 0 0.0

Substance use (lifetime)

Alcohol 6 27.3 11 50.0 2.40 40.10

Cigarettes 5 22.7 9 40.9 1.68 40.10

Cannabis 4 18.2 10 45.5 3.77 40.05

Steroids 0 0.0 2 9.1 2.10 40.10

Opioids 0 0.0 2 9.1 2.10 40.10

Cocaine 0 0.0 1 4.5 1.02 40.10

Methamphetamine 0 0.0 1 4.5 1.02 40.10

Inhalants 0 0.0 1 4.5 1.02 40.10

Abbreviations: BMI, body mass index; NCE, no prenatal cocaine exposure;
PCE, prenatal cocaine exposure.
aMeasured using Kaufman Assessment Battery for Children; data missing for two
NCE and three PCE participants.
bNegative Life Events Inventory score.
cPerceived Stress Scale score.
dRace/ethnicity information missing for three NCE participants.
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previously (Sinha, 2009; Hommer et al, 2012; Jastreboff
et al, 2013). This methodology is based on that originally
developed by Lang et al (1980) and has since been used
extensively in conjunction with fMRI scanning to study
neural responses to stress, craving (in response to either
food or drug cues), and neutral–relaxing cues; eg, (Sinha
et al, 2005; Sinha, 2009; Jastreboff et al, 2011; Seo et al, 2011;
Hommer et al, 2012; Potenza et al, 2012; Jastreboff et al,
2013; Seo et al, 2014). In this fMRI task, audiotaped
personalized scripts based on individual interviews are
presented de novo to the participant during scanning in
order to induce either stress, craving or neutral–relaxed
states (block design). The resulting fMRI data are analyzed
in a block (rather than an event-related) manner. For a
schematic overview of trial structure, see Supplementary
Figure S1.
Stress scripts were based on participants’ descriptions of

life events during which they felt ‘sad, mad or upset in that
moment and could not do anything to change the situation’
and were individually calibrated for level of stress across
subjects based on participants’ ratings (0¼ ‘not at all
stressful’; 10¼ ‘one of the most stressful experiences’) so
that only those events rated as an X8 were included
(Hommer et al, 2012). Appetitive scripts were based on
participants’ descriptions of recent times when they wanted
and then consumed their favorite food (eg, pizza, ice cream)
(Hommer et al, 2012) and were also individually calibrated
so that only those events rated as an X8 were included
(0¼ ‘not at all pleasurable’; 10¼ ‘one of the most pleasur-
able experiences’). Neutral–relaxing scripts were based on
participants’ descriptions of commonly experienced neutral
or relaxing situations (eg, sitting in the park, relaxing in
your room) (Hommer et al, 2012). For examples, see
Supplementary Materials.
All scripts were standardized to ensure uniformity in the

style, length, (approximately 250 to 400 words) and content
format of the scripts across participants and conditions.
Previous to scanning, each script was recorded on audio-
tape or digitally. All scripts were narrated by a female
research using a neutral tone. Although there were no
formal criteria for the length of pauses between words/
sentences, all scripts were narrated in a naturalistic manner
without the addition of any extended pauses. In order to
reduce possible individual variability in imagery ability, all
participants conducted a relaxation and guided-imagery
training session before scanning (Hommer et al, 2012).

Functional Magnetic Resonance Imaging (fMRI)

During fMRI scanning, each participant was exposed to six
individually tailored audiotaped scripts (two neutral–
relaxing, two stressful and two appetitive), which were
presented using headphones in a randomized, counter-
balanced order. Each script was 2.5min in length and was
preceded by a 1.5-min baseline period and followed by a 1-
min quiet recovery period. During the baseline and recovery
periods, participants lay quietly in the scanner. Immediately
before and immediately following each trial, participants
provided ratings of their subjective anxiety (‘tense, anxious
and/or jittery’) and food craving (‘imagine you have
[subject’s favorite food] in front of you right now, how
much do you want [subject’s favorite food] right now?’) on

a scale ranging from 0 (‘not at all’) to 10 (‘more than ever’).
These rating scales were presented verbally by the member
of the research team overseeing the scanning session.
Participants responded verbally, and the researcher re-
corded their responses. Immediately before the start of the
scanning session and immediately subsequent to its
conclusion, participants also provided hunger ratings on a
scale ranging from 0 to 10 (also done verbally, researcher
documented responses). Average ratings following each trial
type for PCE and NCE adolescents are shown in
Supplementary Figures S2 and S3.
In order to prevent any influence of emotion induced

during the preceding trial, each trial was followed by a
2-min progressive relaxation session and the next trial did
not commence until anxiety and craving ratings returned
to baseline. In order to confirm increases in anxiety and
craving ratings following exposure to stressful and favorite-
food cues, respectively, subjective ratings taken before
and subsequent to cue exposure were compared using
paired-sample t-tests. For further details on script genera-
tion or within scanner presentation, see Sinha (2009),
Hommer et al (2012), and Jastreboff et al (2013).

Image Acquisition

All images were acquired using a 3T Trio MRI and the same
functional and structural acquisition parameters, as have
been reported in previous publications using this task (Sinha
et al, 2005; Jastreboff et al, 2011; Seo et al, 2011; Hommer
et al, 2012; Potenza et al, 2012; Jastreboff et al, 2013).
Anatomical images of the functional slice locations were
acquired using a spin-echo sequence in the axial plane
parallel to the anterior–posterior commissure line (repetition
time/echo time (TR/TE)¼ 300/2.46ms, bandwidth¼ 310Hz/
pixel, flip angle¼ 601, field of view (FOV)¼ 220mm� 220
mm, matrix¼ 256� 256, slice thickness¼ 4mm (no skip),
32 slices). The purpose of this spin-echo sequence in the axial
plane (2D anatomical) is to use a higher in-plane resolution
(256� 256mm2) instead of the functional resolution (64�
64mm2) for registration to the individual 3D structural
image (see registration details below).
Functional data were acquired using a single-shot

gradient echo-planar image (EPI) sequence (TR/TE¼
2000/25ms, flip angle¼ 851, FOV¼ 220mm� 220mm,
matrix¼ 64� 64, slice thickness¼ 4mm (no skip), 32
slices). Structural data were acquired using a sagittal high-
resolution T1-weighted 3D magnetization-prepared-rapid-
gradient-echo (MPRAGE) sequence (TR/TE¼ 2530/3.34/
2.77ms, flip angle¼ 71, FOV¼ 256mm� 256mm, matrix¼
256� 256, 176 slices, 1mm3 isotropic voxels).

Image Analysis

Functional imaging analyses were conducted with the
BioImage Suite (www.bioimagesuite.org) using the same
analysis approach as has been reported in previous studies
using the guided-imagery paradigm (eg, Sinha et al, 2005;
Jastreboff et al, 2011; Seo et al, 2011; Hommer et al, 2012;
Potenza et al, 2012; Jastreboff et al, 2013). The BioImage
Suite uses motion-correction algorithms from SPM5 (Well-
come Functional Imaging Laboratory, London, UK).
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PreProcessing and First-Level Analyses

Data were motion corrected using SPM5 (Wellcome
Functional Imaging Laboratory), and trials with linear
motion in excess of 1.5mm or with rotation 421 were
excluded. All subsequent analytic steps were conducted
using algorithms developed in-house for the BioImage Suite
as in our previous publications using this task (eg, Sinha
et al, 2005; Jastreboff et al, 2011; Seo et al, 2011; Hommer
et al, 2012; Potenza et al, 2012; Jastreboff et al, 2013).
Individual participant data were analyzed using general
linear models (GLMs) for each voxel, including time during
imagery as a regressor (2.5min) as compared with the
baseline resting period (1.5min) for each trial per condi-
tion. These images were then temporally filtered by
including drift correction in the GLM. Drift regressors were
used to remove the mean time course, linear trend,
quadratic trend, and cubic trend for each run. The recovery
period (1min) was excluded from the data analysis to
prevent carryover effects from the imagery period. Each
trial was normalized against the immediate baseline period
preceding the script and then two trials of the same type
were averaged. Functional images were spatially smoothed
with a 6-mm Gaussian kernel, resulting in normalized beta-
maps in the acquired space (3.44mm� 3.44mm� 4mm).
Registration proceeded after three computations. First, a

linear registration was computed from the individual
functional image to the corresponding individual partici-
pant 2D anatomical image. Second, a linear registration was
computed from the 2D anatomical image to the individual
participants’ 3D structural image. Finally, a non-linear regi-
stration was computed between the individual 3D image and a
standard reference 3D image (the Colin27 Brain; (Holmes
et al, 1998)). All three registrations were concatenated and
applied as one registration to the normalized beta-maps in
order to bring the data to a common reference space.

Second-Level Analyses

Group-level two-tailed t-tests were conducted using the
BioImage Suite in order to identify any between-group
differences (PCE/NCE) in BOLD-signal responses during the
each of the three conditions (neutral–relaxing, stress, favorite-
food). Family-wise-error (FWE) correction for multiple
comparisons was conducted using a Monte Carlo simulation
with AlphaSim in AFNI. The AlphaSim parameters used
were a smoothing kernel of 6mm, a connection radius of
6.296mm, and a resolution of 3.44mm� 3.44mm� 4mm
voxels. With these parameters, it was determined that an
activation volume of 132 original voxels (6248mm3) satisfied
the po0.05 threshold. Additionally, whole-brain correlational
analyses were conducted using the BioImage Suite and were
FWE-corrected for multiple comparisons in order to explore
the relationship between brain activations and subjective
ratings of anxiety and craving.

RESULTS

Neural Responses to Stressful and Appetitive Cues

During the favorite-food condition, as compared with the
neutral–relaxing condition, NCE adolescents had decreased

activity within the ACC accompanied by an increased
activity within the visual cortex. During the stressful
condition, as compared with the neutral–relaxing condition,
NCE adolescents had decreased activity within the bilateral
insula and ACC. Further details of findings from within-
group comparisons of neural activations during the stressful
and favorite-food conditions (vs the neutral–relaxing con-
dition) among NCE adolescents are shown in Supplementary
Table S1 and Supplementary Figures S4 and S5.
During the favorite-food condition, as compared with the

neutral–relaxing condition, PCE adolescents had decreased
activity within the right cerebellum and visual cortex.
During the stressful condition, as compared with the
neutral–relaxing condition, PCE adolescents had increased
activity within regions, including the left insula, putamen,
inferior frontal gyrus, and right cerebellum, accompanied
by decreased activity within regions, including the visual
cortex, parahippocampal, and fusiform gyri. Further details
of the findings from within-group comparisons of neural
activations during the stressful and favorite-food conditions
(vs the neutral–relaxing condition) among PCE adolescents
are shown in Supplementary Table S2 and Supplementary
Figures S6 and S7.

Between-Group Differences

Findings from whole-brain between-group comparisons of
brain activations during the appetitive, stressful, and
neutral/relaxing conditions are shown in Table 2 and
Figure 1. During the favorite-food condition, PCE vs NCE
adolescents had decreased activity within the ACC, medial
PFC, dorsolateral PFC (DLPFC), left caudate, left putamen,
and left hypothalamus. During the neutral–relaxing condi-
tion, PCE vs NCE adolescents had increased activity within a
cluster encompassing bilateral primary and association
visual areas and decreased activity within clusters, including
the middle and superior temporal gyri and angular and
supramarginal gyri.

Correlations between Neural Responses and Subjective
Ratings

Self-report ratings of hunger collected before and subse-
quent to scanning did not differ between PCE and NCE
adolescents (p’s40.05). Self-report ratings of subjective
anxiety and craving ratings collected before and after
exposure to each cue condition revealed increases in anxiety
following exposure to both stressful (t¼ 2.43, p¼ 0.02;
preimagery (mean±SE)¼ 3.59±0.39; postimagery¼ 3.90±
0.42) and favorite-food (t¼ 3.10, p¼ 0.003; preimagery
¼ 3.30±0.38; postimagery¼ 3.78±0.40) cues. Craving
ratings increased following exposure to favorite-food
(t¼ 5.16, po0.001; preimagery¼ 4.62±0.45; postimagery¼
5.80±0.46) cues and decreased following exposure to stres-
sful cues (t¼ � 2.54, p¼ 0.02; preimagery¼ 5.09±0.46;
postimagery¼ 4.73±0.49). Neither anxiety nor craving
ratings were significantly altered from baseline following
exposure to neutral–relaxing cues (t’so0.91, p’s40.37).
Whole-brain correlational analyses revealed associations

between subjective anxiety and craving ratings and
brain activations across the different cue conditions at
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pFWEo0.01 (see Table 3 and Figure 2; selected correlations
shown in scatterplots in Supplementary Figures S8–S14).

Subjective Anxiety

There were no significant differences in subjective anxiety
ratings (postexposure minus baseline) between PCE vs NCE

adolescents during any of the three imagery conditions
(p’s40.32). During the favorite-food condition, subjective
anxiety ratings correlated negatively with activity within
the left associative visual cortex among PCE adolescents
(Figure 2). No associations between subjective anxiety
ratings and brain activations during the favorite-food
condition were observed among NCE adolescents.

Table 2 Group Differences During Personalized Appetitive, Stressful, and Neutral–Relaxing Scripts (Whole-Brain, Family-Wise-Error
(FWE) Corrected po0.05)

Condition VOI BA Peak mm3 t

x y z

Favorite food Medial PFC/anterior cingulate/DLPFC/L caudate/L
putamen/L hypothalamus

9, 10 � 18 52 27 20939 � 3.56

Anterior cingulate � 6 38 5 8804 � 3.45

L ventral striatum � 18 21 2 1972 � 3.41

Stress — — — — — — —

Neutral/relaxing R middle temporal gyrus/R superior temporal gyrus/R
supramarginal gyrus/R primary auditory

21, 22, 40 59 � 16 7 20939 � 3.16

L angular gyrus/L associative visual/L fusiform 19, 39 � 51 � 67 27 8804 � 3.29

Visual cortex 17, 18, 19 � 15 � 95 1 1972 3.97

Abbreviatons: BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex; L, left; R, right; VOI, volume of interest.
A negative t-value indicates PCEoNCE, whereas a positive t-value indicates PCE4NCE. Given the size of the clusters surviving whole-brain FWE correction for the
favorite-food condition, t-values are also shown for peak subclusters (indicated in italics).

Figure 1 Whole-brain between-group differences during personalized favorite food (a) and neutral/relaxing (b) scripts (whole-brain, family-wise-error
(FWE) corrected po0.05). PCE, prenatal cocaine exposure; NCE, no prenatal cocaine exposure; VS, ventral striatum; mPFC, medial prefrontal cortex; ACC,
anterior cingulate; R, right; L, left. Selected brain regions highlighted for emphasis using red, yellow, and white ovals. For further details on regions not
highlighted above, please see Table 2. A full color version of this figure is available at Neuropsychopharmacology online.
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Anxiety ratings correlated negatively with brain activity
during the stressful script within the cerebellum, brainstem,
posterior cingulate, premotor area, right orbitofrontal
cortex (OFC), right inferior frontal gyrus (IFG), right pars
opercularis, and left fusiform gyrus among PCE adolescents
(Figure 2). There were no significant associations between
brain activations during the stressful condition and
subjective anxiety ratings among NCE adolescents.
Subjective anxiety ratings correlated negatively with brain

activity during the neutral–relaxing condition within the
anterior and posterior cingulate, medial PFC, DLPFC,
angular gyrus, left inferior temporal gyrus, left middle
temporal gyrus, right fusiform gyrus, right parahippocam-
pal gyrus, right hippocampus, right supramarginal gyrus,
right inferior frontal gyrus, right primary sensory cortex,

right primary motor cortex, and right premotor cortex
among PCE adolescents (Figure 2). No significant associa-
tions between subjective anxiety ratings and brain activa-
tions during the neutral–relaxing condition were observed
among NCE adolescents.

Food Craving

There were no significant differences in food-craving ratings
(postexposure minus baseline) between PCE vs NCE
adolescents for any of the three cue conditions (p’s40.46).
Food-craving ratings correlated negatively with brain activa-
tions during the favorite-food condition within the left
DLPFC and anterior PFC among PCE adolescents (Figure 2).
No significant associations between food-craving ratings

Table 3 Voxel-Wise, Whole-Brain Correlations Between Anxiety and Craving Ratings and Brain Activations During Personalized
Appetitive, Stressful, and Neutral–Relaxing Scripts Among PCE adolescents (Whole-Brain, Family-Wise-Error (FWE) Corrected po0.01)

VOI BA Peak mm3 r

x y z

Anxiety during favorite-food condition

PCE

L associative visual cortex 19 � 12 � 85 31 2579 � 0.73

Anxiety during stress condition

PCE

Medial inferior anterior cerebellum � 8 � 50 � 35 4570 � 0.76

Medial superior posterior cerebellum 36 � 60 � 40 11425 � 0.80

Brainstem/L fusiform gyrus � 17 � 34 � 8 6492 � 0.78

R OFC/R IFG 11, 47 37 22 � 9 1531 � 0.68

R premotor/R pars opercularis 6, 8, 44 35 1 37 6870 � 0.86

L premotor/R pars opercularis 6, 8, 44 � 37 13 21 8975 � 0.73

Posterior cingulate 7 � 15 � 48 44 1946 � 0.71

Anxiety during neutral/relaxing condition

PCE

L inferior temporal gyrus/L middle temporal gyrus 20, 21 � 45 � 34 � 9 4957 � 0.71

R fusiform gyrus/R parahippocampal gyrus/R hippocampus 19 46 � 72 � 8 8998 � 0.80

Anterior cingulate 10 � 6 46 7 2111 � 0.64

L angular gryrus 39 � 36 � 58 24 2630 � 0.78

Medial PFC 8, 9 � 21 39 33 3564 � 0.73

R DLPFC 8, 9 � 5 14 64 14277 � 0.79

L DLPFC 6, 8, 9 � 32 9 34 4904 � 0.74

Anterior cingulate 6 � 5 34 2720 � 0.68

Posterior cingulate 7 � 11 � 45 34 11819 � 0.76

R angular gyrus/R supramarginal gyrus/R IFG/R primary sensory
cortex/R primary motor cortex

39, 40, 47 39 � 45 32 7704 � 0.76

Premotor cortex (peak in white matter next to BA 6) 24 � 12 42 1859 � 0.67

Food craving during favorite-food condition

PCE

L DLPFC/L anterior PFC 9, 10 � 21 43 25 1791 � 0.73

Abbreviations: BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; L, left; OFC, orbitofrontal cortex; PFC, prefrontal cortex; R, right;
VOI, volume of interest.
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and brain activations during the favorite-food condition
were observed among NCE adolescents. There were no
significant associations between food-craving ratings and
brain activations during the stressful or neutral–relaxing
conditions among PCE or NCE adolescents.

DISCUSSION

Partially consistent with our first hypothesis, PCE adoles-
cents demonstrated relatively blunted activations
within corticostriatal–limbic structures during exposure to

Figure 2 Voxel-wise, whole-brain correlations between anxiety and craving ratings and brain activations during personalized appetitive, stressful, and
neutral/relaxing scripts among PCE adolescents (whole-brain, family-wise-error (FWE) corrected po0.01). Panel (a) shows correlations between anxiety
and neural responses during the favorite food condition. Panel (b) shows correlations between anxiety and neural responses during the stress condition.
Panel (c) shows correlations between anxiety and neural responses during the neutral/relaxing condition. Panel (d) shows correlations between food craving
and neural responses during the favorite food condition. PCE, prenatal cocaine exposure; NCE, no prenatal cocaine exposure; ACC, anterior cingulate;
PCC, posterior cingulate; mPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; OFC, orbitofrontal cortex; IFG, inferior frontal gyrus;
R, right; L, left. Selected brain regions highlighted for emphasis using red, yellow, and white ovals. For scatterplots showing correlations between BOLD
responses in the highlighted regions and subjective ratings among PCE and NCE adolescents, respectively, please refer to Supplementary Materials.
For further details on regions not highlighted above, please see Table 3. A full color version of this figure is available at Neuropsychopharmacology online.
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appetitive cues but did not differ from NCE adolescents
during exposure to stressful cues. Our findings are
consistent with those from previous studies conducted in
adolescent populations, suggesting that reduced VS activa-
tion may be a vulnerability marker for the development of
addictive disorders (Peters et al, 2011). Notably, our
findings differ from the studies of adults with cocaine
dependence (Potenza et al, 2012), suggesting that prenatal
exposure to cocaine might differentially impact neural
responses to stress and food cues, possibly related to
cocaine effects on the development of cortico-striatal-limbic
pathways serving the processing of emotions and rewards.
Contrary to our second hypothesis, subjective anxiety and

craving ratings were largely negatively correlated with brain
activations among PCE adolescents. Specifically, among PCE
adolescents, neural responses to neutral–relaxing, stressful,
and appetitive cues were generally inversely associated with
subjective anxiety and craving ratings; however, this pattern
was not seen among NCE adolescents, despite similar anxiety
ratings across both groups and strict exclusion criteria for
potential artifacts such as motion across both participant
groups (see Supplementary Materials for details). Taken
together, these findings suggest alterations among adolescents
with PCE in the relationships between subjective responses to
stressful and appetitive cues and regional brain activations in
areas implicated in emotion regulation (Nikolova et al, 2012)
and motivational control (Sinha, 2001; Sinha and Li, 2007;
Sinha, 2009). These findings suggest a possible neurobiological
mechanism for behavioral problems observed among children
with PCE (Mayes, 2002; Buckingham-Howes et al, 2013), as
well as for increased rates of weight problems and substance-
use behaviors among adolescents with PCE (Delaney-Black
et al, 2011; Rando et al, 2013; Richardson et al, 2013).

Neural Responses to Favorite-Food Cues

During the favorite-food condition, PCE vs NCE adolescents
demonstrated less brain activity within regions, including
the DLPFC, ACC, hypothalamus, and VS The VS is involved
in reward processing, including aspects related to emotional
and motivational control and the encoding of both
rewarding and aversive stimuli. Previous studies suggest
that diminished VS activity may be a vulnerability marker
for the development of future substance-use behaviors
among adolescents (Peters et al, 2011). Thus the diminished
VS activity observed in this study may be linked to an
increased vulnerability to the development of addictive
disorders among adolescents with PCE (Peters et al, 2011).
This interpretation is consistent with research suggesting
increased rates of substance use among adolescents with
PCE (Delaney-Black et al, 2011; Rando et al, 2013;
Richardson et al, 2013); however, further research is needed
to examine more directly associations between altered VS
responses and rates of substance use during adolescence in
this and other similar cohorts.
The diminished activity observed among PCE adolescents

within the hypothalamus, VS, and regions of the PFC may
relate to vulnerabilities for obesity: reduced BOLD re-
sponses within these and other regions have been reported
among adults with obesity and binge-eating disorder
(Balodis et al, 2013a, b) and longitudinal data suggest
increased rates of obesity among children with PCE

(LaGasse et al, 2011). Furthermore, diminished activation
of cortico-striatal regions during reward processing has
been linked to persistent bingeing in binge-eating disorder,
suggesting that underactivation relates importantly to
behaviors relating to poor weight control (Balodis et al,
2013a, b). The PCE and NCE adolescents included in this
study were matched well for BMI; thus it is also possible
that the blunted activations observed among PCE adoles-
cents may relate to future propensities for weight gain, and
this possibility warrants direct investigation. Additionally,
the blunted activations in PCE adolescents might relate to a
general downregulation of reward-related neurocircuitry,
and future studies should thus examine propensities for
PCE adolescents to develop problems in a range of reward-
related behaviors.
Adolescents with PCE also had reduced activity within a

cluster encompassing the dorsomedial PFC and ACC during
the favorite-food condition. This region has been previously
implicated in cocaine craving and dependence (Wexler et al,
2001) and is involved in inhibitory ‘top-down’ emotional
and cognitive-control processes (Etkin et al, 2006;
Chiew and Braver, 2011; Giuliani et al, 2011). Cognitive-
control mechanisms naturally develop with age in typical
development (Crone et al, 2004), and may be particularly
relevant for the generation of appropriate coping strategies
in response to substance-using situations (Rando et al,
2013). Thus these findings suggest that PCE’s teratogenic
effects may include functional alterations to regions
involved in the maintenance of craving states and
cognitive-control processes previously implicated in obesity
and addictive disorders (Potenza et al, 2012; Balodis et al,
2013a, b). The extent to which these alterations in ACC
activity may represent a vulnerability marker for the
development of subsequent harmful substance-use beha-
viors remains to be determined.
The DLPFC is implicated in a range of processes relevant

to the development of addictions, including motivational,
inhibitory, and attentional control and decision-making
processes (Goldstein and Volkow, 2011). Thus, it is
possible that the decreased PFC activity observed among
PCE adolescents may relate to decreased cognitive control
during craving states (Kober et al, 2010), although this
possibility warrants direct examination. This latter inter-
pretation is strengthened by the negative association
between self-reported craving and DLPFC activity during
exposure to favorite-food cues observed among PCE adole-
scents. Moreover, during both neutral–relaxing and stress
conditions, PCE adolescents reported increased craving
(relative to NCE adolescents), suggesting that alterations in
reward/craving mechanisms may also be altered across
different emotional states, as has been reported in adult
studies of cocaine dependence (Potenza et al, 2012).

Neural Responses to Neutral–Relaxing Cues

In comparison with NCE adolescents, PCE adolescents had
increased activity within the primary visual cortex during
the neutral–relaxing condition. In addition to its role in
visual perception, the visual cortex is also involved in
mental imagery formation (Ganis et al, 2004). Thus the
heightened activation within the visual cortex might relate
to increased engagement in mental imagery during the
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neutral–relaxing condition among PCE adolescents. Con-
versely, heightened visual cortex activation might relate to a
decreased ability to engage in neutral imagery (leading to
increased activity via increased cognitive load). Further
research is needed to explore these other hypotheses.
Mental imagery may contribute to emotional processing
and has been examined in the development of novel psycho-
therapies (Heyes et al, 2013). As such, further research into
the relative impact of PCE on mental imagery formation
might be efficacious in guiding treatment efforts aimed at
addressing behavioral problems in this and other at-risk
populations.

Correlations between Anxiety and Brain Activations

Across both NCE and PCE adolescents, anxiety ratings
increased following exposure to favorite-food cues. This is
consistent with our previous findings of increased anxiety
ratings following exposure to drug-related cues among
adults with cocaine dependence (Potenza et al, 2012) and
suggests that favorite-food cues may be an effective
analogue for studying drug-like craving responses in non-
addicted populations.
Among PCE adolescents, increased anxiety ratings were

associated with decreased activity in response to stress
cues within regions involved in the processing of stressful
and threatening stimuli (eg, brainstem) (Liddell et al,
2005) as well as in regions implicated in cognitive control
processes, including aspects related to motivational control,
decision-making, and behavioral regulation (eg, IFG, OFC)
(Goldstein and Volkow, 2011). Similarly, during the neutral–
relaxing condition, increased anxiety ratings were associated
with decreased activity within the hippocampus, ACC, and
DLPFC among PCE adolescents. Notably, all of these regions
have been previously implicated in cue-induced cocaine
craving in studies of adult cocaine users (Garavan, 2000;
Bonson et al, 2002; Goldstein et al, 2007; Potenza et al, 2012).
Overall, these findings suggest that PCE may lead to
alterations in frontal–limbic circuitry involved in stress
processing and cognitive control that are related to individual
differences in subjective anxiety during adolescence.

Correlations between Food Craving and Brain
Activations

Among PCE adolescents, increased food-craving ratings
were associated with decreased engagement of the DLPFC
during the favorite-food condition. Previous research has
demonstrated a positive association between successful
downregulation of subjective craving states and increases in
DLPFC activity in response to both substance and food-
related cues (Kober et al, 2010). Thus the negative
association between DLPFC activity and craving observed
among PCE adolescents in this study may represent a
vulnerability marker for the development of future sub-
stance-use behaviors and/or diminished control over eating
behaviors.

Developmental Implications

Adolescence is a significant epoch for the neurodevelop-
ment of key structures involved in emotional processing

and motivational control—notably, regions of the PFC
involved in inhibitory control processes (Chambers and
Potenza, 2003). Preclinical data additionally suggest that
maturation of striatum and other regions receiving strong
dopaminergic innervations continues throughout adoles-
cence (Galvan, 2010). In this study, we observed decreased
activity in both the PFC and striatum among adolescents
with PCE, which, as discussed, may relate to the develop-
ment of substance- and eating-related disorders. However,
these structures are involved in multiple processes (and the
reduced responses observed were not constrained to only
these regions); thus the larger developmental implications
of these findings remains to be determined. For example,
given the role of the striatum in habit formation and
learning, these findings might relate to the working memory
deficits (Mayes et al, 2007) reported among children with
PCE. Similarly, reductions in PFC activations may relate to
previously reported impairments in response inhibition
(Accornero et al, 2007), which could influence multiple
developmental processes (such as the appropriate inhibition
of negative or anxiety-provoking thoughts or actions) other
than substance-use initiation.

Strengths and Limitations

This study has several strengths, including its selection
of a group of adolescents well matched for age, gender, and
BMI with and without PCE who have been followed
longitudinally since birth and the use of a well-validated,
personalized imagery task. This study is limited by a
relatively small sample of largely disadvantaged youths
(Mayes et al, 2005; Hommer et al, 2012). Future studies
should investigate older PCE and NCE individuals and
investigate the influence of substance-use disorders on
brain function within these groups. This study did not
systematically assess for current education level. However,
all of the adolescents included in this study were currently
enrolled in school, and PCE and NCE adolescents groups
did not differ in age or IQ, suggesting that it is likely that the
two groups were comparable with respect to education level.
Although the NCE and PCE adolescent groups were well
matched for age and gender, this study did not include a
formal assessment of pubertal stage, and future studies
should aim to specifically match on this variable.

Conclusions and Future Directions

Overall, our findings suggest functional brain alterations
among individuals with PCE within regions implicated in
emotional regulation, motivational control, and addiction
vulnerability during adolescence. These findings suggest
similarities with those from studies of chronic cocaine
use in adults (Sinha et al, 2005; Potenza et al, 2012) and
suggest significant effects of PCE on adolescent neural
functioning that warrant further investigation in larger
sample sizes, possibly including adolescents with and
without problematic substance-use behaviors. Finally, the
relationship between gender and PCE remains under-
researched. Given the elevated rates of eating-disorder-
related pathology among adolescent girls (in comparison
with boys) (Merikangas et al, 2010), exploring how gender
might interact with in utero cocaine exposure in relation to
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eating-related pathology will be an important step for future
investigations.
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