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A B S T R A C T

Background: Prenatal cocaine exposure (PCE) is associated with arousal dysregulation, but interactions between
exposure and age are rarely investigated directly with longitudinal study designs. Our previous study had ex-
amined task-elicited emotional arousal and noted persistently high amygdala activations in the development of
adolescents with PCE. However, while externally imposed emotional arousal could be considered a “state” effect
depending on specific task stimuli, it is still unclear whether similar developmental alterations extend to intrinsic
functional connectivity (FC), reflecting more of a “trait” effect.
Methods: We used a longitudinal design and analyzed resting-state functional magnetic resonance imaging data
acquired twice from 25 adolescents with PCE and 16 non-exposed controls. Both groups were each scanned first
at the mean age of 14.3 and then again at 16.6 years. Seeding in bilateral amygdalae and comparing the 2nd scan
with the 1st, we examined the interaction effect between PCE and age on FCs in the emotional network.
Results: Compared with the younger age, we observed a generally decreased FC in the emotional network of the
control group at the older age, but these FCs were generally increased at the older age in this same network of
the PCE group. Additionally, this interaction effect of exposure by age in the right fusiform was positively
correlated with the emotional interference imposed by external task stimuli.
Conclusions: These results provided additional data directly characterizing developmental changes in the emo-
tional network of adolescents with PCE, complementing and extending the notion of a PCE-associated long-term
teratogenic effect on arousal regulation.

1. Introduction

Prenatal cocaine exposure (PCE) has been reported to affect arousal
regulation in different stages of child development ranging from neo-
nates (Bauer et al., 2005; Salzwedel et al., 2016, 2015), infants (Bard
et al., 2000; Eiden et al., 2009a, b; Schuetze and Eiden, 2006; Schuetze
et al., 2007), toddlers (Chaplin et al., 2009; Eiden et al., 2015; Schuetze
et al., 2014), and preschoolers (Bada et al., 2007; Bandstra et al., 2001;
Dennis et al., 2006; Richardson et al., 2009) to grade-schoolers
(Accornero et al., 2011; Kable et al., 2008; Lester et al., 2010) and teens
(Chaplin et al., 2010; Greenwald et al., 2011; Li et al., 2009, 2011,
2013b, 2016; Zakiniaeiz et al., 2017). Specifically, and more relevant to

older children and adolescents, individuals with PCE appear to be
oversensitive to salient but task-irrelevant distractions (Harvey, 2004;
Mayes, 2002; Mayes et al., 1998); consequently, processing of these
distractions may compromise other ongoing and resource-demanding
mental procedures such as working memory (Li et al., 2009), response
inhibition (Accornero et al., 2007), language (Mentis, 1998), or more
generally, executive function (Minnes et al., 2016). This PCE effect of
imbalanced stimulus gating has been reported not only in human but
also in animal studies (Chae and Covington, 2009; Gendle et al., 2003;
Romano and Harvey, 1998) that preclude potential confounds of so-
cioeconomic status or poly-drug exposure.

Arousal regulation concerns how stimulation is gated to different
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cortical regions, reflecting one's capability to adjust and allocate mental
resources for distinct yet interactive streams of information processing
(Damasio, 1995). It provides an excitatory/inhibitory balancing me-
chanism that protects the central executive brain system from excessive
stimulation and also facilitates coordination among multiple cortical
systems involved in an ongoing task (Mayes, 2002). For example, there
is evidence for excitatory/inhibitory balancing between brain regions
mediating emotional arousal and cognitive activity (Drevets and
Raichle, 1998) as well as for balancing between intrinsic or sponta-
neous mentation (known as “default mode” function) and stimulus-or-
iented thoughts (Raichle et al., 2001). For arousal dysregulation, our
previous neuroimaging studies have shown inefficient suppression of
task-irrelevant activations in the amygdala in adolescents with PCE,
reflecting excessive emotional arousal (Li et al., 2009, 2013b), as well
as inefficient suppression of internal mentation, reflecting excessive
default-mode arousal (Li et al., 2011). Unsuppressed peripheral arousal
may lead to increased cognitive effort in adolescents with PCE as a
compensatory mechanism to achieve task performance comparable to
their non-exposed peers (Li et al., 2009; Sheinkopf et al., 2009). Con-
sistent with this behavioral teratogenic model (Mayes, 2002), recent
studies have also reported elevated functional connectivity in the
amygdala–frontal (Salzwedel et al., 2015) and thalamo-frontal
(Salzwedel et al., 2016) networks of neonatal brain, delineating the
earliest network alterations in human infants with PCE.

While all these previous findings are informative, and most studies
have inferred a “long-term” effect for PCE, most previous neuroimaging
studies are not longitudinal in design, so direct inferences for the in-
teraction between neurodevelopment and PCE are still lacking. Given
that adolescence is the period during which developmental and social
problems can become acute for children of substance-abusing parents
(Smith and Jonides, 1998), and of cocaine abusing parents in particular
(Delaney-Black et al., 2011; Greenwald et al., 2011), within-subject and
longitudinal studies are desirable and necessary in adolescents with
PCE to improve characterization of associated brain alterations and
risks. Particularly, although it is known that the ability to regulate
emotion and attention increases substantially during adolescence
(Crone and Dahl, 2012), there is still a lack of longitudinal evidence
showing if and how this typical brain maturation is affected by PCE.

To address this question, our previous study analyzed task-state
functional magnetic resonance imaging (tfMRI) data acquired twice
from the same group of adolescents when they were perceiving the
same set of emotionally arousing pictures at the mean ages of 14.3 and
16.7 years (Li et al., 2016). Comparing the older age with the younger
longitudinally, the PCE group exhibited persistently high activation in
the amygdala even though they had viewed those pictures before in the
same task and even though those pictures were task-irrelevant. This
earlier study demonstrated that the ˜2 years of development did not
offset the imbalanced stimulus gating, which in turn may pose a long-
term challenge for effective attention allocation in adolescents with
PCE.

This previous study with tfMRI, however, does not inform us whe-
ther the observed developmental effect is stimulus-dependent. In other
words, the persistently high emotional arousal could be elicited only by
externally imposed stimuli in a specific task, and thus may only reflect a
“state” effect. But what if there is no specific task involvement? Could
PCE also be associated with a long-term high emotional arousal in in-
trinsic functional activities, reflecting more of a “trait” effect that may
manifest itself even without a specific and externally imposed

challenge?
The present study attempts to examine this “trait” hypothesis with

functional connectivity (FC) analysis of resting-state functional mag-
netic resonance imaging (rfMRI) data acquired longitudinally from the
same sample of adolescents with or without PCE. Instead of regional
brain activation, this study focuses on FC of the emotion network
seeded in the amygdala. In this network, based on (i) its central role in
representing emotional arousal (Kim et al., 2011), (ii) its typical ma-
turational changes of FC reported previously (such as increasing FC in
the medial prefrontal cortex and decreasing FC in the insula) (Gabard-
Durnam et al., 2014), and (iii) its PCE-associated activation changes
probed by emotional stimuli (Li et al., 2009, 2013b, 2016), we hy-
pothesize a deviant developing pattern of intrinsic signal synchroniza-
tion in adolescents with PCE. More specifically, based on the persis-
tently high emotional arousal for the PCE group in the task state (Li
et al., 2016), we hypothesize a similar pattern of PCE effect across ages
in resting state with a persistently high FC in this emotion network of
the exposed adolescents.

2. Materials and methods

2.1. Participants

Forty-one adolescents (25 with PCE and 16 non-exposed controls)
were included in the present study. They were from a larger sample for
assessing developmental effect of PCE (Deshpande et al., 2010; Kable
et al., 2008; Li et al., 2013a, Li et al., 2009, 2011, 2013b, 2016) with
usable rfMRI data available at 2 scanning visits about 2.3 years apart.
The sample size for rfMRI was N=56 at the first imaging visit (time_1)
(Li et al., 2011), but this sample was reduced to N=41 at the second
imaging visit (time_2) due to loss of participants during follow-up
(N=11), installation of dental braces (N= 3), and scanner malfunc-
tion (N=1) (Li et al., 2016). However, there were no significant (all
p> 0.3) differences on birth weight, head circumference, gestational
age, Apgar scores, birth mother's age, amount of prenatal drug and

Table 1
Characteristics of teens.

Variable CON
(n=16)a

PCE (n= 25)a p-valueb

Age – Time_1 (SD) 14.2 (2.3) 14.4 (1.8) 0.79
Age – Time_2 (SD) 16.4 (2.3) 16.7 (2.1) 0.68
Duration Between Time_1 and Time_2

Day (SD)
791.8 (131.9) 851.3 (134.2) 0.17

Gender, No. (%) 0.53
Male 7 (43.8) 14 (56.0)
Female 9 (56.3) 11 (44.0)
Total monthly household income, $

(SD) (n=38)
1930 (1098) 1356 (1133) 0.13

Birth Weight, g (SD) 2774 (656) 2746 (622) 0.89
Gestational Age, week (SD) 38.1 (3.3) 38.0 (2.6) 0.86
WASI Full scale IQ (SD) 89.6 (11.1) 86.1 (12.1) 0.52
WASI Verbal IQ (SD) 85.4 (10.2) 85.3 (12.8) 0.98
WASI Performance IQ (SD) 84.8 (12.6) 89.2 (12.1) 0.27

CON: control group; PCE: prenatal cocaine exposure group.
a If data are not available for all participants, the n used for the analysis is

stated next to the variable name.
b Independent sample t-tests were completed for the continuous variables; chi

square analyses were completed for categorical variables.
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alcohol use, child's age at time_1 imaging, family monthly income level,
verbal performance, or full-scale IQ between the presently remaining
and analyzed sample (N=41) and those lost to attrition (N=15),

The participating adolescents, predominantly African-American and
from low income backgrounds (demographic characteristics shown in
Table 1), were on average 14.3 (SD=2.0) years of age at the 1 st
imaging visit and 16.6 (SD=2.1) at the 2nd imaging visit. The ˜2.3
years between these imaging visits was determined practically, as that
was the time spent for completing recruitment and assessment (neu-
robehavioral and neuroimaging) for the entire sample at time_1 (Li
et al., 2009). Detailed information regarding the determination of
substance use, participants’ inclusion criteria, and classification of
participants into experimental groups have been described extensively
and repetitively in our previous reports (Brown et al., 1998; Coles et al.,
1992; Li et al., 2009, 2011, 2013b, 2016). Briefly, PCE was determined
by maternal self-report and/or positive urine screen at recruitment
postpartum. Mothers (maternal background shown in Table 2) were 19
years of age or older without major medical complications. Infants were
either singleton or firstborn of multiple births, and they were either
healthy full term or preterm (no less than 30 weeks) without major
medical complications.

Urine sample drug screens for amphetamines, barbiturates, benzo-
diazepines, marijuana, cocaine, opiates, and phencyclidine were
available for 38 of the adolescents at time_1 and for all the 41 adoles-
cents at time_2. Of the 266 tests (38 adolescents × 7 drugs) completed
at time_1, only 4 were positive (2 for amphetamines and 2 for mar-
ijuana; both these adolescents were from the PCE group). Of the 287
tests (41 adolescents × 7 drugs) completed at time_2, only 10 were
positive. Nine of these positive screens were from the PCE group with 1
adolescent positive for amphetamines, 7 for marijuana, and 1 from
these 7 also positive for cocaine. The other 1 positive screen was for
marijuana from a control adolescent.

All participating families consented for this study according to a
protocol approved by Emory University’s Institutional Review Board.
Adolescents provided written assent, and adults, including both care-
givers and participants aged 18+, provided informed consent to par-
ticipate.

2.2. Imaging data acquisition

Using a 3 T Siemens magnetic resonance imaging scanner (Malvern,
PA), rfMRI data were acquired from each adolescent with identical
imaging parameters at both time_1 and time_2. Specifically, a T2*-
weighted echo-planar imaging sequence was used with repetition time
(TR)= 2000ms, echo time (TE)= 30ms, flip angle= 90°, field of view
(FOV)= 192×192 cm2, volume measurements= 210, slices/

thickness/gap=20/4mm/0mm, and matrix= 64×64. Participants
were instructed to simply keep their eyes fixated on a central cross
during the rfMRI scan. For anatomical references and brain normal-
ization, T1-weighted 3D structural images were also acquired with an
isotropic spatial resolution of 1 mm3.

2.3. Imaging data analysis

The present rfMRI data were analyzed with the software package of
“Analysis of Functional NeuroImages” (AFNI, http://afni.nimh.nih.
gov). Preprocessing steps included outlier (˜5.5 times median absolute
deviation) detection, despiking, slice timing correction, motion cor-
rection, anatomical-to-functional image co-registration (Saad et al.,
2009), nuisance signal (6 head motion parameters and their derivatives,
cerebral spinal fluid, and white matter) regression, band pass filtering
(0.009< f<0.08 Hz), and 5mm full-width half-maximum spatial
smoothing. Time points with more than 10% of voxels identified as
temporal outliers and with excessive head motion (Euclidean dis-
placement > 0.3mm, and its previous volume) were excluded (or
“censored” in AFNI terms) from the subsequent connectivity analysis
(Power et al., 2014). Excluded time points were less than 31 (15% of
the total volumes) in all the 41 adolescents analyzed. After this pre-
processing pipeline, individuals’ 4D rfMRI data were transformed into
the standard Talairach space (Talairach and Tournoux, 1988) in 3mm
isotropic spatial resolution.

The individual-level analysis of FC was performed by seeding in
bilateral amygdalae (Fig. 1), which were localized functionally by the
group-level activation contrast of perceiving negative vs. neutral pic-
tures in a separate scan of tfMRI. Details of this tfMRI are not directly
related to the present study and have been reported previously (Li et al.,
2009, 2011, 2013b, 2016). To avoid potential bias on group and/or
imaging visit in seed definition, this activation contrast involved 48
tfMRI datasets from equal numbers of 12 PCE and 12 control adoles-
cents scanned at both time_1 and time_2. Here the “12” included all
participants available in the control group with tfMRI data from both
scanning visits (Li et al., 2016). Bilateral amygdala activations (Ta-
lairach coordinatesleft = 23.4 5.4–12.8, volumeleft = 1809mm3; co-
ordinatesright = -22.6 5.1–12.2, volumeright = 1539mm3) were jointly
used as a single seed region of interest (ROI) in the present FC analysis.
For each adolescent at each scanning visit, preprocessed rfMRI time
series were averaged across all voxels in the seeding ROI, and this mean
time series was correlated with all voxels in the brain, yielding in-
dividual FC maps of the emotion network. Pearson correlation coeffi-
cients (r) in all these FC maps were then converted into Fisher’s Z-va-
lues ( = × +lnFZ 0.5 r

r
1
1 ) for subsequent group analysis.

To examine the FC interaction between GROUP (PCE vs. non-ex-
posed controls) and TIME2 (time_1 vs. time_2), Fisher’s z-values were
submitted to analysis of variance (ANOVA) conducted at both voxel and
ROI levels. These analyses are complementary to each other with the
voxel-wise analysis superior on spatial resolution and the ROI-wise
analysis superior on signal-to-noise ratio. The voxel-level analysis was
conducted with AFNI’s 3dMVM (3-dimensional Multi-Variate Modeling,
https://afni.nimh.nih.gov/MVM) and subsequently corrected for mul-
tiple comparison with a voxel-wise threshold of p< 0.001 combined
with a cluster threshold of 459mm3. This cluster threshold was de-
termined by Monte Carlo simulations with a non-Gaussian spatial auto-
correlation function for achieving a corrected threshold of p< 0.05
(Cox et al., 2017). In the ROI level analysis, the ROIs were spheres
(radius= 9mm) defined at 10 local maxima in the group connectivity
map derived from the rfMRI scans from equal numbers of 16 PCEs and
16 controls at both time_1 and time_2. These ROIs (described more in
the results below and in Supplementary Figure 1*) were widely

Table 2
Maternal characteristics at child’s birth.

Variable CON
(n=16)a

PCE (n= 25)a p-valueb

Age (SD) 26.3 (4.8) 28.4(4.0) 0.17
Marital status, No. (%) 0.40
Married 3 (18.8) 2 (8.0)
Single/divorced/separated/widowed 13 (81.3) 23 (92.0)
Other substance use in pregnancy
Tobacco – cigarettes/week (n=39) 10.1 (35.0) 58.3 (48.8) 0.002
Alcohol – oz. absolute alcohol/week

(n= 40)
0.0 (0.0) 1.3 (2.1) 0.020

Marijuana – Joints/week 0.0 (0.0) 1.9 (3.3) 0.032

CON: control group; PCE: prenatal cocaine exposure group.
a If data are not available for all participants, the n used for the analysis is

stated next to the variable name.
b Independent sample t-tests were completed for the continuous variables; chi

square analyses were completed for categorical variables.

2 Capitalized words GROUP and TIME are specifically used to refer ANOVA
factors in this entire paper.
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distributed in the functional network of the amygdala thus probing
comprehensively in different locations of this network. The ROI-level
analyses of these 10 ROIs were conducted in SPSS (https://www.ibm.
com/products/spss-statistics) with repeated measures (for TIME) in
general linear modeling (MANOVA) and Bonferroni correction.

2.4. Control of confounding factors

Based on an examination of demographic and background char-
acteristics of teens and mothers (Tables 1, 2), the present analyses
considered confounding factors associated with prenatal multi-drug
exposure and socioeconomic status. Specifically, 4 variables, including
prenatal exposures to (i) tobacco (cigarettes/week), (ii) alcohol
(ounces/week), (iii) marijuana (joints/week), and (iv) total monthly
household income ($) were included as covariates in statistical models
whenever a GROUP effect was involved in the analysis. Additionally,
because urine test results of current marijuana use were higher in the
PCE group at time_2 than at time_1, effects of current marijuana used
were removed from connectivity values (FZ’s) with regression analysis
before these values were fed into the ANOVA model.

3. Results

3.1. Voxel-level analysis

Seeding in the bilateral amygdala, the present analysis identified a
functional network typically involved in affective perception and
emotion regulation (Fig. 2). In this network, the 2-way ANOVA re-
vealed a significant interaction of GROUP×TIME (FZs: Con-
trol1st = 0.42, Control2nd= 0.16, PCE1st= 0.24, PCE2nd= 0.32;
p=0.006) in the right fusiform area (BA19, centroid coordinates:
-49.5, 67.3 -11.2, volume: 486 mm3). As shown in Fig. 2, the FC in this
region decreased at time_2 in comparison to time_1 in the control
group, but this developmental effect reversed in the PCE group with an
increased FC at time_2. Besides this significant cluster, a visual in-
spection of Fig. 2 suggests that similar interactions may also be evident
in other brain regions, as areas in blue and cyan are increasing with age
in the controls but decreasing in the PCE group. However, interaction
effects of GROUP×TIME beyond the right fusiform did not survive the
statistical threshold, justifying additional analyses at the ROI level in
complementing the limited sensitivity at the voxel level.

3.2. ROI-level analysis

Based on the mean connectivity map derived from both groups at
both scanning visits, the 10 ROIs identified at local maxima in the
emotion network include the right superior frontal gyrus (ROI1), right
inferior frontal gyrus (ROI2), left inferior frontal gyrus (ROI3), right
postcentral gyrus (ROI4), left precentral gyrus (ROI5), right middle
occipital gyrus (ROI6), paracentral lobule (ROI7), left precuneus
(ROI8), left medial frontal gyrus (ROI9), and left parahippocampal
gyrus (ROI10) (Fig. 3; Supplementary Fig. 1; Supplementary Table 1).
Amygdala connectivity of these ROIs jointly exhibited a significant in-
teraction of GROUP×TIME (FZs: Control1st = 0.26, Control2nd= 0.19,
PCE1st= 0.23, PCE2nd= 0.25; p=0.014) with the connectivity gen-
erally decreased in the control group but increased in the PCE group at
time_2 versus time_1. The single variable test also showed that this
interaction was significant in the ROI3 (FZs: Control1st = 0.22, Con-
trol2nd= 0.16, PCE1st= 0.17, PCE2nd= 0.21; p= 0.021) and ROI6
(FZs: Control1st= 0.31, Control2nd= 0.18, PCE1st= 0.20,
PCE2nd= 0.28; p= 0.042). These ROI results are better appreciated in

Fig. 1. The seeding ROIs of bilateral amygdala shown in axial (top) and coronal
(bottom) views. The position of these two slices are depicted as green lines in
the sagittal view. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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Fig. 3 together with voxel-wise whole brain rendering; areas in the
color gradient blue-cyan-green were generally decreased at the older
age of the controls but increased in the PCE group. Notably, the
amygdala FCs were not unanimously decreasing with age in the control
group. Their FCs increased with age in the ROI8 and ROI9.

All results reported above involved statistical control of poly-drug
exposures and monthly household income. However, because these

variables are part of the overall phenotype of prenatal drug exposure,
statistical results without considering these confounding factors are also
reported in the supplementary material (Supplementary Table 2),
showing effects of these factors in the present statistical model.

3.3. Correlations between regional FCs and emotional regulation

To further investigate whether the observed developmental effects
on FC were associated with behavioral measures of emotion regulation,
we conducted a post-hoc regression analysis examining this potential
relationship. Specifically, we previously tested this same adolescent
sample using a memory task with distracting pictures. Participants’
reaction time (RT) in that task was longer when distracted by emo-
tionally negative than neutral pictures, reflecting the emotional inter-
ference on cognition (Li et al., 2016). Here, based on this emotional
modulation on RT and using behavioral data we previously collected
from this sample, we calculated a Developmental Effect on the Emo-
tional Interference (DEEI) as =DEEI RT RT( ) _negative neutral time 2
RT RT( ) _negative neutral time 1 and then regressed this DEEI value on devel-
opmental effect of Fisher’s Z (FZ FZ_ _time time2 1) derived from the right
fusiform (from the voxel-level analysis, Fig. 2) and the other 10 ROIs
(from the ROI-level analysis, Fig. 3). This analysis was conducted with
stepwise regression (to avoid potential collinearity) with 31 adolescents
(11 controls and 20 PCEs) who had both behavioral and rfMRI data.
This regression model showed 2 regions— the right fusiform
(p= 0.049) and the ROI6 (p=0.012)— that jointly predicted
(p= 0.034) the DEEI value well. Since these 2 regions are very close in
spatial location, we considered them the same functional area and
plotted the relation of FC and behavioral changes only using the data
from the ROI6. As shown in Fig. 4, a higher FZ difference in the right
fusiform predicted a higher DEEI, indicating higher emotional inter-
ferences are associated with stronger amygdala FC. However, while
changes of the FZ and emotional arousal were generally negative in the
control group, meaning decreased FC and emotional interference at the
older age, increasing FC and emotional interference (positive values on
either axis) were noted in many adolescents with PCE, suggesting less
suppressed emotional arousal even at the older age.

4. Discussion

While ample behavioral studies on animals and humans have as-
sociated PCE with arousal dysregulation (Chaplin et al., 2010; Mayes,
2002), neuroimaging studies examining the underlying neurobiological
mechanisms have lagged behind (Salzwedel et al., 2015). Particularly,
neuroimaging studies with a longitudinal design that directly examine
the developmental effect are still rare (Akyuz et al., 2014; Li et al.,
2016) due to complexities in data acquisition and analysis (Ackerman
et al., 2010; Buckingham-Howes et al., 2013; Derauf et al., 2009). The
present study attempts to fill in this gap with a specific focus on in-
trinsic FCs associated with the amygdala. Comparing rfMRI data ac-
quired at the mean age of 16.6 years to that at 14.3, we observed in-
creased FCs widely distributed in the emotion network of the PCE
group, but these FCs were generally decreased in the control group.
Representative interaction effect of GROUP×TIME was identified in
the right fusiform region, whose developmental changes of FC with
amygdala in resting state also predicted developmental changes of
emotional arousal elicited by affective pictures in task state.

The amygdala is considered a critical region in mediating affective

Fig. 2. Comparison of amygdala connectivity between groups and scanning
visits in a ventral slice. Connectivity maps are shown for controls’ first visit
(FCON, upper left), controls’ second visit (SCON, upper right), PCEs’ first visit
(FPCE, bottom left), and PCEs’ second visit (SPCE, bottom right) in the four
corners, respectively. A significant interaction of GROUP×TIME is identified
in the right fusiform area shown in the middle with its FZ values visualized in
the bar graph.
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experience and emotional arousal (Aggleton, 1993; Phelps, 2006). In
typical neurodevelopment from childhood through adulthood, age-de-
pendent changes in amygdala FC have been reported in the medial

prefrontal cortex (increasing with age), in the insula/temporal/parietal
regions (decreasing with age), and in the cerebellar/occipital/para-
hippocampal regions (decreasing with age) (Gabard-Durnam et al.,
2014). The present observations in the non-exposed group are con-
sistent with these typical development features showing increasing FC
with age in the medial prefrontal cortex (ROI9, though not statistically
significant) but decreasing FC in a broader distribution of other brain
areas. However, while increasing FC was also observed in the medial
prefrontal cortex of the PCE group, decreasing FCs in other brain areas
were generally absent in these cocaine-exposed adolescents. Implica-
tions of these finding are twofold. On one hand, given the critical role
for the connection between amygdala and medial prefrontal cortex in
regulations of emotion and physiological arousal (Perlman and
Pelphrey, 2011; Zhang et al., 2014), the strengthening of this connec-
tion suggested an increased ability for these regulations in both groups
of adolescents. However, on the other hand, because the amygdala
represents a critical nexus for enhanced sensitivity toward emotional
perception (Anderson, 2007), opposite age dependence of FC in other
brain regions suggested a reduction of resting-state emotion sensitivity
in the development of the non-exposed adolescents but a long-term
persistence of high emotional arousal in the development of adolescents
with PCE.

The present group differences were observed in resting state without
any specific and externally imposed task challenge. However, these
developmental changes of amygdala FC in resting state emerged in
parallel with developmental changes of amygdala activation in task

Fig. 3. Voxel-level and ROI-level comparisons of amygdala connectivity between groups and scanning visits. Results for the control (CON) and exposed (PCE) groups
are labeled in cyan and yellow, respectively, with “F” and “S” indicating the first and second scanning visits. Voxel-level results are shown in the top two rows for the
control and bottom two rows for the PCE group, respectively. Results for the 10 ROIs are shown in the middle rows with their FZ values visualized in the bar graphs.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 4. Correlations between the over-time changes (2nd - 1st) of the emotion
interference on reaction time (RT, ms) and the over-time changes of functional
connectivity (Fisher’s Z) in the right fusiform. This ROI is depicted in the
bottom right corner.
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state. Considered together with our previous study examining task-state
emotional arousal in this same sample (Li et al., 2016), it was noted that
both task activations and most functional connections of the amygdala
decreased with age in the control group, but these activations and FCs
increased with age in the exposed group. Additionally, both activations
and FCs of the amygdala explained a significant amount of inter-subject
variance in behavioral measures of emotional arousal. These results are
consistent with the previous findings from healthy adults that the
amygdala’s task-dependent activity and task-free connectivity both
contribute to feelings of emotional arousal (Touroutoglou et al., 2014).
In this study, we extended these findings in a longitudinal sense, de-
monstrating a parallel change in these contributions during adoles-
cence. Amygdalae’s connectivity at rest may set the basal tone (or trait)
of the autonomic nervous system in response to salient stimuli, and its
activation on task (or its state) may add to this basal tone in realizing a
specific affective experience. Our previous findings on task state (Li
et al., 2016) and the present findings on resting state may reflect a
longitudinal PCE effect on both the basal tone and specific arousal re-
sponses in the autonomic system. This effect could derive from the PCE-
associated alterations in “fetal programming” of the hypothalamic-pi-
tuitary-adrenal axis (Lester and Padbury, 2009) and contribute to dif-
ferent issues reported in this population such as social escape
(Greenwald et al., 2011), heightened stress response (Chaplin et al.,
2010), and teen substance use (Delaney-Black et al., 2011).

Significant interactions between GROUP and TIME were identified
in the fusiform and anterior insular (ROI3) cortices in the present study.
Together with the seeding area of the amygdala, these regions serve as
prominent nodes in the “social context network” (SCN) in supporting
individual’s emotional awareness and social interaction (Adolphs,
2002; Amoruso et al., 2011; Gu et al., 2013). Specifically, the fusiform
area percepts socially and emotionally relevant visual stimuli such as
facial expressions (Haxby et al., 2002), the amygdala recognizes these
signals (Baxter and Croxson, 2012), and the anterior insular integrates
this information to generate current emotional awareness as well as to
provide descending signals for autonomic reflexes (Gu et al., 2013).
Given the trait characteristics of internalizing (e.g., social withdrawal)
and externalizing (e.g., delinquency) problems reported in children
with PCE (Greenwald et al., 2011; Lambert and Bauer, 2012; Minnes
et al., 2010), as well as the elevated FCs in the SCN of individuals with
social anxiety disorder (Frick et al., 2013), the presently noted FC in-
creases in the SCN of the PCE group may indicate more risks for be-
havioral dysregulation in adolescent development for the exposed
teens. This may be especially relevant in situations where heightened
social stress and anxiety occur (Chaplin et al., 2010; Min et al., 2017).
In other words, individuals with PCE may experience a stronger emo-
tional influence on cognition and behavior during adolescence than
occurs in a non-exposed population at this time of development.

5. Conclusions

When compared to their non-exposed peers, adolescents with pre-
natal cocaine exposure largely exhibit different patterns of amygdala
functional connectivity in relation to age during this developmental
period. This observation in resting state appears in parallel with de-
velopmental group differences in task state. In the emotion network
anchored in the bilateral amygdala, task-state activation and resting-

state functional connectivity may represent state and trait alterations,
respectively, and jointly contribute into the long-term teratogenic effect
of arousal dysregulation in adolescents with PCE.
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