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A B S T R A C T

Prenatal drug exposure may have important repercussions across the lifespan for cognition and behavior. While
alcohol is a recognized teratogen, the influences of other substances may also be substantial. The neural un-
derpinnings of the influences of prenatal drug exposure have been examined using longitudinal approaches and
multiple imaging techniques. Here we review the existing literature on the neural correlates of prenatal drug
exposure. We focused the review on studies that have employed functional neuroimaging and electro-
encephalography and on substances other than alcohol. We also framed the review through the lens of four
developmental life stages (infancy, childhood, adolescence and emerging adulthood). We included papers that
have examined any drug use, including tobacco, opiates, cocaine, marijuana, methamphetamines, or poly-
substance use. Data suggest that prenatal drug exposure has long-lasting, deleterious influences on cognition and
reward processing in infancy and childhood that persist into adolescence and emerging adulthood and may
underlie some behavioral tendencies, such as increased externalizing and risk-taking behaviors, seen in these
groups.

1. Introduction

Drug use by pregnant women is a major public health concern.
Exposure to drugs of abuse prenatally has been linked to increased risk-
taking behaviors, more impulsivity and increased incidence of conduct
disorder (Fisher et al., 2011), and notably, increased likelihoods of
substance-use initiation (Delaney-Black et al., 2011; Richardson et al.,
2013). Prenatal exposure may begin a pattern of disadvantages that
persists throughout an individual’s life and potentially into the fol-
lowing generation. As individuals move from childhood through ado-
lescence into emerging adulthood, neural processes may interact with
environmental factors to lead to impairments in day-to-day functioning,
with possible consequences for functioning into adulthood. The goal of
this review is to examine the potential influences of prenatal drug ex-
posure, including marijuana, nicotine, cocaine, methamphetamine, and
opiates, on brain function. Previous reviews have examined the effect of
prenatal exposure on brain development and behavior and its im-
plications on policy (Thompson et al., 2009). Behavior in early

childhood as a consequence of prenatal substance exposure has also
been reviewed (Frank et al., 2001). Influences of prenatal substance
exposure with respect to functional neuroimaging have been reviewed
in childhood (Derauf et al., 2009), with a focus on individual sub-
stances, including alcohol. This review extends prior ones by including
findings that have been published in the past ten years, focusing on
substances other than alcohol (although alcohol may be included as a
drug in instances of polysubstance abuse), and providing a develop-
mental perspective, considering several major life stages, including
infancy/childhood, adolescence, and emerging/young adulthood, in
order to document the impacts of prenatal exposure on brain function
and behavior in these developmental epochs. We focus on studies that
have employed functional neuroimaging methods to examine brain
function in humans, including functional magnetic resonance imaging
(fMRI), electroencephalography (EEG), and magnetoencephalography
(MEG), as well as methodologies that offer insight into connectivity,
including diffusion tensor imaging (DTI) and resting-connectivity
measures. EEG/ERP and MEG help delineate temporal aspects of neural

https://doi.org/10.1016/j.drugalcdep.2019.01.032
Received 13 July 2018; Received in revised form 15 January 2019; Accepted 15 January 2019

⁎ Corresponding author at: Department of Psychiatry, Yale University School of Medicine, 300 George St., #901, New Haven, CT, 06510, USA.
E-mail address: kristen.morie@yale.edu (K.P. Morie).

Drug and Alcohol Dependence 198 (2019) 39–53

Available online 28 February 2019
0376-8716/ © 2019 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/03768716
https://www.elsevier.com/locate/drugalcdep
https://doi.org/10.1016/j.drugalcdep.2019.01.032
https://doi.org/10.1016/j.drugalcdep.2019.01.032
mailto:kristen.morie@yale.edu
https://doi.org/10.1016/j.drugalcdep.2019.01.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.drugalcdep.2019.01.032&domain=pdf


Ta
bl
e
1

In
fa
nc
y.

Ci
ta
tio
n

Ti
tle

Ex
po
su
re
Ty
pe

Te
ch
ni
qu
e

Pa
rt
ic
ip
an
ts

M
ai
n
Fi
nd
in
g

Sa
lz
w
ed
el

et
al
.,
20
15

Pr
en
at
al
dr
ug
ex
po
su
re
aff
ec
ts
ne
on
at
al
br
ai
n

fu
nc
tio
na
lc
on
ne
ct
iv
ity
.

Po
ly
su
bs
ta
nc
e

Re
st
in
g
st
at
e
fu
nc
tio
na
l

co
nn
ec
tiv
ity

45
PC
E,
43
,p
ol
ys
ub
st
an
ce
-e
xp
os
ed
w
/o

co
ca
in
e,
64
ex
po
su
re
-fr
ee
,3
05
-3
08
da
ys

ge
st
at
io
na
la
ge

D
ru
g
ex
po
su
re
-r
el
at
ed
co
nn
ec
tiv
ity
di
sr
up
tio
ns
w
er
e

fo
un
d
be
tw
ee
n
am
yg
da
la
-fr
on
ta
l,
in
su
la
-fr
on
ta
l,
an
d

in
su
la
-s
en
so
ri
m
ot
or
ci
rc
ui
ts
.A
co
ca
in
e-
sp
ec
ifi
c
eff
ec
t

w
as
fo
un
d
in
th
e
am
yg
da
la
-fr
on
ta
ln
et
w
or
k.
Fu
nc
tio
na
l

co
nn
ec
tiv
ity
al
te
ra
tio
ns
sh
ow
ed
a
le
ft-
la
te
ra
liz
ed
pa
tt
er
n

H
an
se
n
et
al
.,

19
93

Vi
su
al
ev
ok
ed
po
te
nt
ia
ls
an
d
vi
su
al
pr
oc
es
si
ng
in

st
im
ul
an
t
dr
ug
-e
xp
os
ed
in
fa
nt
s.

Co
ca
in
e
an
d/
or

am
ph
et
am
in
es

ER
P-
Vi
su
al
Ev
ok
ed
Po
te
nt
ia
ls

8
PC
E
an
d/
or
am
ph
et
am
in
es
,8
ex
po
su
re
-

fr
ee
,3
7-
41
w
ee
ks
of
ag
e

Ex
po
se
d
in
fa
nt
s
sh
ow
ed
w
or
se
pe
rf
or
m
an
ce
on
a
vi
su
al

re
co
gn
iti
on
te
st
,b
ut
no
di
ffe
re
nc
es
on
VE
P
te
st
in
g.

W
hi
th
am
et
al
.,

20
10

Th
e
eff
ec
ts
of
pr
en
at
al
ex
po
su
re
to
bu
pr
en
or
ph
in
e
or

m
et
ha
do
ne
on
in
fa
nt
vi
su
al
ev
ok
ed
po
te
nt
ia
ls
.

O
pi
at
es

ER
P-
Vi
su
al
Ev
ok
ed
Po
te
nt
ia
ls

22
M
E,
30
PB
E,
33
N
on
-o
pi
oi
d
ex
po
se
d,
4

m
on
th
s
of
ag
e

M
et
ha
do
ne
-e
xp
os
ed
in
fa
nt
sh
ad
pr
ol
on
ge
d
VE
P
la
te
nc
ie
s

co
m
pa
re
d
to
co
nt
ro
ls
an
d
to
bu
pr
en
or
ph
in
e
ex
po
se
d

in
fa
nt
s.

Pa
ul
et
al
.,

20
14

D
ev
el
op
m
en
t
of
au
di
to
ry
ev
en
t-r
el
at
ed
po
te
nt
ia
ls
in

in
fa
nt
s
pr
en
at
al
ly
ex
po
se
d
to
m
et
ha
do
ne
.

O
pi
at
es

P2
au
di
to
ry
ER
P

60
PM
E,
4-
15
,1
6-
32
,o
r3
3-
12
0
da
ys
po
st
-

na
ta
la
ge

O
ld
er
gr
ou
ps
sh
ow
ed
in
cr
ea
se
d
P2
am
pl
itu
de
s
at
fr
on
ta
l

ar
ea
s
an
d
in
cr
ea
se
d
ch
an
ge
de
te
ct
io
n
pe
rf
or
m
an
ce

in
di
ca
te
d
by
P2
.T
he
se
pa
tt
er
ns
w
er
e
no
t
se
en
in

yo
un
ge
r
gr
ou
ps
.

Sa
lz
w
ed
el

et
al
.,
20
16

Th
al
am
oc
or
tic
al
fu
nc
tio
na
lc
on
ne
ct
iv
ity
an
d

be
ha
vi
or
al
di
sr
up
tio
ns
in
ne
on
at
es
w
ith
pr
en
at
al

co
ca
in
e
ex
po
su
re

Co
ca
in
e

Re
st
in
g
st
at
e
fu
nc
tio
na
l

m
ag
ne
tic
re
so
na
nc
e
im
ag
in
g

45
PC
E,
43
po
ly
su
bs
ta
nc
e-
ex
po
se
d
w
/o

co
ca
in
e,
64
N
D
E,
2-
6
w
ee
ks
of
ag
e

PC
E
in
fa
nt
s
sh
ow
ed
ev
id
en
ce
of
hy
pe
r-
co
nn
ec
tiv
ity

be
tw
ee
n
th
al
am
us
an
d
fr
on
ta
lr
eg
io
ns
an
d
hy
po
-

co
nn
ec
tiv
ity
be
tw
ee
n
th
al
am
us
an
d
m
ot
or
-r
el
at
ed

re
gi
on
s.
Th
al
am
o-
fr
on
ta
lc
on
ne
ct
iv
ity
w
as
in
ve
rs
el
y

re
la
te
d
to
co
gn
iti
ve
an
d
fin
e
m
ot
or
sc
or
es
an
d
th
al
am
o-

m
ot
or
co
nn
ec
tiv
ity
w
as
po
si
tiv
el
y
re
la
te
d
to
m
ot
or

co
nt
ro
ls
co
re
s.

W
al
ho
vd
et
al
.,

20
12

N
eu
ra
lt
ra
ct
de
ve
lo
pm
en
t
of
in
fa
nt
s
bo
rn
to

m
et
ha
do
ne
-m
ai
nt
ai
ne
d
m
ot
he
rs
.

O
pi
at
es

D
iff
us
io
n
w
ei
gh
te
d
im
ag
in
g

13
M
E,
7
N
D
E,
13
-4
4
da
ys
of
ag
e

M
et
ha
do
ne
-e
xp
os
ed
in
fa
nt
s
sh
ow
ed
hi
gh
er
m
ea
n

di
ffu
si
vi
ty
in
th
e
su
pe
ri
or
lo
ng
itu
di
na
lf
as
ci
cu
lu
s

co
m
pa
re
d
to
co
nt
ro
lp
ar
tic
ip
an
ts
.

G
re
w
en
et
al
.,

20
15

Fu
nc
tio
na
lc
on
ne
ct
iv
ity
di
sr
up
tio
n
in
ne
on
at
es
w
ith

pr
en
at
al
m
ar
iju
an
a
ex
po
su
re

M
ar
iju
an
a

Re
st
in
g
st
at
e
fu
nc
tio
na
l

co
nn
ec
tiv
ity

20
pr
en
at
al
M
J-
ex
po
se
d
w
ith
ot
he
r

ex
po
su
re
s,
23
N
on
-p
re
na
ta
lM
J
ex
po
se
d

w
ith
ot
he
re
xp
os
ur
es
,2
0
ex
po
su
re
-fr
ee
,2
-

6
w
ee
ks
of
ag
e

M
ar
iju
an
a-
ex
po
se
d
in
fa
nt
s
sh
ow
ed
ev
id
en
ce
of
hy
po
-

co
nn
ec
tiv
ity
in
th
e
in
su
la
,a
nd
in
co
nn
ec
tio
ns
in
an
te
ri
or

in
su
la
–c
er
eb
el
lu
m
ne
tw
or
ks
,r
ig
ht
ca
ud
at
e–
ce
re
be
llu
m

ne
tw
or
ks
,r
ig
ht
ca
ud
at
e–
ri
gh
t
fu
si
fo
rm
gy
ru
s/
in
fe
ri
or

oc
ci
pi
ta
ln
et
w
or
ks
,a
nd
le
ft
ca
ud
at
e–
ce
re
be
llu
m

ne
tw
or
ks
.

Sc
he
r
et
al
.,

20
00

Eff
ec
ts
of
pr
en
at
al
co
ca
in
e/
cr
ac
k
an
d
ot
he
r
dr
ug

ex
po
su
re
on
el
ec
tr
on
en
ce
ph
al
og
ra
ph
ic
sl
ee
p
st
ud
ie
s
at

bi
rt
h
an
d
on
e
ye
ar

Co
ca
in
e/
Cr
ac
k
pr
im
ar
ily
,

po
ly
su
bs
ta
nc
e

EE
G

37
PC
E
in
fa
nt
s
w
ith
ot
he
r
ex
po
su
re
s,
34

N
CE
(s
om
e
pr
en
at
al
to
ba
cc
o
an
d
al
co
ho
l

ex
po
su
re
),
2n
d
da
y
of
lif
e
an
d
1
ye
ar
of
ag
e

PC
E
in
fa
nt
ss
ho
w
ed
po
or
er
sp
ec
tr
al
co
rr
el
at
io
ns
at
bi
rt
h,

an
d
lo
w
er
sp
ec
tr
al
po
w
er
in
lo
w
-fr
eq
ue
nc
y
ba
nd
s
at

1
ye
ar
.A
lc
oh
ol
,m
ar
iju
an
a
an
d
to
ba
cc
o
w
er
e
as
so
ci
at
ed

w
ith
in
cr
ea
se
d
tim
e
aw
ak
e.

Sc
he
r
et
al
.,

19
98

Eff
ec
ts
of
pr
en
at
al
su
bs
ta
nc
e
ex
po
su
re
:a
lte
re
d

m
at
ur
at
io
n
of
vi
su
al
ev
ok
ed
po
te
nt
ia
ls

Po
ly
su
bs
ta
nc
e

ER
P-
Vi
su
al
Ev
ok
ed
Po
te
nt
ia
ls

74
pr
en
at
al
ly
ex
po
se
d
ch
ild
re
n
at
4,
8,
18

m
on
th
s,
ex
po
su
re
at
di
ffe
re
nt
tr
im
es
te
rs

re
co
rd
ed

Ex
po
su
re
to
su
bs
ta
nc
es
,i
nc
lu
di
ng
al
co
ho
l,
re
su
lte
d
in

al
te
ra
tio
ns
of
VE
P
la
te
nc
y
an
d
am
pl
itu
de
at
di
ffe
re
nt

tim
ep
oi
nt
s
w
ith
in
in
fa
nc
y.
Th
e
ge
ne
ra
lp
at
te
rn
w
as
of

pr
ol
on
ge
d
la
te
nc
ie
s,
su
gg
es
tin
g
a
de
la
y
in
m
at
ur
at
io
n
of

th
e
vi
su
al
sy
st
em
.

Ch
an
g
et
al
.,

20
16

Se
x-
Sp
ec
ifi
c
A
lte
ra
tio
ns
of
W
hi
te
M
at
te
r

D
ev
el
op
m
en
ta
lT
ra
je
ct
or
ie
s
in
In
fa
nt
s
w
ith
Pr
en
at
al

ex
po
su
re
to
m
et
ha
m
ph
et
am
in
e
an
d
to
ba
cc
o

M
et
ha
m
ph
et
am
in
e,

To
ba
cc
o

D
iff
us
io
n
w
ei
gh
te
d
im
ag
in
g

36
PM
E/
PT
E,
32
PT
E,
71
N
D
E
co
nt
ro
ls
,1

w
ee
k-
4
m
on
th
s
of
ag
e

M
E/
to
ba
cc
o-
ex
po
se
d
bo
ys
sh
ow
ed
lo
w
er
FA
in
su
pe
ri
or

an
d
po
st
er
io
r
co
ro
na
ra
di
at
a
at
1w
ee
k-
2
m
on
th
s,
bu
t

th
es
e
di
ffe
re
nc
es
w
er
e
no
ts
ee
n
at
3
m
on
th
s.
M
E/

To
ba
cc
o
ex
po
se
d
gi
rl
s
sh
ow
ed
lo
w
er
FA
in
an
te
ri
or

co
ro
na
ra
di
at
a
at
al
lt
im
e
po
in
ts
.T
ob
ac
co
-e
xp
os
ed

in
fa
nt
s
of
bo
th
ge
nd
er
s
sh
ow
ed
le
ss
di
ffu
si
on
in
th
e

th
al
am
us
an
d
in
te
rn
al
ca
ps
ul
e.

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

K.P. Morie, et al. Drug and Alcohol Dependence 198 (2019) 39–53

40



processes and are cost-effective and easy to administer (Bell and
Cuevas, 2012). A review (Neil and Smyser, 2018) discusses the
strengths of different functional imaging techniques. Traditional ana-
lytic approaches such as those based on general linear models (GLMs)
used to interrogate data from fMRI studies permit investigation of ac-
tivity in brain regions during tasks, and resting-state functional con-
nectivity allows for the investigation of neural networks. Diffusion MRI
may be used to investigate measures related to integrity of white-matter
structures. Each of these modalities has a different focus, and including
all of them in a review may offer a more comprehensive understanding
of cognitive processing in prenatally exposed individuals.

2. Infancy

Infancy is the life stage defined by birth to approximately 36 months
of age, with rapid growth rate and rapid progression through cognitive
milestones (Johnson and Blasco, 1997). Studying the influences of pre-
natal exposure on infants is important considering that such exposures
may have already exerted impacts on neural development. Additionally,
detrimental effects of prenatal exposure may be more obvious due to the
recency of exposure. Perhaps due to difficulty performing experiments on
infants, there are fewer studies involving infants. However, the mea-
surement of event-related potentials (ERPs) using EEG, as well as resting
connectivity and diffusion-weighted MRI techniques are non-invasive
and require little or no response from participants. Thus, experiments
using these techniques may provide insights into structural character-
istics and neural functioning in infancy. Twelve papers have examined
neural correlates of prenatal drug exposure in infancy using these tech-
niques. Table 1 also summarizes these findings.
Three papers employed resting-state connectivity in prenatally

drug-exposed infants, with results suggesting altered connectivity. In
152 neonates at 2–6 weeks of age who had been exposed in utero to
cocaine and other substances, cocaine alone, other substances in the
absence of cocaine, or no drugs, altered resting-state connectivity was
found in relation to drug exposure in circuits related to arousal reg-
ulation (Salzwedel et al., 2015). Relatively increased connectivity was
found in the drug-exposed groups in amgydala-frontal and insula-
frontal circuits, and relatively decreased connectivity was found in in-
sula-sensorimotor circuits. In a subsequent manuscript, the same re-
search group reported how connectivity was associated with motor
behaviors (Salzwedel et al., 2016). Once again, connectivity to frontal
regions was relatively increased in drug-exposed infants, with increased
connectivity observed between the thalamus and frontal regions. Con-
versely, connectivity was decreased between the thalamus and motor
regions. Cognitive and fine motor scores were inversely correlated with
thalamo-frontal connectivity and positively related to thalamo-motor
connectivity. These findings are similar to those from resting-state
studies of cannabis-exposed infants (Grewen et al., 2015). In infants
exposed to any substance (including cannabis, nicotine, alcohol, opi-
ates, or serotonin-reuptake inhibitors), Grewen et al. (2015) found re-
lative hyperconnectivity between frontal regions and regions of the
amydgala, and relative hypoconnectivity between regions of the tha-
lamus and hippocampus. Unlike Salzwedel et al. (2016), there were no
findings linked specifically to prenatal cocaine exposure (PCE) in the
Grewen et al. (2015) sample. These findings suggest that it may be
important to consider polysubstance exposure influences. In addition,
cannabis-specific hypoconnectivity was observed in striatal and insula
connections, including those involving the anterior insula to cere-
bellum, right caudate to cerebellum, right caudate to right fusiform
gyrus/inferior occipital cortex, and left caudate to cerebellum. Resting-
state data suggest that drug exposure has implications for connectivity
between regions important for arousal and motivation in infancy.
However, as polysubstance use is prevalent in mothers who use sub-
stances, it is not clear from the existing data which substances are
particularly impactful with respect to connectivity between these re-
gions.Ta
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Connectivity may also be measured, albeit indirectly, with diffu-
sion-weighted methodologies, to examine brain white-matter tracts
(Basser and Pierpaoli, 1996). White-matter values can be reported using
indices of diffusivity, including fractional anisotropy (FA) and mean
diffusivity (MD) (Smith et al., 2006b). Three studies using this metho-
dology exist in infants. The first examined white matter in 13–44 day-
old infants exposed to methadone (Walhovd et al., 2012). Higher MD,
indicating potentially less developed white matter, was found in the
superior longitudinal fasciculus, a large bundle of tracts that runs be-
tween the frontal lobe and the temporal and occipital lobes. This
finding suggests possible developmental disruption by methadone ex-
posure, although the potential impact of other drugs cannot be ex-
cluded given substance use that often occurs among individuals re-
ceiving methadone maintenance.
Tractography, an analysis method that measures connections be-

tween brain regions using a data-driven approach, has also been used to
examine white matter in methamphetamine-exposed newborns, with a
mean age of 2.7 weeks (Wharton et al., 2018). The authors found that in
newborns, methamphetamine exposure was associated with reduced
white-matter connectivity between multiple regions, including between
the midbrain and putamen, the right putamen and the orbitofrontal
cortex (OFC), and the right putamen and right amygdala. A second
study examined white matter in methamphetamine- and tobacco-ex-
posed newborns at three timepoints from 1 week to 4 months of age.
The authors also examined the effects of gender (Chang et al., 2016).
They found that while tobacco exposure was associated with less dif-
fusion in the thalamus and internal capsule in both genders and at all
time points, the combination of methamphetamine exposure and to-
bacco resulted in different patterns in males and females. In males,
lower FA in the anterior and posterior corona radiata was found for the
early time points and normalized at 3 months. However, in girls, re-
duced FA was found consistently in the anterior corona radiata.
Taken together, the white-matter findings suggest alterations in

brain connectivity incredibly early in life, which may differ by gender.
The findings have implications for development.
EEG may also be used to examine neural development during in-

fancy. One study examined EEGs during sleep in infants with PCE (who
had exposure to other substances as well), both at birth and at one year
(Scher et al., 2000). EEGs collected during sleep eliminate some
methodological limitations of infant research, requiring no responses,
and provide insight into neural development. Infants with PCE showed
poorer spectral correlations at birth (comparisons of EEG measures
between pairs of EEG channels, indicating consistency between homo-
logous brain regions). Additionally, PCE infants showed reduced am-
plitudes of low-frequency spectral bands (theta and beta). While the
findings suggest altered development of the central nervous system
(CNS), it is not clear if these differences were related to changes in
functional behaviors as infants were asleep.
Evoked potentials, such as the visual-evoked potential (VEP) and

auditory-evoked potential (P2), can be used as indices of the develop-
ment of the visual and auditory systems, respectively (Goldie, 1992;
Taylor and McCulloch, 1992). The VEP and P2 have been used to ex-
amine exposure to both cocaine and opiates in infants. To date, five
studies have used EEG to examine neural processing in in utero drug-
exposed infants. A small sample of infants (4.5 months on average)
prenatally exposed to cocaine and/or amphetamine (Hansen et al.,
1993) was compared to controls (n= 8 per group). No between-group
differences were observed in amplitude or latency of the VEP. However,
cocaine- and/or amphetamine-exposed infants performed worse on a
visual recognition test conducted between 6–10 months of age. How-
ever, longer latencies of VEPs were observed in four-month-old infants
exposed to methadone compared to non-exposed infants (Whitham
et al., 2010). Another study examined VEPs in a cohort of infants who
had been exposed to different substances, including tobacco, marijuana,
illicit drugs and alcohol (Scher et al., 1998). The authors took a de-
velopmental approach, measuring VEPs at three different time points

when infants were 4, 8, and 18 months old. The authors also recorded
in which trimester the infants were exposed, correlating it with am-
plitude latency of the VEPs. Latencies of the VEPs were found to be
generally longer in exposed infants, persisting even at the 18-month
mark for substances like marijuana and tobacco. Amplitudes were also
generally smaller with increased exposure. Taken together, the VEP
data on exposed infants suggest maturational delays in the visual
system.
Methadone exposure may also influence auditory processing, as

indexed by the P2. In a study assessing P2 amplitude at 4–15 days,
16–32 days, or 33–120 days, differences were observed only in the
older infants (Paul et al., 2014). Considering that the P2 may index
healthy auditory processing in newborns, findings suggest that metha-
done exposure hinders auditory development. The results from Paul
et al., 2014, however, should be considered with respect to limitations
of the study, which had no comparison group of typically developing
infants and in which the infant sample was being treated with re-
placement medication for neonatal abstinence syndrome. In addition,
infants also had prenatal exposure to other substances, including a high
prevalence of prenatal tobacco exposure.
One study used magnetoencephalography (MEG) to investigate

buprenorphine-exposed infants (Kivisto et al., 2015). MEG measures
similar processes as EEG, but offers slightly better spatial resolution due
to less distortion of magnetic fields by the skull and scalp. Somato-
sensory-evoked magnetic fields (SEFs) and auditory-evoked magnetic
fields (AEFs) were examined in 11 infants exposed in utero to bupre-
norphine and 12 infants without such exposure. AEFs and SEFs were
similar across groups, although SEFs were disrupted in 4 of the exposed
infants. As each paper employing EEG or MEG investigated exposure to
a different primary substance, it is difficult to draw conclusions about
the ramifications of a particular substance exposure on sensory pro-
cessing in infants. However, more consistent differences have been re-
ported in cortical connectivity in exposed infants, which could have
ramifications for higher-order processing that may not be measured in
infancy. In addition, there is evidence for mild impairments in early
sensory processing, although these findings appear less consistent. More
studies using these techniques to investigate neural processes in drug-
exposed infants are warranted in order to understand how exposure
may produce functional and/or structural changes in the brain.

3. Childhood and juvenile stages

Childhood may include the period between years 3 and 7 of age,
with a juvenile stage between 7–10 years for girls and 12 years for boys
(Del Giudice et al., 2009). The brain changes significantly throughout
these periods, with overall growth and thickening of frontal and par-
ietal areas (Sowell et al., 1999). This growth corresponds to the de-
velopment of cognitive ability (Sowell et al., 2004). Prenatal exposure
may influence these processes, possibly through altered compensatory
development as a result of structural changes observed in infancy, as
suggested by (Derauf et al., 2009). MRI investigations in childhood
have revealed smaller gray-matter volumes in those with exposure to
polysubstances (Walhovd et al., 2007), cocaine (Akyuz et al., 2014) and
methamphetamine (Chang et al., 2004), and these reductions in gray
matter are typically associated with cognitive deficits. Papers ex-
amining functional neural correlates of substance exposure in child-
hood are summarized in Table 2.
Three papers applied diffusion-tensor imaging (DTI) to examine

white matter in children exposed to substances. FA and MD were ex-
amined in children between 3–4 years of age with and without prenatal
methamphetamine exposure (Cloak et al., 2009). Children with pre-
natal methamphetamine exposure as compared to those without had
lower diffusion-related measures (apparent diffusion coefficient; ADC)
in white-matter tracts in frontal and parietal regions. When diffusivity
was examined, higher FA values were found in left frontal regions.
Older children with prenatal polysubstance exposure (predominantly
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opiates) also demonstrate white-matter differences when compared to
non-exposed children (Walhovd et al., 2010). Specifically, clusters in
multiple white-matter tracts in central, inferior, and posterior regions of
the brain showed lower FA in in utero drug-exposed children than non-
exposed children. Radial diffusion, more than axial diffusion, con-
tributed to these differences. In addition, FA in the regions that differed
between groups was related to intelligence.
Childhood behavior may relate to white-matter structure. Children

(mean age 10 years) with and without in utero cocaine and poly-
substance exposure performed executive-function tasks, including the
Stroop and trail-making tasks, and underwent diffusion MRI (Warner
et al., 2006). Higher diffusion (Dav, a measure of isotropic diffusion)
was found in drug-exposed children in left frontal callosal and right
frontal projection fibers. Moreover, average diffusion in left frontal
callosal fibers was related to prenatal exposure to alcohol and mar-
ijuana, with the highest Dav values found for those children with ex-
posure to both marijuana and cocaine. Significant correlations were
also observed between performance on the executive function tasks and
FA in areas of frontal white matter. Specifically, increased FA in left
frontal callosal fibers was associated with better performance on the
Stroop color-word task and on the Trail Making Test Part B. Just as in
infancy, these findings suggest white-matter differences in childhood
are related to in utero drug exposure, with findings in older childhood
linked to cognitive performance.
EEG investigations into in utero drug-exposed children may be used

to examine potential influences of exposure on specific neural pro-
cesses. EEG evidence from investigations of the visual system indicates
that, compared to findings during infancy, there are no longer sensory
differences between children with and without in utero methadone ex-
posure (Whitham et al., 2015). No amplitude or latency differences in
VEPs were observed between 3-year-old individuals with and without in
utero exposure to methadone or buprenorphine. However, other work in
older children found that in utero exposure may impact processes re-
lated to emotional processing, executive functioning and/or impulse
control. When exposed to emotional cues, such as infant cries and si-
mulated maternal distress, and a frustrating task, PCE children aged 3–6
years (as compared to similarly aged children without in utero drug
exposure) reacted less strongly to the infant crying and maternal dis-
tress stimuli, and were less effective at task completion (Jones et al.,
2004). In addition, PCE children had greater right frontal EEG asym-
metry, which may reflect increased frustration.
Another study examined EEG recordings during a cognitive control

(Stroop task) in PCE children aged 7–9 years (Mayes et al., 2005). PCE
as compared to non-drug-exposed children demonstrated slower re-
sponses to word stimuli and altered ERP amplitudes. PCE children had
lower amplitudes and longer latencies of the initial positive peak (P1),
the second negative peak (N2) and the later positive peak (P3). Thus,
the EEG data suggest a neural foundation for reduced executive control
and poorer emotional regulation in children with PCE.
Children with other types of exposure also demonstrate neural dif-

ferences as indexed by EEG. In a study of Inuit children with prenatal
tobacco exposure who performed a Go/No-Go task (Boucher et al.,
2014), those with in utero exposure demonstrated no differences in
behavior on the response-inhibition task, but did show smaller ampli-
tudes of the inhibition-related N2 and P3 components. The amplitudes
of these components were in turn related to behavioral reports of ex-
ternalizing problems and hyperactivity in the classroom.
Response inhibition has also been examined in PCE children using

fMRI (Sheinkopf et al., 2009). In a cohort of children aged 8–9 years,
PCE children performed similarly to non-drug-exposed children with
respect to error rates and reaction times, but showed different patterns
of neural activations. PCE children showed greater activation in the
right inferior frontal cortex and caudate during response inhibition,
while non-drug-exposed children showed greater activations in tem-
poral and occipital regions. These findings suggest that PCE may alter
neural processes linked to impulsivity, involving greater recruitment ofTa
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impulse-control-related circuitry (Chamberlain and Sahakian, 2007).
Like the EEG study in children with prenatal tobacco exposure (Boucher
et al., 2014), the effects of exposure in childhood may be relatively
subtle with respect to behavior and may be more apparent at neural
levels and more easily identified using imaging methods.
Structural and functional imaging studies in opiate-exposed chil-

dren have also revealed differences. Sixteen opiate-exposed children
between 10–14 years of age (childhood moving into adolescence) de-
monstrated reductions in brain volume in the basal ganglia, thalamus,
and cerebellar white matter when compared to 16 non-exposed chil-
dren (Sirnes et al., 2017). A subsample of this group, with 12 opiate-
exposed and 11 non-exposed, also performed a working memory task
using Stroop stimuli (Sirnes et al., 2018). The opiate-exposed children
showed less accuracy and slower reaction times. In addition, opiate-
exposed children showed greater activations in prefrontal areas than
non-exposed children.
With respect to etiology, questions arise with regard to exposure

and potentially long-lasting effects on childhood neural processing and
behavior. Children with drug-using mothers may experience significant
exposures to substances in utero which may contribute to behavioral or
neural complications they may experience. In a study using EEG
methodology (Guo et al., 1994), the authors examined three groups of
children: one group consisted of 16 boys exposed to opiates in utero who
lived with their opiate-abusing mothers, the second was a group of 14
boys who had no opiate exposure in utero but lived with opiate-abusing
mothers, and the third consisted of 13 boys with no opiate-use exposure
or opiate-using mothers (serving as a control group). Participants per-
formed the Auditory Rare Event Monitoring Task and the Sternberg
Memory Task while EEG was recorded, and behaviors and amplitudes
of the P200 were compared across groups. The authors found that in
both groups raised with opiate-abusing mothers, boys showed increased
errors on the memory task and reduced amplitudes of the P200 when
compared to control subjects. As the findings were similar across the
prenatally exposed and non-exposed groups in the cohort raised by
opiate-abusing mothers, data suggest that specific environmental fac-
tors, such as growing up with a drug abusing mother, may contribute
importantly to observed findings independent of prenatal exposure.
Speculatively, environmental influences may become more relevant
over time as children mature into adolescence and young adulthood.
Imaging data suggest that children with prenatal substance ex-

posure may have weaker regional brain connectivity, and ERP indices
of cognitive control suggest poorer executive control. The few existing
fMRI studies suggest no differences in performance on tasks of in-
hibitory control, and worse performance on tasks of working memory,
relating to prenatal drug exposure. Observed increased activations
suggest that children may be using more neural “effort” in order to
perform fMRI tasks compared to non-exposed children in order to
achieve comparable performance. This tendency may result in in-
creased frustration with the tasks, although this possibility is spec-
ulative. Future work in children should investigate other domains such
as emotional arousal and reward processing to examine how prenatal
drug exposure may impact such processes in children.

4. Adolescence

Adolescence is a developmental stage that begins at puberty-onset,
ranging typically from 10 to 12 years of age and ending approximately
5–10 years post-puberty, at roughly 18–20 for women and 21–25 for
men (Coleman and Hendry, 1990). Adolescence is characterized by
relatively increased impulsivity and risk-taking behaviors (Geier,
2013). Poor impulse regulation and increased reward motivation in
adolescents may reflect an imbalance in the maturational trajectories of
brain regions and circuits involved in reward-related motivational
drives, such as the striatum, and brain regions and circuits involved in
impulse regulation and behavioral control, like the prefrontal cortex
(PFC) (Galvan, 2010; Galvan et al., 2006; Gogtay et al., 2004). These

developmental brain factors may predispose adolescents to develop
addictions and other psychiatric disorders (Chambers et al., 2003). The
imbalance may reflect comparatively under-developed top-down con-
trol, coupled with greater motivational drives, resulting in heightened
emotional reactivity and reward sensitivity (Geier et al., 2010). In
adolescents and emerging adults, the influences of prenatal drug ex-
posure may be particularly detrimental. PCE status has been associated
with increased substance-use initiation in the early teen years of ado-
lescence (Delaney-Black et al., 2011; Minnes et al., 2014), even when
controlling for environmental factors (Richardson et al., 2013). Non-
behaviorally based investigations into brain structure reveal altered
blood flow in PCE adolescents (Rao et al., 2007) and alterations in
white matter in prenatally tobacco-exposed adolescents (Jacobsen
et al., 2007a) and in prenatally cocaine-exposed adolescents (Morie
et al., 2017). It is important to understand the relationship between
brain and behavior in prenatally drug-exposed adolescents. Twenty-one
papers have examined neural functioning in prenatally drug-exposed
adolescents, employing ERP and fMRI approaches. These papers are
summarized in Table 3.
Adolescence is a time of drug-use experimentation, and adolescents

with prenatal exposure tend to experiment with drugs at greater fre-
quencies than prenatally non-drug-exposed individuals (Richardson
et al., 2013). A potential complication of studies in this age range,
especially in older adolescents, is determining if observed differences
are attributable to prenatal exposure rather than to differences in the
individuals’ own drug-use frequencies. Most researchers collect drug-
use information from participants and covary for drug use in analyses.
Nonetheless, it should be noted that it is rare for studies of PCE ado-
lescents to be comprised entirely of non-drug-using participants.
Most investigations of prenatally drug-exposed adolescents have

focused on reward processing and cognitive control, domains relevant
to drug use. Using fMRI data from the IMAGEN sample, generated from
several sites in different European countries (Schumann et al., 2010),
the impact of prenatal exposure to maternal cigarette smoking was
investigated in 177 13–15 year-old adolescents and 177 age- and sex-
matched prenatally non-drug-exposed peers (Muller et al., 2013). All
participants reported their own substance use and performed a mone-
tary incentive delay task during fMRI. The monetary incentive delay
task permits investigation of brain response to multiple stages (e.g.,
anticipation, outcome) of reward and loss processing (Knutson et al.,
2001). Exposed adolescents reported more cigarette use; thus, lifetime
cigarettes was used as a covariate. While there were no group differ-
ences for reward receipt, exposed adolescents showed reduced reward
anticipation responses in the left and right ventral striatum. In addition,
there were decreases in activation in prenatally tobacco-exposed ado-
lescents in the middle frontal gyrus and the superior parietal cortex,
regions previously implicated in reward processing. Areas, including
the lingual, occipital and middle temporal gyri, previously implicated
in visual processing and salience orientation, also showed reduced ac-
tivation during reward anticipation. Together, these findings suggest
important impacts of prenatal drug exposure on the neural under-
pinnings of reward processing, with implications for the development
of addictions.
The neural correlates of the processing of appetitive and stressful

states have also been examined in PCE adolescents. Specifically, a
sample of 14-year-old PCE and prenatally non-drug-exposed adoles-
cents performed a guided imagery fMRI task involving exposure to
neutral-relaxing, stressful, or favorite-food conditions (Yip et al.,
2014a). Similar to Muller et al. (2013), PCE as compared to non-drug-
exposed adolescents had reduced activity in the ventral striatum during
exposure to favorite-food cues; they also showed reduced activation in
the anterior cingulate and medial and dorsolateral prefrontal cortices.
In the same sample, a cluster in the parietal lobe showed less con-
nectivity in PCE versus prenatally non-drug-exposed individuals during
stressful conditions and more connectivity during neutral-relaxing
conditions (Zakiniaeiz et al., 2017). This region showed differential
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connectivity patterns with inferior parietal and sensory areas as well as
cortico-limbic and medial pre-frontal areas across the PCE and pre-
natally non-drug-exposed individuals. In addition, food craving scores
in PCE adolescents, but not in the prenatally non-drug-exposed ado-
lescents, correlated with the degree of connectivity during the favorite-
food condition. These two studies suggest that PCE may impact neural
connectivity and processes related to reward processing into adoles-
cence.
A third study by the same group examined the relationships be-

tween PCE status, substance-use initiation and neural activations re-
lated to the processing of neutral-relaxing, stressful, or favorite-food
cues (Yip et al., 2016). Forty-six PCE and 22 prenatally non-drug-ex-
posed adolescents were studied. Of the PCE sample, 39 of 46 partici-
pants reported substance use, as did 10 of the 22 prenatally non-drug-
exposed participants. A significant three-way interaction was observed
between substance-use initiation, PCE status and cue condition on
neural responses in the bilateral insula and superior temporal gyrus.
This interaction was related in part to PCE individuals who reported
substance-use initiation showing greater decreases in activation in these
regions during the favorite-food condition and greater activation during
the neutral-relaxing condition. The findings suggest the importance of
investigating further the influence of PCE exposure on neural activa-
tions linked to substance-use initiation given the relatively small sample
studied to date.
This sample has also been investigated using EEG, with a focus on

feedback processing (Morie et al., 2018). Thirty-nine adolescents with
PCE and 17 non-exposed individuals performed a feedback task while
EEG was recorded, and response feedback event-related potentials were
examined. Feedback was impaired in the PCE sample, as evidenced by
reduced amplitude of the P300. Source localization procedures loca-
lized the P300 to the dorsolateral-prefrontal cortex, implying reduced
activity in this region during reward feedback in PCE individuals.
Other groups have examined arousal regulation in prenatally drug-

exposed adolescents, especially with respect to PCE. Emotional re-
activity was investigated in 33 PCE and 26 prenatally non-drug-exposed
adolescents between the ages of 12–18 years, with a focus on functional
connectivity between the ventromedial prefrontal cortex and the
amygdala (Li et al., 2013). Structural connectivity between these two
regions was also examined using diffusion imaging in 42 PCE and 31
prenatally non-drug-exposed adolescents. PCE adolescents performing
an N-Back task with emotional distractors demonstrated decreased
ventromedial prefrontal cortical activation, which correlated with in-
creased amygdala activation. DTI findings revealed reduced structural
connectivity between the ventromedial prefrontal cortex and the
amygdala in the PCE group.
A follow-up study provides interesting insight into the development

of neural circuitry related to emotional reactivity in PCE adolescents (Li
et al., 2016). The authors examined the ventromedial prefrontal cortex
and amygdala, as well as the default mode network, in 21 PCE and 12
prenatally non-drug-exposed adolescents at two time points—one when
the individuals were at 14.3 years of age on average, and again when
they were at 16.7 years of age on average. The findings revealed that
brain activation in the amygdala, previously implicated in emotional
arousal, as well as activation in the default mode network, was reduced
at Time 2 for prenatally non-drug-exposed adolescents. However, there
were no changes in these activities over time for the PCE group. In-
triguingly, drug use was not different between groups, suggesting that
these differences in emotional reactivity may reflect developmental
ramifications of PCE. Caution is warranted in interpretation given the
small sample size.
Response inhibition is another important cognitive process that may

be disrupted in individuals with substance-use exposure. Two studies of
prenatally drug-exposed adolescents have investigated the neural cor-
relates of response inhibition. In 7 prenatally polysubstance-exposed
and 7 prenatally non-drug-exposed adolescents between the ages of
13–17 years, exposed adolescents performing a Go/No-Go task showed

increased activity during inhibition in the right ventrolateral prefrontal
cortex, right cuneus, and left inferior parietal lobe, and reduced acti-
vation in the occipital lobe during an error (Roos et al., 2017). Response
inhibition has also been examined in prenatally tobacco-exposed ado-
lescents. During performance of a Go/No-Go task in 7 prenatally to-
bacco-exposed and 11 non-exposed 12-year-old youth (Bennett et al.,
2009), whole-brain analyses revealed that prenatally tobacco-exposed
children had greater activation in superior and inferior frontal brain
areas and the anterior cingulate during inhibition trials. While the re-
gions are not identical between these two studies, data suggest that
substance exposure may impact neural correlates of response inhibi-
tion. This possibility has implications for inhibiting risk-taking beha-
viors and thus altering developmental trajectories.
The neural correlates of language processing have also been ex-

amined in PCE adolescents (Landi et al., 2017, 2012). In the first study,
107 PCE and 46 prenatally non-drug-exposed youth with a mean age of
13 years listened to nonsense words while ERP responses were re-
corded. PCE adolescents showed alterations in ERP indices of very early
sensory processing (N1 and P2 components at approximately 100ms),
as well as alterations in indices of phonological processing (N2) and
later processing (P600) considered to reflect higher level semantic or
memory components. In a subsample of this cohort including 59 PCE
and 51 prenatally non-drug-exposed adolescents tested at a mean age of
17 years, participants performed linguistic assessments of word
reading, reading comprehension, and semantic and grammatical pro-
cessing. Participants also performed a rhyme-priming task, a semantic-
priming task, and a sentence-reading task while ERP was recorded. As
participants were older and had reported some initiation of drug use,
drug-use initiation was covaried. PCE participants showed worse per-
formance on the linguistic assessments and atypical ERP responses in-
cluding reduced N1/P2 responses (suggesting poorer phonological
mapping) and reduced N400 responses (suggesting poorer semantic
processing). Taken together, these two studies suggest that PCE may
impact neural correlates of language processing in both early and later
adolescence.
Working memory has also been examined in prenatally drug-ex-

posed adolescents, although findings appear possibly inconsistent.
When visuo-spatial working memory was examined in 12–15 year-old
prenatally polydrug-exposed adolescents and prenatally non-drug-ex-
posed adolescents (Schweitzer et al., 2015), activation differences in
the left middle frontal gyrus and the culmen were observed. The pre-
natally non-drug-exposed adolescents showed activation in these re-
gions that corresponded to task performance that was not seen in the
drug-exposed adolescents. In addition, network node analysis suggested
poorer connectivity in the prenatally drug-exposed adolescents. How-
ever, in 25 PCE adolescents who were aged 13–14 years and who
performed an N-Back test, no group differences were observed relative
to prenatally non-drug-exposed adolescents in either performance on
the working memory tasks or in activation patterns during the task
(Hurt et al., 2008).
Memory processing has been investigated in prenatally drug-ex-

posed adolescents. One study (Jacobsen et al., 2006) examined vi-
suospatial and verbal memory in adolescent smokers who had (n= 35,
mean age 16.6 years) and had not (n= 26, mean age 17 years) been
exposed to tobacco prenatally, effectively controlling for substance use.
Participants performed a recognition test both while they were allowed
to smoke at will and after 24 h of abstinence, at which time they also
underwent fMRI. Those with prenatal exposure performed worse on the
visuospatial memory task post-abstinence than did those with no ex-
posure. In addition, those with prenatal exposure showed increased
activation of the left parahippocampal gyrus and bilateral hippo-
campus. The findings suggest that prenatal tobacco exposure may have
effects into adolescence that are independent of individuals’ tobacco
use.
Memory encoding and retrieval processes have been examined in 19

prenatally polydrug-exposed and 22 prenatally non-drug-exposed
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adolescents between 17 and 18 years of age (Geng et al., 2017). No
brain activation differences were observed in the memory retrieval
stage. However, hippocampal activation differed between groups
during memory encoding. The non-drug-exposed adolescents showed a
greater difference in activation in the left hippocampus between re-
membered and non-remembered items, while the exposed group
showed a greater difference in the right hemisphere. This finding sug-
gests developmental differences in prenatally drug-exposed adolescents
and potentially different neural underpinnings for cognitive strategies
used during memory processes, although this study had certain lim-
itations, including a small sample size and absence of covariation for
participants’ use of substances.
One important and at times overlooked factor in studies of prenatal

drug exposure is gender. Data suggest that behavioral ramifications of
prenatal drug exposure are more pronounced in males. As children
mature into adolescence, males with PCE engage in more risk-taking
behaviors, including those relating to substance use, violence, and ag-
gression (Ackerman et al., 2010; Bennett et al., 2007; Chaplin et al.,
2010, 2015). However, few (n= 3 to date) studies have examined
neural correlates of behavior in prenatally drug-exposed individuals as
a function of gender. In an ERP study of response inhibition in 15-year-
old adolescents (Banz et al., 2016), PCE boys as compared to PCE girls
demonstrated larger P3 amplitudes. Fifteen-year-old PCE males have
been found to be more sensitive to reward feedback than similarly aged
PCE females (Crowley et al., 2009). In 181 male and female adolescent
smokers and nonsmokers with and without prenatal exposure to ma-
ternal smoking, 63 performed visual and auditory selective attention
tasks while fMRI was recorded (Jacobsen et al., 2007b). While there
were no gender-related differences in brain activations, effects were
found for exposure. Activation of the right superior temporal gyrus and
the left and right lingual gyrus was greater in the prenatally tobacco-
exposed groups. However, behavioral analyses of performance on the
visual and auditory attention tasks suggest that prenatal tobacco ex-
posure may have had more deleterious effects on females’ performance.
More research is needed on gender-related differences as related to
prenatal drug-exposure, particularly with respect to cognition, reward
processing and risk-taking.
In summary, multiple studies have investigated cognitive processes

in prenatally drug-exposed adolescents, revealing largely subtle defi-
cits. Exposed adolescents performing executive and memory tasks tend
not to show behavioral differences from their non-exposed peers, but
often show increased activation in regions of the brain that underlie
performance of the task. This may suggest a need for increased cogni-
tive effort in drug-exposed adolescents to perform the task to the same
standard as non-exposed adolescents. Neural correlates suggesting re-
duced reward responsiveness have also been observed. These findings
raise questions regarding whether the observed differences may link to
other clinically relevant characteristics like anhedonia. Differences in
neural correlates of executive functioning and reward processing may
lead to an increased risk for substance-use initiation and disorders as-
sociated with prenatal drug exposure.

5. Emerging adulthood

Emerging adulthood includes the period between 18–25 years of age
when individuals in developing societies often begin to achieve in-
dependence but do not yet have a clearly defined role (Arnett, 2000).
This life stage is relevant to substance-use progression; e.g., for college-
attending individuals to begin patterns of binge-use (Daw et al., 2017).
It is also an age range when experimentation with substances may
progress to addictions (Sussman and Arnett, 2014).
Relatively few studies have examined prenatal drug exposure in

emerging adulthood, and those that do have typically examined to-
bacco and marijuana exposure and used fMRI. They are summarized in
Table 4. All but one study are from the Ottawa Prenatal Prospective
Study (the OPPS sample). This sample, recruited beginning in 1978,

consists of individuals who were exposed to marijuana or tobacco in
utero and were followed for over two-and-a-half decades. The other
study used data from the Mannheim Study of Children at Risk, which is
an ongoing epidemiological cohort study of the long-term outcome of
early risk factors, including parental substance use, in Germany.
Examining inhibitory control and executive functioning is a

common goal of the research in this age range. Longo et al. (Longo
et al., 2013) investigated inhibitory control using a Go/No-Go task in
25 emerging adults (12 of whom had prenatal tobacco exposure) at the
mean age of 21 years and found that those with exposure showed
greater activation in the inferior frontal gyrus, anterior cingulate
cortex, thalamus and inferior parietal lobule, as well as in the basal
ganglia and the posterior cerebellum, despite showing no behavioral
differences and when covarying for participant substance use. Verbal
working memory has also been examined in this same sample (Longo
et al., 2014). Participants performed a 2-Back working memory task.
Despite similar task performance, prenatal tobacco exposure was as-
sociated with greater activity in the middle frontal gyrus, precentral
gyrus, inferior parietal lobe and cingulate gyrus.
Response inhibition has also been examined in individuals with

prenatal marijuana exposure in the OPPS sample (Smith et al., 2004).
Thirty-one 18- to 22-year-olds, 16 of whom had prenatal marijuana
exposure, performed a Go/No-Go task during fMRI. Unlike the pre-
natally tobacco-exposed individuals, those with prenatal marijuana
exposure performed worse on the task, making more commission er-
rors. Exposed participants, even when covarying for individual use,
showed an increase in neural activity in bilateral prefrontal cortex and
right premotor cortex during inhibitions. Prenatal exposure to mar-
ijuana was also associated with decreased activity in the left cere-
bellum. During performance of a visuospatial working-memory task,
relatively increased activation in the left inferior and middle frontal
gyri, left parahippocampal gyrus, left middle occipital gyrus and left
cerebellum was observed as a function of prenatal marijuana exposure
(Smith et al., 2006a).
In another study of this sample, the relationships between prenatal

marijuana exposure and multiple facets of executive function were
examined (Smith et al., 2016). The authors reported on previous data
along with data from two new investigations of working memory using
letter cues and conflict processing with a counting Stroop task. Sixteen
participants between the ages of 18 and 22 years were prenatally ex-
posed to marijuana while 15 had no prenatal marijuana exposure.
There were no behavioral differences noted aside from the previously
reported difference in commission errors during the Go/No-Go task.
However, even when covarying for individual marijuana use, there
were differences in activation between groups. A consistent finding was
increased activity in posterior regions in the prenatally exposed group
during performance of the new tasks. During the letter 2-back task,
exposed individuals revealed increased activation in the left middle
occipital gyrus, cerebellum and the right superior temporal gyrus. Ex-
posed individuals also showed more activation in the left cuneus and
right superior frontal gyrus during the counting Stroop task.
A recent study (Willford et al., 2018) examined neural activation

during an attention task in 21-year-old individuals recruited from the
Maternal Health Practices and Child Development (MHPCD) Project.
Participants had either cocaine and polysubstance exposure (including
marijuana, tobacco, and alcohol, N=15) polysubstance exposure
(N=17) or no exposure (15 non-exposed controls). Participants per-
formed the attention network task, one that investigates three major
phases of attention: Alerting, orienting, and executive function. While
fronto-parietal attentional network activation was observed in both
groups, there were no group differences in activation, nor were there
groups differences in performance. This is surprising considering pre-
vious literature, although it should be noted that the authors did not
have biological measures for prenatal use.
There is one study of young adults at an older age. From the

Mannheim sample, 178 young adults at a mean age of 25 years, 73 of
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whom had been exposed to tobacco prenatally, performed a Go/No-Go
flanker task (Holz et al., 2014). Information was collected about life-
time symptoms of attention-deficit/hyperactivity disorder and lifetime
use of tobacco. When these variables were covaried, there was no in-
dication of behavioral differences, but exposed individuals evidenced
reduced, not increased, activation in the anterior cingulate, supramar-
ginal gyrus and inferior frontal gyrus. Potential differences between
findings from this study and others described above may be related to
the age of the participants, the presence of ADHD (attention-deficit/
hyperactivity disorder) symptoms, the task used, greater number of
participants or other factors.
The generally increased activation in exposed individuals in all but

two studies suggests that marijuana and tobacco exposure may result in
increased required effort on executive function tasks, at least at the ages
studied (18–22 years), which is similar to the increased activation seen
during executive and memory tasks in adolescents. However, there are
null findings (Willford et al., 2018), and more research in this age range
should be performed. In addition, more research is necessary on in-
dividuals similarly aged as in the Holz et al. study (2014) to elucidate
how activation during performance of executive tasks may change as
prenatally drug-exposed individuals mature into adulthood. In addi-
tion, it will be important to investigate reward processing in emerging
adults to investigate if differences seen in the neural correlates of re-
ward processing in adolescence persist into adulthood, and if so, what
may be the clinical and public health implications.

6. Conclusions

Exposure to drugs of abuse in utero may have long-lasting, albeit
subtle, effects on cognition, notably in processes related to executive
function, memory, and reward processing. Altered connectivity, with
hyperconnectivity noted in frontal regions and hypoconnectivity noted
in subcortical regions (Grewen et al., 2015; Salzwedel et al., 2016,
2015), has been seen in infancy. In childhood, diffusion data suggest
white-matter deficits (Colby et al., 2012), and the preponderance of
data from fMRI and ERP studies suggest that children (especially males)
show behavioral concerns that may relate to differences in the neural
correlates of executive-function processes (Boucher et al., 2014; Fisher
et al., 2011; Mayes et al., 2005; Sheinkopf et al., 2009) and increased
frustration when performing tasks (Jones et al., 2004). The extent to
which these findings may relate to patterns of altered connectivity seen
in infancy requires additional investigation. In adolescence, multiple
studies find that prenatally drug-exposed individuals have altered brain
activations that may relate to inhibition (Bennett et al., 2009; Roos
et al., 2017) and working memory (Hurt et al., 2008; Jacobsen et al.,
2006; Schweitzer et al., 2015), suggesting that more cognitive effort
may need to be exerted to perform executive tasks at comparable levels.
In addition, the few studies that have examined reward processing in
adolescents suggest blunted activations during processing of monetary
(Muller et al., 2013) and food (Yip et al., 2016, 2014b) rewards, con-
sistent with reward-deficit theories of addiction and addiction vulner-
ability (Blum et al., 2000). Altered connectivity between reward-related
brain regions have also been reported (Li et al., 2016), which is notable
because adolescents with prenatal drug exposure may turn to more
intense sources of reward and thus be particularly vulnerable to sub-
stance-use initiation and addiction. The findings appear to resonate
with hypoconnectivity of reward-related brain areas observed in in-
fancy relative to prenatal drug exposure. Prenatally drug-exposed
adolescents may also demonstrate effects, either behaviorally or at
neural levels of processing, with respect to language processing (Landi
et al., 2017, 2012) and memory encoding (Geng et al., 2017). Increased
cognitive effort to perform at normal levels may result in frustration
throughout the lifespan that increases stress and leads to use of other
substances, although this notion is largely speculative. As the Guo et al.
(1994) study suggests, neural changes relating to prenatal drug ex-
posure may also coincide with environmental impacts of growing up

with a substance-abusing parent, and environmental influences may
become increasingly relevant as children mature. As adolescents mature
into emerging adulthood, the pattern of increased neural activation,
possibly reflecting increased neural effort, remains during response
inhibition (Longo et al., 2013; Smith et al., 2004, 2016) and working
memory (Longo et al., 2014; Smith et al., 2006a) tasks. The pre-
ponderance of data suggest that prenatal exposure to substances is
marked by a reduction in activation of reward systems and alterations
in the neural processes underlying executive functioning processes that
may prove frustrating for individuals.

7. Future directions

More research is needed into prenatal drug exposure. Most work has
involved adolescents, and additional efforts should focus on other life
stages. These stages include infancy and childhood where interventions
may be most beneficial and in emerging adulthood when individuals
are tasked with becoming independent and are more likely to increase
their use of substances, often to detrimental levels. The dearth of lit-
erature in these age ranges should be addressed. Propensities to develop
problems with non-substance addictions (e.g., gambling, gaming) in
prenatally exposed individuals also warrant investigation. The pre-
valence of poly-substance use by mothers complicates precise de-
termination regarding which substances may be most impactful on
progeny. Studies that examine exposure to specific substances and use
large samples could be highly informative. Finally, given gender-related
differences in behavior in prenatally drug-exposed individuals, studies
should consider gender in examinations in order to determine if ex-
posure to specific substances may exert deleterious effects in gender-
specific fashions.
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