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Objective: This paper investigated the effects of prenatal drug exposure (PDE), childhood trauma (CT), and their interactions on the neurobiological
markers for emotion processing.

Method: Here, in a non-clinical sample of pre-adolescents (9-10 years of age) from the Adolescent Brain Cognitive Development (ABCD) Study
(N ¼ 6,146), we investigate the impact of PDE to commonly used substances (ie, alcohol, cigarettes, and marijuana), CT, and their interaction on
emotion processing. From the Emotional N-back functional magnetic resonance imaging task data, we selected 26 regions of interests, previously
implicated in emotion processing, and conducted separate linear mixed models (108 total) and accounted for available environmental risk factors.

Results: PDE was associated with reductions in response bias related to the processing of fearful compared to happy faces in widespread cortical
regions (including the superior frontal and fusiform gyri and the inferior parietal lobule). Reduced response bias in the superior frontal gyrus emerged as
PDE driven and was present regardless of CT status, but correlated with several items on the Child Behavior Checklist only in those children with both
PDE and CT. The lower response bias of the left inferior parietal lobule, on the other hand, was observed only in children with both PDE and CT, and
correlated with internalizing and externalizing behaviors.

Conclusion: The study’s results support the diathesis–stress model, and suggest that PDE may confer vulnerability to the effects of later CT through
altered neurodevelopment. Children experiencing these “double-hit” conditions may represent at-risk individuals who could benefit from early in-
terventions to mitigate the onset of psychopathology. Because of limitations in the way that PDE was reported in the ABCD Study, including lack of
severity measures and retrospective reporting, results are not sufficient for making recommendations or dictating policy for pregnant persons.
Nevertheless, this study is a necessary first step in examining the interactive effects of prenatal and early-life exposures, as well as many aspects of the
sociodemographic and psychological environment.

Plain language summary: This study looked at how prenatal drug exposure of commonly used substances (alcohol, cigarettes, and cannabis) and
childhood trauma affect brain activity related to processing emotions in children from the Adolescent Brain Cognitive Development (ABCD) Study.
Using brain imaging data from 6,146 children aged 9-10, the study found that prenatal drug exposure was associated with differing brain activity to
emotional faces in several brain regions involved in emotion processing. Children who experienced both prenatal drug exposure and childhood trauma
showed altered brain activity patterns that correlated with greater behavioral problems reported by parents. These findings suggest prenatal drug
exposure may make children more vulnerable to the negative effects of childhood trauma on brain development and mental health.
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nconsistent scientific evidence regarding the ef-
fects of substance consumption on fetal devel-
opment creates uncertainty surrounding a
person’s choices during pregnancy.1,2 Most studies have
focused on gestational exposure to illicit drugs (eg, cocaine)3

and high quantities (eg, binging, substance use disorders,
etc) of legal substances.4 In contrast, even with the rising
prevalence of moderate use of common psychoactive
open.org
substances during pregnancy, its effect on the neurobiology
and behavior of gestationally exposed children remains
relatively unexplored.5 For instance, the rate of prenatal
cannabis use in the United States increased from 6.75% to
8.14% from before to after the COVID-19 pandemic.6

Tobacco use during the second trimester of pregnancy in
the United States between 2011 and 2018 was 6.4%.7

These increasing trends and relatively high rates of
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PDE AND CT IMPACT AFFECT PROCESSING
prenatal drug exposure (PDE) would be concerning if
subclinical exposures are similarly linked to poor child
health outcomes. It remains unclear whether moderate use
of these common substances (eg, alcohol, cannabis, and
tobacco) poses true risk. For example, almost 10% of
women globally use alcohol during pregnancy, and 0.15%
of live births have fetal alcohol spectrum disorder (FASD).8

There may still be important but less severe outcomes, such
as increased externalizing and internalizing behaviors in
children with PDE.9,10

Few studies in human beings have directly examined the
effects of PDE on key brain functions, such as emotion
processing. Although intact emotion processing in children
has shown to confer resilience to trauma and to promote
effective conflict resolution abilities,11,12 emotion processing
difficulty is associated with later onset of psychiatric disorders
including anxiety, depression, and eating disorders, as well as
subclinical functional impairments.13 Across response inhi-
bition tasks (Go/No-Go and Stop Signal tasks), children with
exposure to legal substances compared to those without have
demonstrated consistent hyperactivations in the anterior
cingulate gyrus, fusiform gyrus, lateral orbitofrontal cortex,
superior frontal gyrus, superior temporal gyrus, middle
temporal gyrus, and inferior parietal cortex.14–19 Hypo-
activations have been observed in the medial orbitofrontal
cortex and insula during the same response-inhibition tasks
and contrasts.20 Although studies specific to emotion pro-
cessing are minimal, these response inhibition tasks correlate
with implicit and explicit emotion regulation.21 In addition, a
smaller surface area in the anterior cingulate cortex in pre-
natal alcohol- and/or tobacco-exposed groups have been
observed and linked to worse behavioral outcomes.22,23 Such
observations indicate that in prenatally exposed children, a
greater demand is placed on regions involved in executive
control when regions typically involved in salience and affect
recognition24–26 are less developed or underrecruited during
task-related response inhibition. In the context of high doses
of prenatal alcohol exposure, alcohol-related neuro-
developmental disorders and FASD are associated with
attachment disorders, conduct disorder, post-traumatic stress
disorder (PTSD), suicidality, and attention-deficit/
hyperactivity disorder (ADHD).27 These studies report
affect regulation impairment, fewer prosocial behaviors, and
increased engagement in antisocial behaviors.28 Moreover,
high-dose prenatal tobacco exposure increases the risk for
externalizing behavior problems,29 conduct disorder,30 and
substance use problems.31

Studies using data from the Ottawa Prenatal Prospec-
tive Study (OPPS) and the Maternal Health Practices and
Child Development Project have shown that moderate to
heavy prenatal cannabis exposure was associated with
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attentional problems as well as parent-reported impulsivity
and hyperactivity at 6 and 10 years of age, respectively.32,33

More recent studies from the Generation R cohort found
significant associations between prenatal cannabis exposure
and externalizing problems at ages 7 to 9 years of age;
however, this was found to be related to both maternal and
paternal cannabis use during pregnancy, suggesting familial
or genetic confounding factors.34 A study of prenatal
cannabis exposure in the Adolescent Brain Cognitive
Development (ABCD) Study cohort found differences in
attention, externalizing, and total problem scores, but did
not find differences on functional magnetic resonance im-
aging (fMRI) in either task performance or blood oxygen
level–dependent (BOLD) activation.35 In a small follow-up
cohort from the OPPS cohort at age 18 years, an increased
amount of prenatal cannabis exposure was associated with
decreased cerebellar activity and increased bilateral PFC
activity on a Go/NoGo task.36 Notably, these foundational
studies have not examined differences between light and no
prenatal exposure to cannabis, and often combine these into
a single group.

Childhood trauma (CT) is associated with changes in
emotion processing. In adults, history of CT is associated
with a bias toward interpreting valence as negative as well as
enhanced selective attention to angry facial expressions.37

Children with a greater cumulative number of adverse
childhood experiences demonstrate greater hyperactivation
in the orbitofrontal cortex, ACC, and amygdala, as well as
hypoactivation in the medial prefrontal cortex, in the face of
fearful stimuli.38,39 In response to negatively valenced
stimuli, youth with CT show reduced connectivity between
the medial prefrontal cortex and both the amygdala and the
hippocampus. This reduced connectivity is associated with
the development of internalizing psychiatric symptoms.40

Many studies present an inverse relationship between cu-
mulative number of adverse childhood experiences and
functional connections among regions involved in executive
function, affect regulation, memory, and reward pathways.
These include the amygdala, left ventral ACC, ventral
anterior superior frontal gyrus, rostral anterior cingulate
cortex, precuneus, ventromedial prefrontal cortex, left
anterior middle temporal gyrus, orbitofrontal gyrus, and
right middle frontal gyrus.39,41–43 In addition, children with
CT demonstrate reductions in the volumes of the ventro-
medial prefrontal cortex, right lateral orbitofrontal cortex,
right inferior frontal gyrus, bilateral parahippocampal gyrus,
left temporal pole, and superior temporal gyri.44

Although existing studies have investigated the effects of
PDE and CT on emotion processing separately, this
approach leaves a considerable gap in the current literature
about their possible interactive effects in youth with both
www.jaacapopen.org 275
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PDE and CT.45 One study on this interaction reported a
diathesis–stress pattern in 363 adolescents with prenatal
cocaine exposure (longitudinal study taken at 15 and 17
years of age), and showed greater emotional reactivity and
poorer use of coping strategies in youth with both PDE
and CT.46

Moreover, it is not known whether prenatal exposure to
widely used, recreational substances (eg, alcohol, cannabis,
and tobacco) confers a similar vulnerability to the effects of
trauma. Such investigations are rare because of the difficulty
in identifying and recruiting a large and diverse sample of
youth who present with both prenatal exposure to recrea-
tional or legal substances, and early life trauma, along with
comprehensive clinical, behavioral, and neuroimaging data to
evaluate the effects of PDE and CT on emotion processing.

To address this knowledge gap, we used data from the
ABCD Study, which presents a unique opportunity to study
the independent and interactive influences of PDE and CT
on emotion processing. It is important to note that in this
nonclinical sample, prenatal and postnatal exposure data are
retrospectively reported and represent a broad and hetero-
geneous range of type, intensity, severity, and cumulative
number of drugs and traumatic experiences. To further test
the diathesis–stress or 2-hit model, we hypothesize blunted
response of the prefrontal cortical regions associated with
emotion regulation and heightened response of subcortical
brain regions involved in emotional reactivity in children
with both PDE and CT, as compared to only 1, or neither,
of the 2 exposures.
METHOD
Participants
The study sample for our analyses was taken from baseline and
year 1 follow-up data of the ABCD Study (Release 3.0). The
ABCD Study acquires data from 11,875 children 9 to 10 years
of age, from 21 sites across the United States, tracking multiple
domains of development through childhood to young adult-
hood. This study includes a comprehensive set of psychosocial
data along with neuroimaging, behavioral, and clinical infor-
mation. The sample used in this set of analyses consisted of
participants with complete data for all relevant variables,
including neuroimaging data and sociodemographic covariates
(Table 1; see Figure S1, available online). The final sample
consisted of 6,146 participants. The cohort was stratified into
groups based on PDE and CT exposures.

Prenatal Drug Exposure
PDE was defined by prenatal exposure to alcohol, cannabis,
and tobacco after the mother became aware of the preg-
nancy, as assessed by the mother’s self-report on the
276 www.jaacapopen.org
Developmental History Questionnaire.47 Mothers were
asked “once you knew you were pregnant, were you using
any of the following?” individually for specific drugs:
tobacco, alcohol, marijuana, cocaine, heroin/morphine,
oxycontin, or “any other drug.” If a participant responded
“yes” to any of these questions, they were asked about the
frequency (“how many times per day?”) and amount (“how
much each time?”) of use. Given our objective of examining
the impact of prenatal exposure to legal substances, we
included participants who had prenatal exposure to alcohol,
tobacco, and marijuana only. Previously, patterns of alcohol
exposure severity in the ABCD cohort have been
explored.48 Here, the PDE variable was agnostic to sub-
stance use before the knowledge of pregnancy but meant
that the mother was using substances after the pregnancy
was known. Otherwise, there was no information available
regarding in which month or trimester the substance use
was occurring. These analyses are focused on the period of
pregnancy when exposures are thought to be most relevant
to fetal neurodevelopment (ie, after implantation).49 The
resulting PDE variable was binary (94% PDE– /6%
PDEþ). Because of relatively low counts of each individual
substance exposure and their combinations (see Table S1,
available online), and even smaller counts when divided by
the presence or absence of CT, PDE was kept as a single
binary variable rather than divided into individual sub-
stances or the amount of use.

Childhood Trauma
CT was defined as binary lack of (82% CT–) or exposure to
(18% CTþ) 1 or more traumatic events from the Kiddie
Schedule for Affective Disorders and Schizophrenia
(KSADS) PTSD-module.47 The item “received news of a
loved one passing away” was excluded from the scoring
because the item was overrepresented in the sample
compared with other items (see Table S2, available online).
Because of the limited sample size (n ¼ 124) of the group of
interest (the PDEþ/CTþ “double-hit” group), CT was not
separated into categories of trauma type (eg, interpersonal
trauma, natural disaster, etc). Counts of each trauma type
can be found in Table S3, available online. CT as a
continuous cumulative risk variable (total number of CT
exposures) was additionally explored.

The sample was further filtered by non-missingness of the
covariates (described below). The final sample consisted of
6,146 participants. In this sample, the 394 (6.4%) youth had
PDE and 1,096 (17.8%) had CT. Groups were further
stratified into four subgroups: PDE–/CT– (non-exposed
control; n¼4,780), PDE–/CTþ (n¼972), PDEþ/CT–
(n¼270), and PDEþ/CTþ (the “double-hit” group; n¼124).
JAACAP Open
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TABLE 1 Sociodemographic Characteristics of Exposure Subgroups With Statistical Comparison by Main Effect and Interaction

PDEe/ CTe
n ¼ 4,780

PDEe/ CTþ
n ¼ 972

PDEþ /CTe
n ¼ 270

PDEþ/ CTþ
n ¼ 124

PDE main
effect

CT main
effect Interaction

Subject agea 9.93 ± 0.62 9.95 ± 0.62 9.99 ± 0.64 9.92 ± 0.63 e1.06 e0.86 1.71
Sex (F) 2,334 (50) 485 (50) 143 (53) 66 (53) 0.59 0.09 2.27
Subject grade 4.86 9.83 19.2
Second grade or below 11 (0.2) 6 (1) 1 (4) 2 (2)
Third grade 800 (17) 140 (14) 48 (12) 22 (18)
Fourth grade 2,124 (44) 432 (44) 123 (46) 56 (45)
Fifth grade 1,696 (35) 362 (37) 85 (31) 42 (34)
Sixth grade 149 (3) 32 (3) 13 (5) 2 (2)
Seventh grade or above 1 (0.02) 0 (0) 0 (0) 0 (0)

Race 20.29** 47.9*** 67.4***
AIAN/NHPI 14 (0.3) 11 (1) 1 (4) 1 (1)
Asian 103 (2) 14 (1) 1 (4) 0 (0)
Black 512 (11) 149 (15) 37 (14) 23 (19)
White 3,462 (72) 640 (66) 202 (75) 78 (63)
Mixed 505 (11) 126 (13) 27 (10) 21 (17)
Other 184 (4) 32 (3) 2 (7) 1 (1)

Hispanic or Latino 861 (18) 266 (22) 31 (11) 21 (17) 6.61* 2.33 10.39*
Household income 58.82*** 109.47*** 169.4***
<50k 1,040 (22) 327 (34) 83 (31) 76 (61)
�50k to <100k 1,390 (29) 271 (28) 78 (29) 29 (23)
�100k 2,350 (49) 374 (38) 109 (40) 19 (15)

Financial insecurity 633 (13) 264 (27) 70 (26) 65 (52) 92.0*** 167.0*** 246.7***
Parent marital status
Divorced 363 (8) 128 (13) 26 (10) 17 (14) 99.5*** 180.5*** 270.0***
Living with partner 177 (4) 73 (8) 24 (9) 14 (11)
Married 3,702 (77) 577 (59) 163 (60) 46 (37)
Never married 381 (8) 132 (14) 39 (14) 38 (31)
Separated 128 (3) 54 (6) 14 (5) 8 (6)
Widowed 29 (1) 8 (1) 4 (2) 1 (1)

Parent employment 33.9*** 34.4*** 79.4***
Working 3,543 (74) 695 (72) 207 (77) 73 (59)
Not working 202 (4) 59 (6) 13 (5) 13 (10)
Stay at home parent 816 (17) 154 (16) 31 (11) 21 (17)
Student 70 (1) 24 (5) 8 (3) 5 (4)
Disabled 69 (1) 25 (3) 8 (3) 11 (9)
Other 80 (2) 15 (2) 3 (1) 1 (1)

Highest education 74.3*** 87.4*** 169.1***
< High school 141 (3) 33 (4) 8 (3) 5 (4)
High school/GED 316 (7) 63 (6) 44 (16) 14 (11)
Some college 1,018 (21) 302 (31) 68 (25) 65 (52)
Bachelor’s degree 1,367 (29) 273 (28) 61 (23) 28 (22)
Post-graduate degree 1,938 (41) 301 (31) 89 (33) 12 (10)

Handedness 16.2*** 2.93 18.5**
Left 318 (7) 67 (7) 27 (10) 14 (11)
Mixed 596 (12) 137 (14) 47 (17) 21 (17)
Right 3,866 (81) 768 (79) 196 (73) 89 (72)

Parent psychiatric history 1,904 (34) 1,590 (61) 169 (63) 110 (89) 112.24*** 189.38*** 277.7***
History of being bullied 859 (18) 200 (21) 46 (17) 48 (39) 34.19*** 83.03*** 118.9***
Family aggression scoreb 1.90 ± 1.89 2.2 ± 2.1 1.95 ± 1.96 2.4 ± 2.0 1092038** 25151611*** 18.3***
Neighborhood safety scoreb 4.14 ± 1.0 3.98 ± 1.1 4.02 ± 1.1 3.66 ± 1.4 1225460* 2977460*** 36.52***

(continued)
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TABLE 1 Continued

PDEe/ CTe
n ¼ 4,780

PDEe/ CTþ
n ¼ 972

PDEþ /CTe
n ¼ 270

PDEþ/ CTþ
n ¼ 124

PDE main
effect

CT main
effect Interaction

Total life events 15.69*** 75.03*** 85.51***
High TLE 2,297 (48) 599 (62) 149 (55) 90 (73)
Low TLE 2,483 (52) 373 (38) 121 (45) 34 (27)

DSM-5 V current diagnosis 426 (9) 186 (19) 33 (12) 34 (27) 15.2*** 110.56*** 121.09***

Note: The left side of the table displays descriptive characteristics of the sample and are separated by exposure group. Continuous variables are
reported as mean � SD. The right side displays between-group comparisons with test statistic (p value). Categorical variables were analyzed via the c2

test for independence for both main and interaction effects.
AIAN/NHPI ¼ American Indian and Alaska Native/Native Hawaiian and Pacific Islander; CT ¼ childhood trauma; PDE ¼ prenatal drug exposure; TLE ¼
total life events.
aGroup differences for parametric continuous variables were analyzed via independent t test for main effects and 1-way analysis of variance for
interaction effects.
bGroup differences for non-parametric continuous variables were analyzed via Mann–Whitney U test for main effects and 1-way analysis of variance for
interaction effects.
*p < .05; **p < .01; ***p < .001.

LEPOW et al.
Covariates
Demographic variables including grade, race, and ethnicity
were treated as covariates. Social risk factors common in
PDE and CT were included because of their potential in-
fluence on neurodevelopment of emotion regulation (see
Supplement 1, available online). Table 1 shows the distri-
bution of these variables for PDE and CT, as well as their
interaction groups. Variables considered but ultimately
excluded from the models because of high variation infla-
tion factor (ie, VIF > 5) included puberty score and crys-
tallized IQ.

fMRI Task
The ABCD Emotional N-back (EN-back) task, summa-
rized in the supplemental material (see Supplement 2,
available online) was adapted from the N-back task used in
the Human Connectome Project.50 This consisted of high
(2-back) and low (0-back) memory load conditions that
included happy, fearful, and neutral faces from the Nim-
Stim emotional stimulus set and the Racially Diverse Af-
fective Expressions (RADIATE) set of stimuli as well as
neutral, non-social, stimuli (picture of houses) from the
Human Connectome Project.51 In this modified task, the
face trials serve as both the working memory probe and
emotional interference test. Following the convention of
other published ABCD studies that use the EN-back task,
the data included averages from both runs, and both 0-back
and 2-back conditions.

Two contrasts of interest were defined: (1) valence (ie,
the contrast of fearful [negative] minus happy [positive]
faces); and (2) arousal (ie, the contrast of emotional [the
mean of fearful and happy faces] minus neutral faces).
Valence and arousal contrasts required only fearful,
278 www.jaacapopen.org
positive, and neutral faces, and did not use the neutral,
non-social, stimuli. The selection of fearful vs happy trials
representing valence is consistent with literature studying
valence across fMRI and electroencephalographic modal-
ities that use positive vs negative contrasts.52–55 Our ana-
lyses were based on 120 trials with 40 trials per stimulus,
consistent with fMRI studies involving emotion process-
ing.56–65

To further investigate the results, the significant valence
findings were then decomposed into the fearful (negative) vs
neutral condition and the happy (positive) vs neutral con-
dition, to test whether a particular valence was driving the
effect.

The behavioral outcome variables for emotional arousal
and valence conditions were mean accuracy rate and mean
reaction time (see Supplement 3, available online).

MRI Image Acquisition and Processing
fMRI 3.0T scans were taken in a fixed order beginning with
a localizer, 3-dimensional (3D) T1-weighted images, 2 runs
of resting state fMRI, diffusion weighted images, 3D T2-
weighted images, then final runs of resting state. MRI as-
sessments were reviewed by a neuroradiologist for incidental
clinical findings. As part of the ABCD data processing
workflow, the dataset was quality controlled for problems
such as acquisition protocol compliance, imaging artifacts,
or motion or file corruption. Furthermore, average and
maximum framewise displacement, framewise translation,
and framewise rotation were included in the model to ac-
count for head motion. The ABCD Data Analysis, Infor-
matics and Resource Center (DAIRC) performed
centralized initial quality control and processed the fMRI
data. fMRI beta-weights are used for contrasts, and
JAACAP Open
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parcellations are from the Desikan and Destrieux atlases.
The full details of the imaging acquisition and preprocessing
protocol were previously described in Hagler et al.66 and
outlined in the supplemental material (see Supplement 4,
available online).

Regions of Interest
Regions of interest (ROIs) were selected from previous
neuroimaging studies of emotion recognition, reactivity,
and regulation. The amygdala was selected for its role in
emotion reactivity and regulation, especially in judging
both negatively and positively valenced facial expres-
sions.67 Other regions, including the orbitofrontal cortex,
rostral anterior cingulate cortex (rACC), and hippocam-
pus were selected because they have been implicated in
emotion processing and because of their connectivity with
the amygdala.14–19,68–70 Regions from the Picture
Induced Negative Emotion Signature (PINES) network
(eg, insula [Ins], posterior cingulate cortex [PCC], supe-
rior temporal gyrus [sTG], temporoparietal junction
[TPJ], and occipital cortex) were also considered and
included in our selection.71 The superior frontal gyrus
(sFG) was selected for its role in top-down regulation of
the amygdala via prefrontal regions.72 The inferior pari-
etal lobule (iPL) was included because it was involved in
implicit emotional regulation.73 Thus, 13 bilateral ROIs
(26 total) were selected for these analyses. A supplemental
figure (see Figure S2, available online) is provided
showing the labeled cortical (top panel) and subcortical
(bottom panel) ROIs selected for analyses.

Clinical Measures
Data from the ABCD Study’s psychosocial battery were
included to determine the clinical and functional relevance
of brain and behavioral data. This includes the Child
Behavior Checklist (CBCL), the behavioral inhibition sys-
tem and behavioral activation system (BIS/BAS) scale, the
Urgency, Premeditation, Perseverance, Sensation seeking,
and Positive urgency (UPPS-P) scale, and the Youth Pro-
social Behavior Survey (PBS). The CBCL is completed by
the participants’ caregivers and characterizes 8 behavioral
and emotional syndromes in children and adolescents.74

The BIS/BAS, completed by the child, measures motiva-
tional systems: the behavioral inhibition system (BIS),
corresponding to motivation to avoid aversive outcomes;
and the behavioral activation system (BAS), corresponding
to motivation to approach goal-oriented outcomes.75 The
UPPS-P measures 5 domains of impulsivity, and is
completed by the child. From the PBS, a summary score for
prosocial behavior was included.
JAACAP Open
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Statistical Analyses
For demographic data, the c2 test for independence was
used to determine group differences in categorical vari-
ables. For continuous variables, the Mann–Whitney U test
was used to determine between-group effects, and 1-way
analysis of variance (ANOVA) as used for interaction
effects.

All brain and behavioral measures were analyzed in R
(http://www.r-project.org/). Mixed linear models were used
to analyze behavioral and fMRI models using the “lme4”
package (https://cran.r-project.org/web/packages/lme4/
lme4.pdf). In these models, independent variables
included PDE, CT, and their interactions; dependent var-
iables were task behavior (mean reaction time and accuracy),
and beta weights of each ROI for both arousal and valence
contrasts. A total of 108 models were run, given the number
of contrasts (valence and arousal), main and interaction
effects (PDE or CT, and their interaction), and outcome
variables (reaction time and 13 bilateral ROIs). In these
linear models, the effects of PDE and CT on valence and
arousal contrasts are referred to as the “main effects of PDE”
and “main effects of CT” for each of these contrasts,
respectively. However, the examination of differences
among the 4 groups (PDE–/CT–, PDEþ/CT–, PDE–/
CTþ, and PDEþ/CTþ) is referred to as the “interaction
effect” on the ROI or task behavior. Site and family ID were
included in the models as random effect variables. False
discovery rate (FDR) correction was performed across all
models that were significant, to account for multiple com-
parisons and to minimize type I error. Our specific mixed-
effects model formulas can be seen in the supplemental
material (see Supplement 5, available online).

To determine the statistical power of our significant
models, we used the SIMR package in R, which uses Monte
Carlo simulations to estimate statistical power from mixed-
effects linear regressions.76 We conducted 100 simulations
to determine power as well as an associated 95% confidence
interval.

In addition, with 24 unique covariates in our models,
we determined the degree of overfit in our significant
models by conducting a complexity-vs-generalization
tradeoff analysis. We conducted a forward selection pro-
cess, adding the covariate with the highest marginal R2

values at each step until we added all 24 possible cova-
riates. In each step, we conducted cross-validation that
was stratified by PDE, presence of CT, site ID, and family
ID because of imbalances in these binary/categorical
variables across participants. To assess overfit, we visually
observed whether the test data performance distribution
demonstrated consistent increases in its root mean
www.jaacapopen.org 279
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TABLE 2 Region of Interest (ROI) Linear Mixed Models

Valence contrast
Main effects
ROI CE CI pFDR
PDEþ
Superior frontal gyrus (L) e0.077 e0.13, e0.03 .001
Superior frontal gyrus (R) e0.079 e0.13, e0.03 .037
Fusiform (L) e0.060 e0.11, e0.01 .027
Fusiform (R) e0.067 e0.13, e0.01 .025

LEPOW et al.
squared error (RMSE) as the number of covariates
increased, demonstrating poorer generalizability across
increased model complexity.

Given the skewed distribution of all CBCL, BIS/BAS,
UPPS-P, and prosocial behavior score variables, exploratory
Spearman rank correlations were performed separately
within each group to test for their associations with brain
results. FDR correction was performed to account for
multiple comparisons to minimize type I error.
Insula (L) e0.041 e0.078, 0.00 .035
Insula (R) e0.043 e0.08, 0.00 .036
Rostral anterior cingulate
cortex (L)

e0.074 e0.014, e0.010 .037

Inferior parietal lobule (R) e0.055 e0.10, e0.01 .017
Hippocampus (R) e0.044 0.03, 0.12 .047
CTþ
Amygdala (L) 0.039 0.00, 0.08 .046
Interaction effects
PDEþ/CTe
Superior frontal gyrus (L) e0.073 e0.13, e0.02 .014
Superior frontal gyrus (R) e0.073 e0.13, e0.01 .014
Fusiform (L) e0.063 e0.13, 0.00 .05
Fusiform (R) e0.073 e0.14, 0.00 .043
Isthmus cingulate cortex (R) e0.068 e0.13, 0.00 .04
Arousal contrast
Main effects
PDEþ
Fusiform (R) 0.053 0.00, 0.10 .045
Interaction effects
PDEþ/CTþ
Fusiform (R) 0.103 0.01, 0.19 .02

Note: Summary table of the observed significant activations for main
effects (PDE and CT) and interaction effects (PDE/CT). CE ¼ contrast
estimate; CT ¼ childhood trauma; PDE ¼ prenatal drug exposure; pFDR
¼ false discovery rate�corrected p value.
RESULTS
Participant Characteristics
Demographic and other characteristics of the included
ABCD sample, separated by groups, are presented in
Table 1. Groups were characterized both main effects:
PDE– (n ¼ 5,752), PDEþ (n ¼ 394) and CT– (n ¼
5,050), CTþ (n ¼ 1,096). To study the interaction be-
tween PDE and CT, the sample was stratified into 4
groups: PDE–/CT– (n ¼ 4,780), PDE–/CTþ (n ¼ 972),
PDEþ/CT– (n ¼ 270), and PDEþ/CTþ (n ¼ 124). In
the supplemental material, we provide counts of each drug
or combination of drugs (alcohol, cannabis, tobacco) (see
Table S1, available online), and counts and types of trau-
matic experience on the KSADS in this study cohort (see
Table S2, available online).

Table 1 provides details about group differences in
sociodemographic risk factors. These risk factors were most
prevalent in the double-hit group (PDEþ/CTþ), with
single-hit groups (either PDEþ/CT– or PDE–/CTþ) as
moderately affected and the wholly unexposed group
(PDE–/CT–) least affected. This is consistent with studies
that informed our covariates in which adverse childhood
experiences and prenatal exposure to psychoactive sub-
stances are more prevalent in individuals with less educa-
tion, lower income, and unemployment (see Supplement 1,
available online).

Regression Analysis
Task Behavior. Emotion processing was assessed using the
EN-back, by examining contrasts of emotional trials across
averaged 0- and 2-back conditions. Linear mixed models
showed no significant main effects for PDE, CT, or their
interaction on accuracy and mean reaction time, for both
valence and arousal (CE < –4.66, p > .96) (see Table S4,
available online).

Task-Related Brain Activation. Significant results are
summarized in Table 2. In additional, results from all ROI
models are summarized in the supplemental material (see
Table S5, available online).
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Valence Contrast. The valence contrast was the difference
between negative and positive image (ie, fearful minus
happy faces) trials, and, for significant findings, was split
into models of negative vs neutral and positive vs neutral
faces (see Table S6, available online).

Main Effect. PDE (PDEþ vs PDE–): Linear mixed models
revealed that the PDEþ group showed blunted response
compared to the PDE– group in the following regions:
bilateral sFG (left: CE¼ –0.077, pFDR¼ .010, CI¼ –0.13,
–0.03; right: CE ¼ –0.079, pFDR ¼ .010, CI ¼ –0.13,
–0.03), bilateral Fus (left: CE¼ –0.060, pFDR¼ .046, CI¼–
0.11, –0.01; right: CE¼ –0.067, pFDR¼ .046, CI¼ –0.13,
–0.01), bilateral Ins (left: CE¼ –0.041, pFDR¼ .046, CI¼
JAACAP Open
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FIGURE 1 Main Effect of Prenatal Drug Exposure on Region of Interest (ROI) Activation in the Valence Condition

Note: In the main effect model, during the valence condition (A) PDEþ was associated with widespread reductions in activity across ROIs involved in emotion processing.
Gray represents both unexplored and statistically non-significant regions. Coefficient describes the effect size and direction of the effect. (B) Bars represent the effect size in
each ROI for PDEþ compared to PDE– (dotted line), and whiskers represent confidence interval. All depicted reductions in activity (cold-colored regions) were statistically
significant for the PDE main effect (PDEþ < PDE–). PDE ¼ prenatal drug exposure.

PDE AND CT IMPACT AFFECT PROCESSING
–0.078, 0.00; right: CE ¼ –0.043, pFDR ¼ .046, CI ¼
–0.08, 0.00), left rACC (CE ¼ –0.074, pFDR¼ .046, CI ¼
–0.014, –0.010), right iPL (CE ¼ –0.055, pFDR ¼ .046,
CI ¼ –0.10, –0.01), and right hippocampus (CE ¼ –0.044,
pFDR ¼ .047, CI ¼ 0.03, 0.12) (Figure 1A and B). This
model demonstrated sufficient statistical power in the bilateral
sFG; left: 1 – b¼ 0.83, CI¼ 0.7418, 0.8977; right: 1 – b¼
0.87, CI ¼ 0.788, 0.9289) (see Table S7, available online).

When these significant findings were further decon-
structed, the negative vs neutral condition drove the PDE-
associated findings in the bilateral sFG (left: CE ¼ –0.08,
p ¼ .003, CI ¼ –0.14, –0.02; right: CE ¼ –0.08, p ¼ .003,
CI ¼ –0.14, –0.02) and bilateral Fus (left: CE ¼ –0.08, p ¼
.004, CI ¼ –0.02, –0.14; right: CE ¼ 0.06, p ¼ .03, CI ¼
0.001, 0.12).
JAACAP Open
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CT (CTþ vs CT–): CTþ youth showed heightened
response in the left amygdala (CE ¼ 0.039, pFDR ¼ .046,
CI¼ 0.00, 0.08), compared to CT– youth (Figure 2A and B).

This finding was driven by the negative vs neutral
condition (CE ¼ 0.04, p ¼ .05, CI ¼ 0.0008, 0.08). This
model did not exhibit sufficient statistical power (amygdala;
left: 1 – b ¼ 0.36, CI ¼ 0.2664, 0.4621) (see Table S7,
available online).

Single-valence results that did not meet the significant
threshold of p < .05 are catalogued in the supplemental
material.

Interaction Effect. The interaction mixed models revealed
reduced activity in a widespread pattern that was unique for
different groups.
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FIGURE 2 Main Effect of Childhood Trauma on Region of
Interest (ROI) Activation in the Valence Condition

Note: In the main effect model, during the valence condition (A) CTþ was associ-
ated with greater activity in the left amygdala. Gray represents both unexplored
and statistically non-significant regions. The coefficient describes the effect size
and direction of the effect. (B) The red line shows the variation in effect size for
CTþ compared to CT– (0-line). CT ¼ childhood trauma.

LEPOW et al.
(PDEþ/CTþ vs PDE–/CT–): There was reduced ac-
tivity in the bilateral sFG (left: CE ¼ –0.093, pFDR ¼
.048, CI ¼ –0.18, 0.01; right: CE ¼ –0.099, pFDR ¼
.045, CI ¼ –0.12, –0.01), and in the left iPL (CE ¼
–0.094, pFDR ¼ .042, CI ¼ –0.17, –0.02), compared to
the PDE–/CT– control group (Figure 3A and B).

This model was sufficiently powered in the right sFG:
1 – b ¼ 0.81, CI ¼ 0.7193, 0.8816 (see Table S7,
available online).

(PDEþ/CT– vs PDE–/CT–): There was reduced ac-
tivity in the bilateral sFG (left: CE ¼ –0.073, pFDR ¼
.042, CI ¼ –0.13, –0.02; right: CE ¼ –0.073, pFDR ¼
.042, CI ¼ –0.13, –0.01), and also in the bilateral Fus
(left: CE ¼ –0.063, pFDR ¼ .05, CI ¼ –0.13, 0.00; right:
CE ¼ –0.073, pFDR ¼ .048, CI ¼ –0.14, 0.00) and in the
right isthmus cingulate cortex (iCC: CE ¼ –0.068,
pFDR ¼ .048, CI ¼ –0.13, 0.00), compared to those in
the PDE–/CT– control group.

The bilateral sFG findings were driven by the negative
vs neutral condition (left: CE ¼ –0.08, p ¼ .03, CI ¼
–0.1584, –0.0016; right: left: CE ¼ –0.08, p ¼ 0.03,
CI ¼ –0.1584, –0.0016).

(PDE–/CTþ vs PDE–/CT–): No significant activations
were found for the PDE–/CTþ group.
282 www.jaacapopen.org
These results suggest that the reduced response during
the valence contrast in the bilateral sFG are primarily
accounted for by the PDE main effect. In contrast, the
blunted response in the left iPL was indexed in the PDEþ/
CTþ group, but not in the PDEþ/CT– group, suggesting
that this effect is specific to the double-hit group. In
contrast, the blunted activity in the bilateral Fus, which was
also observed in the PDE main effect and was absent in the
double-hit (PDEþ/CTþ) group, was likely specific to the
PDEþ/CT– group.

None of these models exhibited sufficient statistical
power (see Table S7, available online).

Arousal Contrast
The arousal contrast was the difference between the average
of negative and positive relative to neutral trials (ie, fearful
and happy minus neutral faces).

Main Effect. PDE (PDEþ vs PDE–): The PDE main effect
model revealed significantly greater activity in the right Fus
(CE ¼ 0.053, pFDR ¼ .047, CI ¼ 0.00, 0.10) in the
PDEþ compared to the PDE– groups. This model was not
sufficiently powered (Fus; right: 1 – b ¼ 0.50, CI ¼
0.3983, 0.6017) (see Table S7, available online).

CT (CTþ vs CT–). No significant activations were
found for this comparison.

Interaction Effect (PDEþ/CTþ vs PDE–/CT–): The
interaction mixed models revealed that the double-hit
group showed greater activity in the right Fus (CE ¼
0.103, pFDR ¼ .045, CI ¼ 0.01, 0.19) compared to
the PDE–/CT– group (Figure 3C and D). All other
effects did not yield statistically significant activation
patterns.

This model was not sufficiently statistically powered
(Fus; right: 1 – b ¼ 0.48, CI ¼ 0.3790, 0.5822) (see
Table S7, available online).

(PDEþ/CT– vs PDE–/CT–): No significant activations
were found for this comparison.

Overfitting Analysis
From visual inspection, we did not observe any noticeable
increase in RMSE across the cross-validation test set per-
formances (see Figure S3, available online).

Additional Analyses With Main Effects as Continuous
Variables. For mothers who reported marijuana and to-
bacco use after knowing that they were pregnant, we
curated the frequencies of the number of times per day that
they used these substances (see Figure S4, available online).
Frequency data were not available for alcohol. The models
examining the association between the significant ROIs and
JAACAP Open
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FIGURE 3 Interaction Effects of Prenatal Drug Exposure and Childhood Trauma on Region of Interest (ROI) Activation in the
Valence Condition

Note: (A) A double-hit specific decrease in the left inferior parietal lobule activity was revealed in the interaction models during the valence condition. Gray represents both
unexplored and statistically non-significant regions. The coefficient describes the effect size and direction of the effect. (B) Whereas PDEþ/CTþ was significantly associated
with this effect, other subgroups were not. The dashed 0-line represents the PDE–/CT– reference group. (C) A double-hit specific increase in the right fusiform gyrus activity
was revealed in the interaction models during the arousal condition. Gray represents both unexplored and statistically non-significant regions. The coefficient describes the
effect size and direction of the effect. (D) Whereas PDEþ/CTþ was significantly associated with this effect, other subgroups were not. The dashed 0-line represents the
PDE–/CT– (reference) group. CT ¼ childhood trauma; PDE ¼ prenatal drug exposure.

PDE AND CT IMPACT AFFECT PROCESSING
PDE and CT severity/cumulative risk did not yield statis-
tically significant results.

Correlation Analysis
We performed correlational analyses between the significant
ROI findings of main effects and behavioral measures from
the CBCL, BIS BAS, the UPPS-P, and the PBS to explore
whether the observed differences in brain function may be
linked to behavioral problems. We found that reduced
cortical activity in the valence contrast in the PDEþ group,
specifically in the sFG, were correlated with higher scores on
several behavioral problems (Figure 4A). Correlations with
PDE subgroups revealed that such reduced activity was
correlated with higher behavioral problems in the double-
hit group (Figure 4C) but not in the PDEþ/CT– group
(Figure 4B).
DISCUSSION
The aim of this cross-sectional study was to evaluate a large
sample of children (N¼ 6,146) enrolled in the ABCD Study
for independent and interactive impacts of prenatal exposure
to commonly used substances (alcohol, cannabis, and
JAACAP Open
Volume 2 / Number 4 / December 2024
tobacco) and traumatic experiences on emotion processing.
The results show that PDE was associated with lower activity
in widespread cortical regions while youth were viewing
fearful relative to happy faces in the EN-back task. Within
the PDE subgroups, reduced activity in the bilateral sFG was
found to be specific to PDE, irrespective of CT. Reduced
activity in the left iPL was unique to the double-hit group, as
it occurred in PDE youth who also had CT, and not in those
without CT. In addition, youth with CT showed heightened
activity in the left amygdala when viewing fearful relative to
happy faces and fearful relative to neutral faces, a finding
largely in line with existing literature.77 However, while
viewing any emotional (fearful or happy) relative to neutral
faces, youth in the double-hit group showed significantly
higher activity in the right Fus. Finally, reduced cortical ac-
tivity in the PDE group as well as in the double-hit group
while viewing fearful relative to happy faces was associated
with greater behavioral problems.

The finding of PDE associated with lower activity in
the sFG, Fus, insular, and parietal cortices while viewing
fearful relative to happy faces is novel. However, corrobo-
rating evidence from preclinical studies demonstrated
decreased c-fos mRNA expression (a marker of lower
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FIGURE 4 Correlations Between Subclinical Problematic Behaviors and Beta Contrasts of Significant Region of Interest (ROI)
Activations
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activity) in the lateral and central nuclei of the amygdala as
well as the ACC in rats that were prenatally exposed to
alcohol.78 In addition, reduced valence-related activity in
the rACC is also novel, but is in line with findings from
prior studies showing smaller rACC volumes in children
with prenatal alcohol exposure, which in turn have been
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associated with slower behavioral inhibition.22 Reduced
activity in the hippocampus is also consistent with a pre-
vious study in which maternal urine tetrahydrocannabinol
(THC) positivity was associated with decreased fetal hip-
pocampal connectivity to nodes in the insular, frontal,
cingulate, and temporal cortices. In turn, this decreased
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connectivity was associated with worse behavioral outcomes
at age 5 years.79 CT was associated with greater activity in
the left amygdala elicited by fearful relative to neutral faces,
which is consistent with a finding seen extensively in the
literature that trauma-exposed youth demonstrate amygdala
hyperactivation to negative stimuli.77

The double-hit group showed blunted activity in the
iPL while viewing fearful compared to happy faces. The iPL
is a part of the TPJ and is involved in implicit emotion
regulation and modulation of interpersonal emotions.80 In a
recent study of the entire ABCD sample, the iPL was shown
to be involved in implicit emotion regulation during the
same EN-back task, with its activation correlated with the
number of close friends, suggesting a role of the iPL in
social behavior.73 However, we did not find such an asso-
ciation within in the double-hit group, perhaps due to the
difference in contrast for the selected ROI activation. The
iPL has also been implicated in stimulus-driven reor-
ientation of attention,81 and therefore blunted activity in
the iPL while viewing fearful compared to happy faces
might suggest lower allocation of attentional resources to
negative as compared to positive stimuli. In addition,
studies have reported significantly reduced gray matter
volume in the iPL between the participants who had
experienced CT compared to those who did not, further
suggesting that both PDE and CT are associated with
changes to structure and function of iPL.82

Also in the double-hit group, we observed greater activity
in the right Fus during the arousal condition. Since the EN-
back involved facial stimuli, such heightened activity in the
arousal condition may suggest that youth in the double-hit
group required greater recruitment of the Fus in response to
emotional (negative and positive) as compared with neutral
face stimuli to achieve the same performance. These findings
are consistent with prior reports of greater activity in the
fusiform gyri when viewing emotionally arousing pictures83 in
individuals with CT compared to those without CT.84

Moreover, prenatal alcohol exposure has been positively
correlated with cortical volume in the right Fus.85 Together,
these findings suggest that in children with PDE and CTmay
have structural and functional changes in the Fus.

The finding in the bilateral sFG supports the hypoth-
esized interaction between PDE and CT, such that,
regardless of later CT exposure, PDE is associated with
reduced activity of the bilateral sFG while viewing fearful
relative to happy faces as well as fearful faces relative to
neutral faces. Further examination of this interaction
showed that within youth exposed to CT, those who also
had PDE showed exacerbated reduction in the sFG activity,
as compared to those without PDE. Yet, importantly, task
behavior was comparable across groups, highlighting that
JAACAP Open
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differing activation patterns emerged to achieve the same
performance.

Although the sample is largely non-clinical, reduced
sFG activity was significantly associated with behavioral
problems in the PDE subgroup with CT (the double-hit
group) and not in other subgroups. Thus, exposure to
PDE is associated with lower response bias in the sFG in
response to fearful relative to happy faces, irrespective of
traumatic experiences, and the association with behavioral
symptoms emerges only when there is this second “hit” (ie,
PDE youth with CT). These observations suggest possible
cumulative effect of these 2 environmental factors on
cortical activation during a critical developmental period.
This may reflect attenuation of top-down emotion regula-
tion during a traumatic experience, which is known to be a
risk factor for the development of psychiatric symptoms and
post-traumatic stress disorder (PTSD).86

The current study had several limitations. First, our re-
sults yielded small effect sizes, which is consistent with
findings from other studies conducted with ABCD’s diverse
sample.87 Nevertheless, because sampling error is often
minimal in these cases, small effect sizes may still have clinical
significance.88 Another consideration of the small effect sizes
is related to the use of large heterogeneous pre-selected ROI
areas. Future studies might use a whole-brain or network-
based approach to examine more precise neural substrates.89

Another limitation is the use of parent self-report ques-
tionnaires for defining both PDE and CT. Indeed, retro-
spective and self-report assessments of substance use are less
robust methods compared to testing biospecimens.90

Furthermore, self-report of substance use is subject to
underreporting bias, particularly in a research setting with
substances that are associated with strong social stigma.91 This
mirrors the risk that birthing parents face when disclosing
substance use, with punitive legal action or family separation
as a possible outcome.92 Recall of any event 10 years after it
occurs is likely poor. Moreover, the KSADS-PTSD module
parent report is likely not the optimal assessment of the child’s
traumatic experiences, as items include parent or adult-driven
violence. This could limit parent reporting, especially to a
study personnel without a strong established therapeutic
relationship. This presents a limitation that traumas in the
home may not be fully represented.

Another limitation of this study is the inability to
differentiate between patterns of substance use during
pregnancy, and between type, severity, and level of exposure
to trauma. In both cases, the lack of granularity may lead to
overgeneralization about the effect of the exposure on the
developing brain. Although supplementary analyses were
performed to treat PDE as continuous rather than binary,
this observational cohort was not designed to study severity,
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and no significant results were found. The frequency and
quantity of substance exposure are key next steps in trans-
lating PDE findings to functional guidelines.93 Further-
more, alcohol, cannabis, and tobacco have distinct
pharmacodynamic and pharmacokinetic properties, and
larger sample sizes are needed to characterize the over-
lapping and independent effects on development. In addi-
tion, although we know that exposure during critical
periods of gestation poses an increased risk to the fetus, the
only specific information known about timing of exposure
was that it occurred after the pregnancy was known.49

Thus, although these results provide rationale for further
research on the impact of prenatal exposure on the devel-
oping brain, these results are not sufficient for making
clinical or behavioral recommendations, or dictating policy
for pregnant women and their families.

Finally, the study was also limited because of the
insufficient power across the ROIs, except for that involving
the sFG, our main finding, which were adequately powered.

Nevertheless, this study is a necessary first step in
examining the interactive effects of prenatal and early-life
exposures and accounting for many aspects of the socio-
demographic and psychological environment. Notable were
the differences in environmental variables (eg, race, house-
hold income, neighborhood safety, parent psychiatric his-
tory, etc) (Table 1) between the CT and PDE groups,
which are typically not examined in studies of PDE.

There are also important considerations regarding the
ABCD EN-back task, such that the emotional task is
embedded within a working memory task, and there are
many variations in task design, such as 1 study placing
emotional distractors between memory-based stimuli.94 In
addition, there are varying analytic approaches, with some
studies including both 0-back and 2-back conditions in
emotion contrasts, and other studies using memory-load
specific emotion contrasts.95–97 Prior literature suggests
that implicit regulation is required for goal-directed
behavior in similar tasks, so our results are interpreted
within the context of implicit emotional conflict regula-
tion.98 Replication with a well-validated emotion regulation
task is required to make rigorous conclusions regarding the
effects of PDE and CT on emotion regulation.

Finally, because PDE and CT were nested and highly
collinear, their interaction could not be assessed in the same
statistical model as the main effects. Therefore, separate
mixed models had to be used to investigate the main effects
and the interactive effects on brain and behavior. Model
choice was limited by the need to account for random ef-
fects in the sample.

Taken together, the unique independent and interactive
effects of PDE and CT on brain activation during an
286 www.jaacapopen.org
emotion processing task highlight the potential impact of
the prenatal (ie, effects of exposure to widely used legal
substances during pregnancy) and postnatal (ie, early life
adversity) environments on brain development. In addition
to showing that these influences are associated with differ-
ential neural mechanisms underlying emotion processing in
affected children, we also showed that these differences in
brain activity are linked to higher internalizing and exter-
nalizing symptoms in this largely subclinical, nationally
representative sample of youth. Furthermore, although the
breadth of data collected by the ABCD Study allowed for
contextualizing exposures such as PDE and CT in a broader
biopsychosocial picture, these results make the case for
future longitudinal large cohort studies, such as the
HEALthy Brain and Child Development (HBCD) study.
An important future direction will be to prospectively
collect data using objective measures of prenatal drug
exposure to better understand whether low-to-moderate
doses, and of which substances, have an impact on fetal
development. In addition, it is imperative to develop more
sophisticated approaches for distinguishing between the
impact of social factors and the impact attributed to sub-
stance or trauma exposure, so that evidence-based policy
may be shaped to support families. Given the longitudinal
nature of the ABCD Study, following these children iden-
tified as being at-risk will improve understanding of
vulnerability vs resilience to the development of clinical
syndromes. Efforts in these areas will certainly facilitate the
development of holistic preventive strategies and treatment
interventions.

In summary, we showed a widespread reduction in
cortical response bias to negative relative to positive stimuli
in youth with PDE compared to those without PDE. Such
reduced response bias, specifically in the bilateral sFG and
Fus as well as the right isthmus cingulate, appear to be
primarily accounted for by the PDE. In contrast, reduced
response bias to negative compared to positive stimuli in
the left iPL was present only in the double-hit PDEþ/
CTþ group. In addition, CTþ was associated with a
heightened response bias to emotional relative to non-
emotional stimuli in the left amygdala. We further
showed that the PDE- and PDE/CT-related reductions in
response bias to negative relative to positive stimuli in
cortical regions were associated with elevated scores on
problematic behavior inventories. These findings may be
useful for guiding future longitudinal gestational and
developmental studies, for example, the National Institutes
of Health–funded HEALthy Brain and Child Develop-
ment study. Although that study has a special interest in
birthing parents with opioid use disorders, our findings call
for further investigation of prenatal cannabis, tobacco, and
JAACAP Open
Volume 2 / Number 4 / December 2024

http://www.jaacapopen.org


PDE AND CT IMPACT AFFECT PROCESSING
alcohol exposure, including when parental use is at non-
clinical, population levels.
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