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Abstract

Objectives: We hypothesized that prenatal cannabis exposure (PCE) would be associated with
increased attention problems and altered neurocognition in young adolescents.

Methods: Data were obtained from the Adolescent Brain Cognitive Development (ABCD
study®), a cohort of approximately 12,000 children. Presence or absence of PCE after knowledge
of pregnancy was measured by caregiver report. All participants with PCE (N=224) were included
and compared to two control groups; those matched on tobacco and alcohol exposure and

those without prenatal tobacco or alcohol exposures. Outcomes were measured with the ABCD
baseline assessment when participants were 9-10 years old and included attention, internalizing,
externalizing and total problems scales on the Child Behavior Checklist (CBCL). Teacher reports
were used when available. Mixed effects modeling assessed the association between PCE and
outcomes controlling for parental psychopathology, prematurity and socioeconomic status. For
participants with available data, patterns of brain activity during three fMRI tasks (the Stop Signal
Task measuring response inhibition, the Monetary Incentive Delay (MID) task measuring reward
processing and the EN-Back task measuring working memory) were analyzed using Permutation
Analyses of the Linear Model.

Results: Compared to both control groups, participants with PCE had significantly higher
attention problems, externalizing, and total problem scores. PCE did not impact cognitive
performance or patterns of brain activation during fMRI tasks.

Conclusions: There are long-term associations between PCE and early adolescent attention and
behavioral problems. These are not reflected in cognitive performance or task fMRI measures,

a finding that is consistent with reports that fewer than half of children with ADHD have any
specific cognitive deficit (Nigg et al., 2005; Willcutt et al., 2005). The young age of the sample
may also relate to this finding and future investigation of neurodevelopmental trajectories of youth
with PCE is warranted.
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1. Introduction

Social acceptance of cannabis is increasing. Currently, 14 US states have legalized adult
recreational cannabis use and 33 have medical marijuana programs. Moreover, an increasing
number of women of childbearing age use marijuana(Ko et al., 2015; Volkow et al., 2019).
For instance, the National Survey on Drug Use and Health estimates cannabis use in the past
month among non-pregnant 18-44 years old women has increased from 6% to 11% between
2002 and 2017. Similarly, use among pregnant women has increased from 3% to 7% in

the same time period (Molkow et al., 2019). Although use decreases throughout pregnancy,
recent estimates indicate 2.5% of pregnant women continue to use in the second and third
trimester. This is significantly increased from less than 1% in the early 2000s (Volkow et
al., 2019). Importantly, not only has use in pregnancy increased but potency of cannabis

has steadily increased since its use gained popularity in the mid 201" century. In the last

30 years A%-tetrahydrocannabinol (THC) concentrations have increased from 4% to 14% in
recreational cannabis (EISohly et al., 2021; EISohly et al., 2016). This increase in use and
potency raises concern for more widespread fetal exposure to THC.

Preclinical models of prenatal cannabis exposure (PCE) demonstrate that THC, a highly
lipophilic molecule, crosses the placenta (Grant et al., 2018). Although the precise
pharmacokinetics of fetal exposure in humans are not known, Falcon et al. showed that PCE
can be associated with accumulation of THC in human fetal and placental tissue (Falcon et
al., 2012). Molecular mechanisms for THC associated alterations in neuroregulation have
been described in animal studies of the endocannabinoid system (ECS) (Jutras-Aswad et al.,
2009). The ECS plays a critical role in early brain development. THC acts a partial agonist
on cannabinoid receptors resulting in the down-regulation of endogenous endocannabinoid
synthesis. In animal models, offspring with prenatal THC exposure have shown increased
hyperactivity and locomotor habituation (Pinky et al., 2019; Schneider, 2009). Emotional
alterations reported include increased separation-induced vocalization, inhibited social
interactions and increased anxiety-related behaviors (Schneider, 2009). Lastly, long term
memory impairment and learning deficits have also been demonstrated in rat pups prenatally
exposed to THC (Antonelli et al., 2005; Campolongo et al., 2007).

While neurodevelopmental effects of prenatal cannabis exposure have been explored in
animal models, data in children showing long-lasting cognitive or behavioral associations
are less robust (El Marroun et al., 2018). To date, there have been six longitudinal studies
that investigate the developmental correlates of PCE; The Ottawa Prenatal Prospective Study
(OPPS), Maternal Health Practices and Child Development Study (MHPCD), Generation

R study (GenR), Adolescent Brain Cognitive Development Study (ABCD), Lifestyle and
Early Achievement in Families study (LEAF) and the Norwegian Mother and Child Cohort
Study (MoBa). The advantage of the longitudinal nature of these studies is the ability

to examine changes across developmental stages. OPPS and MHPCD have demonstrated
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associations between PCE and negative neurocognitive outcomes in children from infancy
to late adolescence. Acknowledging these studies used different measurements of cognitive
and behavioral outcomes, deficits in short term memory, impulse control and attention have
been consistently associated with PCE. Sex-specific increases in aggression and attention
problems have been reported in 18-month-old girls in the Gen R study (EI Marroun

et al., 2011). The LEAF study described similarly increased aggression in 3.5 year old
participants with PCE (Murnan et al., 2021). Evidence suggests impairment in the ability to
attend continues in early childhood. At 6 years the OPPS study found PCE was associated
with decreased sustained attention and impulse control, as well as increased hyperactivity
(Fried et al., 1992). The MHPCD cohort also demonstrated deficits in short term memory,
decreased attention and increased impulsivity in 6-year-olds with PCE (Goldschmidt et al.,
2008; Leech et al., 1999). Moreover, differences persist into early adolescence with both
OPPS and MHPCD showing increased impulsivity in 9-12-year-olds (Fried et al., 1998;
Goldschmidt et al., 2000), and the OPPS cohort has demonstrated decreased sustained
attention as late as 16 years of age (Fried et al., 2003). The more recent ABCD cohort
enrolled participants when they were between 9 and 10 years old. This cohort has shown
findings similar to OPPS and MHPCD and reported increased attention problems associated
with PCE. (Paul et al., 2020). In addition to attention problems, MHPCD, GenR and ABCD
cohorts have demonstrated PCE was associated with increased externalizing problems
reported on the CBCL in early adolescence. (El Marroun et al., 2019; Goldschmidt et al.,
2000; Paul et al., 2020).

The aforementioned studies of PCE have largely accounted for alcohol and tobacco exposure
with statistical corrections. However, substance use in pregnancy has been associated

with multiple demographic differences, obstetric complications, infant-caregiver relationship
differences, and parental mental health differences, all of which may have an impact on
child behavior and development (Eiden et al., 2018; Gabrhelik et al., 2021; Shmulewitz &
Hasin, 2019; Stroud et al., 2018; Walker et al., 2011; Young-Wolff et al., 2020). Although
there may be substance specific correlates, there are several know associations common
among women who use any substance during pregnancy. We postulate that there may also
be correlates of prenatal substance use that have not yet been identified that are important to
child development. Therefore, comparing populations with PCE to those with other prenatal
substance exposure may be a more appropriate “control” to account for common risk

factors which might also influence child developmental outcomes. Therefore, we sought to
harness the robust sample size of the ABCD study, of nearly 12,000 adolescents, to examine
attention problems postnatally while accounting for prenatal exposures prior to statistical
analysis. To do so we compare those with PCE to a non-exposed control group, and to a
group matched on alcohol and tobacco prenatal exposure (with no PCE). We believe this
case-control study design controls for more of the unknown differences between pregnant
women who use and do not use substances after they know they are pregnant. Based on
extant literature we hypothesize the PCE group will have greater attention problems than
both control groups.

Furthermore, the biological mechanisms of behavioral changes associated with PCE have
yet to be established. Functional magnetic resonance imaging (fMRI) is a methodology
that has begun to improve understanding of the neural networks involved in executive
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functioning in adolescents. fMRI uses neuronal activity related oxygen demand to identify
brain regions involved in cognitive tasks. Increased neuron firing requires increased blood
oxygen levels. This increase in blood oxygen level causes a measurable difference in the
magnetic signaling termed the BOLD (blood oxygen level dependent) signal. Therefore,
identifying fMRI differences among those with PCE could advance understanding of the
neurological underpinnings of PCE associated behavioral changes.

Thus far evaluation of fMRI has been reported in small numbers of older adolescents and
young adults who were exposed to cannabis in utero. Smith et al have evaluated participants
(n=16 with PCE) in the OPPS cohort between 18-22 years of age and demonstrated
differences in the several areas of the brain during specific tasks related to aspects of
executive functioning. Briefly, Smith found increased activity in the left postcentral and
precentral gyrus as well as the left superior frontal gyrus while assessing response inhibition
with a Go/No-Go task (Smith et al., 2016). Poor response inhibition is correlated with
impulsivity, often experienced by children with attention difficulties (Bari & Robbins, 2013).
Working memory was assessed in the same population during a visuospatial 2-back and
letter 2-back tasks. Although there was not a difference in performance on the tasks, those
with PCE demonstrated a different pattern of brain activation. Those with PCE had increased
activation of the left posterior cingulate, left middle occipital gyrus and left cerebellum
(Smith et al., 2016). Changes in these areas are consistent with theoretical hypotheses

of underlying changes caused by exposure to cannabis since cannabinoid receptors are
particularly dense in the prefrontal cortex, hippocampus and cerebellum (Bara et al.,

2021). The prefrontal and parietal cortex, hippocampus and cerebellum have also been
shown to be involved in working memory in children and young adults (Alsameen et al.,
2021; Arthursson et al., 2017; Klingberg et al., 2002). Importantly, it is well known that
adolescence is a time of significant development of the prefrontal cortex. Additionally, brain
regions involved in executive functioning tasks on fMRI have been demonstrated to evolve
from early adolescence through adulthood (Zhang et al., 2021). Thus far, brain activations
patterns in early adolescents with PCE have not been reported. Therefore, investigation of
fMRI differences in young adolescents with PCE is warranted.

2. Methods
2.1 Sample

Data were obtained from the ABCD second public release 2.0 (See acknowledgments).
ABCD is a national population-based cohort study of young adolescents enrolled between
9-10 years from 21 sites across the US. Participants are planned to be followed
longitudinally for 10 years. Release 2.0 includes baseline data on 11,875 participants, of
which 11,489 had data regarding PCE. All data for this analysis were gathered when
adolescent participants were 9-10 years old. Informed consent and assent were provided by
parents and children respectively; and the ABCD research protocol was IRB approved.

All participants with PCE after knowledge of pregnancy were included in this study
(N=224). The tobacco/alcohol-exposed control group was first matched to the PCE group
on presence or absence of tobacco and alcohol use after knowledge of pregnancy and then
matched on age and sex. The non-exposed control group was without prenatal alcohol,
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tobacco, or cannabis exposures and was matched to the PCE group on age and sex. This
resulted in a final sample of 672 adolescents, with 224 in each group.

2.2 Measures

2.2.1 Prenatal exposure—PCE was reported by parents and caregivers. Parents and
caregivers were defined as the person with guardianship and/or custody of the participant

at time of enrollment. 82% of parents in the study sample were biological mothers, similar
to the full ABCD cohort in which 86% of respondents are biological mothers. Caregivers
were asked, “Once you (or the biological mother) knew you were (she was) pregnant were
you (was she) using any of the following?” The list that followed included tobacco, alcohol,
marijuana, other illicit drugs as well as prescription drugs. Possible answers included, “yes”,
“no”, and “don’t know.” Duration and trimester of use was not collected. For those who
reported use, daily frequency was collected by parent or caregiver retrospective report.

2.2.2 Behavioral measures—Youth behavior was assessed using the parent-reported
Child Behavior Checklist (CBCL)(Achenbach & Rescorla, 2000). Data used for this analysis
are all from the baseline assessment. Thus, caregivers who reported the prenatal history
also answered the CBCL questionnaire. The CBCL is a 113 item questionnaire in which
caregivers rate behaviors in the past six months on scale from 0 (not true) to 2 (very

true or often true). The CBCL measures dimensional psychopathology on eight syndrome
scales, two composite scores and a total problems summative score. The Attention Problem
syndrome score (range 0-20) was the primary dependent variable. Mean attention problem
scores from a normative sample are 3.8 for boys and 3.2 for girls ages 6-11 (Achenbach

& Rescorla, 2000). Secondary outcomes include the Thought problem (range 0-30) and
Social problems (range 0-22) syndrome scores as they have been associated with PCE in
the prior ABCD investigation (Paul et al., 2020). In addition, the summative CBCL scores:
Internalizing (range 0-64), Externalizing (range 0-70), Total Problems (range 0-240) were
investigated.

The Brief Problem Monitor — Teacher (BPM-T) was used when available as an additional
informant measure of internalizing, externalizing and attention problems. The BPM-T is

an 18 item questionnaire in which teachers report child behaviors. The BPM-T measures
three dimensions of psychopathology: attention (0-12), externalizing (0-12) and internalizing
behaviors (0-12)(Achenbach et al., 2017). The BPM-T was available on a subset of
participants. Attention scores were available on 83 (37%), 67 (30%) and 60 (27%) of

the PCE, tobacco/alcohol exposed and non-exposed groups respectively. Internalizing and
Externalizing scores were available in 41% of the PCE group, 37% of the tobacco/alcohol
exposed group and 36% of the non-exposed groups.

2.2.3 Neurocognitive measures—Seven tasks from the NIH Toolbox are used in
ABCD (Luciana et al., 2018) We investigated five tasks: the flanker task, dimensional card
sort, pattern recognition, picture completion, and list sort as these reflect the attentional
processes we hypothesize to be related to PCE.

The flanker task assesses the degree to which outside stimuli affect participant response. It
measures cognitive control and attention. Five arrows are presented to participants, with the
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2 left-most and 2 right-most arrows facing in the same direction. The participant must push a
button indicating the direction of the middle arrow. Scores are based on speed and accuracy
(Luciana et al., 2018).

The dimensional card sort measures cognitive flexibility. Participants sort objects by color or
shape to objects presented at the bottom of the screen. 3 sets of sorting occur, the first by
either shape or color. The second run presents the dimension (shape or color) that was not
tested on run 1. And the last trial consists of alternating between sorting by shape and color.
Scores are based on both accuracy and reaction time (Luciana et al., 2018).

The pattern recognition task measures rapid visual processing. Impaired attention could
prolong the time needed to process information. Participants are given two pictures and
asked if they are the same. Their score is comprised of number correct in a given time
period. (Luciana et al., 2018)

The picture completion task measures memory and visuospatial sequencing. Participants are
shown 15 pictures in sequence and asked to reproduce the sequence. The task is scored by
adding the number of correct adjacent pairs reproduced over 3 trials. Scores range from 0-42
(Luciana et al., 2018).

Finally, the list sort task measures working memory and participants are shown pictures

of food or animals of different sizes and told the name associated with the picture. Then,
they are asked to repeat back the pictures from smallest to largest. Participants start with

2 pictures of the same category and if successful, increase by increments of one picture to

a maximum of 7. The second category is tested in a similar manner. All participants then
move on to the combined trials where pictures from both categories are used and participants
are instructed to repeat back pictures from one category at a time in ascending order of size
(Luciana et al., 2018).

2.2.4 Functional brain imaging—Imaging data were available on a subset of
participants. We examined differences in BOLD (blood oxygen level dependent) signal
between groups during three fMRI tasks using all available data (Rosenberg et al., 2020).

Stop Signal Task (SST) data were available in 98 (44%), 112 (50%) and 109 (49%) of
participants in the PCE, tobacco/alcohol exposed and non-exposed groups respectively. The
SST is designed to study inhibitory control (Logan, 1994) and is the most correlated with
ADHD in the literature. Participants are presented first with a fixation or warning stimulus
followed by leftward or rightward facing arrows and instructed to indicate which way the
arrow faces “as quickly and accurately as possible.” 17% of trials are followed with an
upward facing arrow which is the “stop signal.” Stop signals indicate participants should
try to stop their response to that particular trial. The timing of the stop signal is determined
algorithmically to ensure participants only successfully stop on 50% of trials. This is done
by increasing or decreasing the delay stop signal time by 50ms when participants are
successful or unsuccessful respectively (Casey et al., 2018).
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Performance on this task was measured with the stop signal reaction time. Activations
maps were computed on the voxel and vertex level for the following contrasts: stop versus
correct-go trials, correct go-trials versus fixation and correct-stop versus incorrect stop.

Working memory was assessed with the EN-Back task (Cohen et al., 2016). EN-Back data
were available in 87 (39%), 117 (52%) and 104 (46%) participants in the PCE, tobacco/
alcohol exposed and non-exposed groups respectively. This task consists of two runs of
eight blocks. Each block consists of 10 trials and 4 fixation signals and begins with an
instructional message of “2-back” or “target=""to indicate the target for 0-back blocks. In the
2-back blocks participants are asked if the current stimulus matches the one shown 2 trials
prior. During the 0-back blocks participants attempt to match the current stimulus to the
target picture. The colored fixation signal appears before each block to alert the participant
to the changing of task (Casey et al., 2018).

Discrimination, measured by D’ was used to assess performance (Rosenberg et al., 2020).
Contrasts of 0-back minus fixation; 2-back minus fixation, 2-back minus 0-back and face
minus place were examined.

Monetary Incentive Delay task (MID) data were available in 115 (51%), 124 (55%), and
118 (53%) of participants in the PCE, tobacco/alcohol exposed and non-exposed groups
respectively. The MID was used to measure reward processing (Knutson et al., 2000; Yau et
al., 2012). There are five possible incentives for the MID task (Win $5.00, Win $0.20, Lose
$5.00, Lose $0.20 and no money at stake - $0). Participants are informed of the incentive

at the beginning of each trial. A variable target appears on the screen and the participant
responds to either win or avoid losing money. The participant then sees the result of the trial.
The task consists of 10 trials of each incentive (Casey et al., 2018).

Activation maps were computed for anticipation of large reward and large loss versus neutral
anticipation, as well as reward positive and loss positive versus negative feedback.

2.2.5 Covariates—Factors shown to be related to childhood ADHD were used as
covariates including parental psychopathology (Faraone et al., 2005; Waldman & Gizer,
2006). Parental psychopathology was measured using the total problems score on the Adult
Self Report ASEBA instrument (ASR) (Achenbach & Rescorla, 2000). The ASR is a 120
item questionnaire that compliments the CBCL. Similarly, it has 8 syndrome scales, and

a total problems summative score. Parental psychopathologies correlated with attention
problems in children include attention problems, antisocial behavior, anxiety and depression
(Galera et al., 2011). Therefore, we chose to use the total problems score as a covariate.
Younger maternal age at time of delivery is recognized as a risk factor for ADHD and
research suggests longer duration of breastfeeding, while multifactorial, is protective (Chang
et al., 2014; Stadler et al., 2016). Therefore, months breastfed, and maternal age were
included as covariates. Additional known neurodevelopmental factors of prematurity (less
than 40 weeks gestation) and birthweight were also included. Lastly, race and household
education level were included as sociodemographic covariates as these were not equivalent
between groups (Table 1).
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2.3 Statistical Analysis

Statistical analyses were performed using Stata 16.0 (StataCorps LLC, College Station,
Texas). CBCL scores and BMT-T scores fit a Poisson distribution thus, Poisson mixed
effects models were used to assess the association between PCE and attention symptoms.
First, attention problems were predicted from PCE alone (base model), next a model
including covariates as fixed effects, and families nested within site as random effects was
used to isolate effect of PCE.

Other measures (CBCL scores, BPM-T scores, and neurocognitive performance) were
analyzed using mixed effects models. We used the Benjamini, Krieger, Yekutieli method

to account for multiple analyses(Benjamini et al., 2006). CBCL and neurocognition analyses
included the same covariates as the Attention Problems analysis. Neurocognitive scores were
normalized using a rank based inverse normalizing transformation. Teacher report models
included race and highest household education as fixed effects.

Task fMRI data were pre-processed as described in Hagler et al (Hagler et al., 2019).
Performance measures from the fMRI tasks were normally distributed, therefore did not
require transformation. The Permutation Analysis of Linear Models (PALM)’s general linear
model was used to generate subcortical and cortical functional activation maps for each of
the three fMRI tasks by contrasting participants with PCE with each control group. Scanner
ID was added to the covariates used in the primary analysis.

3. Results

3.1 Descriptive Statistics:

Of the 11,489 participants, 2% (N=224) were prenatally exposed to cannabis after the
knowledge of pregnancy. Frequency of cannabis used on a daily basis after knowledge of
pregnancy was available on 148 (66%); average use was twice daily (SD = 1.3). Of these
cannabis exposed participants, 57% were female, 49% had concurrent prenatal tobacco
exposure and 25% were exposed to alcohol while 7n utero. The THC exposed group

was more diverse with white individuals making up 38% of the group, while in the two
control groups, more than half of the participants were white. Maternal age at delivery was
slightly younger in the PCE group compared to controls and both exposed groups reported
breastfeeding for a shorter duration, with means less than 6 months. Although the groups
differed on gestational age at first knowledge of pregnancy the means were between 6-8
weeks gestation, all in the middle of the first trimester. Importantly those who reported
PCE had significantly higher scores of parental self-reported psychopathology, measured on
the ASR. ASR mean total problem score was 36 for the PCE group vs 25 and 21 for the
matched tobacco/alcohol exposed controls and the non-exposed controls respectively.

Outcome variables demonstrated several differences between participants with PCE and
those without. The PCE group had the highest scores for all CBCL behavioral measures,
and teacher reported behavioral measures. There was no difference between groups for the
flanker or card sort cognitive tasks, however the PCE group had slightly lower scores on the
pattern, picture and list tasks. Lastly, the performance on tasks during the fMRI were not
different between groups.
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3.2 Attention symptoms:

The PCE group had statistically significantly increased attention problem scores in both
models (with and without covariates) compared to both control groups (Table 2). In fact,
attention scores for both control groups were approximately 30% lower than the PCE
group. These differences remained significant after accounting for multiple analyses. For
interpretation, differences in marginal means are presented in Figure 1. The only significant
fixed effect variable was parental psychopathology, with increasing ASR total problem
scores being associated with higher attention scores. (RR 1.02; 95%Cl 1.016-1.025).

3.3 Other CBCL symptoms:

After accounting for covariates, externalizing symptoms and total problems were
significantly higher in participants with PCE compared to both control groups (Table 2).
Internalizing symptoms and thought problems were increased compared only to the non-
exposed group. Social problems were not significantly different between any group. Parental
psychopathology was associated with higher scores on all CBCL domains. All associations
persisted after correcting for multiple analyses.

3.4 Teacher report forms (BPM-T)

BPM-T scores were available for a subset of participants. 210 (31%) had teacher reported
attention scores, 257 (38%) had externalizing and internalizing scores. After adjusting for
covariates, PCE was associated with increased attention problem scores compared to the
tobacco/alcohol exposed (p=0.009) and non-exposed group (p=0.007). When compared
to the non-exposed group, those with PCE had increased teacher reported externalizing
problems (p=0.005), however this increase was not seen when comparing to the tobacco/
alcohol exposed group. There were no significant group differences on teacher reported
internalizing symptoms.

3.5 Neurocognitive measures:

There were no significant group differences on any neurocognitive task after accounting for
covariates (Table 3).

3.6 fMRI task performance:

Functional performance measures were available on 430 (64%) of participants. There were
no significant performance differences between the 3 groups on either stop signal reaction
time from the Stop task or D’ (0-back or 2-back conditions) of the EN-Back task.

3.7 Functional imaging:

Complete imaging and covariate data were available on 308, (46%), 357 (53%) and 319
(47%) participants for the EN-back task, MID task and SST, respectively. There were no
significant differences in BOLD signal activation patterns between groups on any of the
contrasts across tasks.
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4. Discussion

Our findings demonstrate PCE is associated with increased attention, externalizing and

total problem scores when compared to those without PCE. These results hold when

the comparison is those with no prenatal exposure and those with matched presence of
prenatal tobacco and alcohol exposure, supporting the hypothesis that PCE in and of

itself is related to later attention/externalizing problems. Additionally, we report a lack of
difference in cognitive functioning and functional brain imaging associated with PCE. These
findings come from a cohort powered to find subtle differences in developmental trajectories
therefore a null finding is unlikely to be due to small sample size.

While other studies have reported associations of PCE with behavioral and cognitive
outcomes (including within the ABCD cohort), the current study has novel features and
adds additional information (Paul et al., 2020). First, rather than controlling for tobacco

and alcohol exposures in the entire ABCD sample, we created two sets of matched

controls to compare to those who had similar tobacco and alcohol exposures as well

as those who had no prenatal tobacco, alcohol or cannabis exposures. We chose this
methodology in an attempt to account for innumerable potential confounding differences

in those with and without substance use during pregnancy. It is possible that our more
focused inclusion criteria help to constrain statistically significant relationships, which could
potentially increase the validity of our findings. Moreover, we opted to use self-reported
current mental health symptoms from the Adult Self Report, instead of reported family
history, because current parental psychopathology can increase reports of problematic child
behavior through cognitive errors or underlying psychological constructs (De Los Reyes

& Kazdin, 2005; Haack et al., 2017). We found measurement of parental psychopathology
to be significantly associated with each CBCL symptom score as well as youth cognitive
task performance. Therefore, we believe its inclusion in analyses of the CBCL domains

and cognitive performance is imperative. Finally, the use of multi-informant data (teacher
reports) strengthens the results even though these data were only available in a sub-group of
participants.

Our data support most of the findings of the extant literature and add to them in important
ways. Goldschmidt et al report PCE associated increased externalizing symptoms without
changes in attention scores in the MHPCD cohort (Goldschmidt et al., 2000). The fact that
we find an increase in the CBCL attention scores in a sample, including those from high and
low income households, suggests PCE plays a role in attention problems, but it may be more
apparent in those of higher SES who have fewer competing baseline risk factors. Similarly,
our study reproduces patterns reported using data from the GenR study that demonstrate
increased externalizing behaviors in those with PCE, without an increase in internalizing
symptoms (El Marroun et al., 2019). Recognizing there is variation between study designs,
the consistency across results suggest PCE is associated with behavioral differences in
children, in particular an increase in problems with attention and externalizing symptoms.

The finding that PCE is associated with behavioral symptoms and not cognitive deficits
or altered patterns of brain activity has not been reported previously in this cohort.
Previous cohorts identified only minor differences in aspects of executive functioning in
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early adolescents (9-12 years) with PCE (Fried et al., 1998). Behavior changes without
cognitive changes have been described in previous studies of adolescents with ADHD.

In fact, Jonsdottir et al question the role of executive function deficits in ADHD at all
(Jonsdottir et al., 2006). Additionally, Barkley et al have found little correlation between
executive functioning measurement tasks, such as those in the NIH toolbox, and executive
functional deficits in daily life experienced by individuals with ADHD (Barkley & Murphy,
2011). That being said, cognitive differences among those with PCE have been identified

in mid-adolescence (13-16 years) (Fried & Watkinson, 2001). It may be that PCE has
stronger associations with differences in cognition and brain activity later in adolescence —
an empirical proposition that can be tested in the ongoing ABCD study.

While the lack of cognitive difference may have been anticipated, the lack of brain changes
was unexpected. It is likely that there are multiple small brain alterations reflecting the
heterogeneity of the diagnosis of ADHD (Nigg et al., 2005; O'Halloran et al., 2018; Postema
et al., 2021; Potter et al., 2006). Previous studies using fMRI have suggested sustained
attention involves multiple neural networks working in tandem (O'Halloran et al., 2018).
Therefore, if individuals with attention problems exhibit a diverse pattern of alterations in
these neural networks, a unifying pattern of change may not be viable on BOLD signaling.
Additionally, our exposure data are captured as any use after knowledge of pregnancy and
variables such as dose of cannabinoids are not available. If specific brain changes differ
depending on timing and dose of prenatal exposure to cannabinoids this diversity would
result in the same inability to identify large differences in the entire exposed population.

Lastly, it is possible that our null result is valid. Additional studies evaluating functional
changes in offspring exposed to intrauterine cannabis are necessary to replicate or refute this
negative finding.

Our study has several important limitations to consider. The first and most important is the
lag time between the exposure of interest (PCE) and data collection. Participants were asked
to remember 10 years in the past and report cannabis use during pregnancy. This measure

is prone to recall bias and may impact the validity of results. That said, a study comparing
antenatal reporting of substance use with report 14 years later suggested retrospective report
of prenatal drug exposures are at least as accurate as antenatal report (Hannigan et al., 2010).
We opted to use cannabis use after knowledge of pregnancy as it more likely represents
ongoing use throughout multiple stages of gestation. Even so, specific timing of use is not
available therefore our data cannot be used to draw conclusions regarding trimester specific
exposures. Additionally, we lack a precise measure of the amount and potency of cannabis
used therefore we are unable to make any dose-based conclusions. Still, we feel our analysis
is meaningful given the sample size, multiple matched controls and ability to account for
potentially confounding variables.

Second, measures of attention and behavior typically rely on parental report. Using teacher
reports in our study strengthens the findings as multi-informant data is the clinical gold
standard and reduces bias in reporting (Association, 2013). Bias is of particular concern
regarding parental psychopathology. Thus, we used both teacher reports and accounted for a
dimensional measure of parental psychopathology in all analyses.
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In sum, we found that prenatal cannabis exposure after the knowledge of pregnancy was
associated with increased attention problems and externalizing symptoms in children 9-11
years of age. There were no differences in cognition, or functional imaging in this age group.
Our results contribute to and reinforce the findings of prior cohort studies illuminating the
long-term risks of PCE on behavioral outcomes and indicate the need for continued study on
associations with cognitive and functional imaging outcomes.
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Marginal Means of CBCL symptoms
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Figure 1:
Marginal means and standard errors are plotted for interpretability. Significance determined

by mixed effect modeling described. * Denotes significant false discovery rate (FDR)
corrected p values <0.05 when compared to the cannabis exposed group.

Neurotoxicol Teratol. Author manuscript; available in PMC 2022 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Cioffredi et al.

Table 1:

Frequencies and Means of Predictor Variables and Outcomes by Exposure Group

No PCE, No PCE, P value
matched on tobacco or
PCE group tobacco, alcohol,
N=224 alcohol and matched on
demographics | demographics
N=224 N=224
Group matching characteristics
Mean child participant age in months (SD) 118 (7.3) 117 (7.4) 118 (7.3) 0.975
Child participant Sex 0.548
M| 97 (43%) 107 (48%) 97 (43%)
F| 127 (57%) 117 (52%) 127 (57%)
Maternal alcohol use affer knowledge of pregnancy 0.139
No | 168 (75%) 181 (81%) 224 (100%)
Yes | 56 (25%) 43 (19%) 0 (0%)
Mean drinks per week among those using alcohol (SD) 5.3 (10.9) 6.3 (13.6) 0 0.789
Maternal tobacco use after knowledge of pregnancy 1.0
No | 115 (51%) 115 (51%) 224 (100%)
Yes | 109 (49%) 109 (49%) 0 (0%)
Mean cigarettes per day among those using tobacco (SD) 8.7 (6.2) 7.0 (6.4) 0 0.107%
Other demographics
Maternal Education <0.001
Less than high school 13 (6%) 4 (2%) 1 (<0.5%)
High school diploma or GED 10 (5%) 18 (8%) 10 (4%)
Some College 45 (20%) 28 (13%) 20 (9%)
Bachelor’s degree 102 (46%) 81 (36%) 70 (31%)
Graduate degree 34 (15%) 43 (19%) 53 (24%)
Not available 20 (9%) 50 (22%) 70 (31%)
Race <0.001
White | 85 (38%) 124 (55%) 130 (58%)
Black | 81 (36%) 35 (15%) 30 (13%)
Hispanic | 27 (12%) 35 (15%) 45 (20%)
Asian | 1 (<0.5%) 3 (1%) 3 (1%)
Other | 30 (13%) 27 (12%) 16 (7%)
Covariates
Premature 0.097
No | 184 (82%) 184 (82%) 181 (81%)
Yes | 35 (16%) 39 (17%) 43 (19%)
Don’t know 5 (2%) 1 (<0.5%) 0 (0%)
Breastfeeding duration Months (SD) 4.2 (6.6) 5.6 (8.1) 8.1(9.7) <0.001
Mean maternal age in years (SD) 25 (6.0) 29 (6.6) 29 (6.2) <0.001
Parental ASEBA total problem scores raw (SD) 36 (24) 25 (19) 21 (19) <0.001
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No PCE, No PCE, P value
matched on tobacco or
PCE group tobacco, alcohol,
N=224 alcohol and matched on
demographics | demographics
N=224 N=224

Gestational age at first knowledge of pregnancy weeks (SD) 8(7) 7(7) 6 (5) <0.001
Behavioral Outcomes Measured on the CBCL
Mean attention score (SD) 5.4 (4.3) 3.3(3.6) 3.1(3.9) <0.001
Mean thoughts score (SD) 3.2(3.5) 2.1(2.5) 1.7 (2.4) <0.001
Mean social score (SD) 32(3.1) 2.2(2.8) 1.9 (2.8) <0.001
Mean externalizing score (SD) 9.6 (9.1) 5.1(5.9) 5.0 (6.6) <0.001
Mean internalizing score (SD) 7.7(7.4) 5.3(5.6) 4.8 (5.8) <0.001
Mean total problems score (SD) 33.3(25.5) 20.7 (18.5) 18.9 (20.2) <0.001
Teacher report forms Measured on the BPM-T
Mean attention score (SD) 4.6 (3.8) 2.6 (3.0) 23(3.1) 0.001
Mean externalizing score (SD) 2.9 (3.6) 1.6 (2.4) 1.1(2.4) 0.001
Mean internalizing score (SD) 25(2.7) 1.7 (2.4) 1.7 (2.2) 0.056
Neurocognitive outcomes
Mean flanker task score (SD) 19.7 (1.1) 19.8(0.7) 19.8 (1.0) 0.543
Mean card sort task score (SD) 27.4 (2.9) 27.7(2.4) 27.8 (2.4) 0.234
Mean pattern task score (SD) 36.0 (7.5) 37.7(7.1) 37.8(7.1) 0.014
Mean picture task score (SD) 10.9 (5.5) 12.5(5.6) 12.8 (6.2) 0.001
Mean list task score (SD) 15.0(3.2) 15.3(3.0) 16.0 (3.3) 0.003
fMRI task performance
Mean stop signal reaction time (SD) 286.2 (120.4) 301.4 (88.1) 300.0 (79.4) 0.289
Mean D’ 0 back (SD) 2.3(0.9) 2.4(0.8) 2.4 (0.9) 0.168
Mean D’ 2 back (SD) 1.8 (0.8) 2.0 (0.8) 1.9 (0.8) 0.276

Page 20

Prematurity is defined as less than 40 weeks gestation. Missing data points are not included in this table. Chi square was used to assess differences
in categorical variables, ANOVA was used for continuous variables.

*
Difference measured between groups with prenatal exposures only.
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Associations of CBCL symptoms with prenatal cannabis exposure compared to controls after including

confounding variables

Table 2:

CBCL Prenatal tobacco and/or alcohol exposure | No prenatal exposure
measur ement
Rateratio (95% ClI) | P FDR* p | Rateratio(95% ClI) | P FDR" p

Attention 0.68 (0.54 to 0.85) 0.001 0.007 0.69 (0.55 to 0.88) 0.003 | 0.008
Internalizing 0.87 (0.72 to 1.06) 0.175 0.079 0.86 (0.70 to 1.05) 0.129 | 0.063
Externalizing 0.62 (0.49 to 0.78) <0.001 | 0.007 0.72 (0.57 to 0.92) 0.009 | 0.011
Total 0.77 (0.65 to 0.92) 0.003 0.008 0.77 (0.65 to 0.92) 0.004 | 0.009
Thought 0.84 (0.67 to 1.05) 0.126 0.063 0.77 (0.61 to 0.98) 0.034 | 0.031
Social 0.80 (0.64 to 1.01) 0.065 0.052 0.81 (0.64 to 1.04) 0.092 | 0.062

Page 21

Fixed effects covariates include Parental total problems, maternal age, months breastfed, prematurity, race and highest household education.

*
False discovery rate corrected p values
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Mixed effect model coefficients (6) for associations between neurocognitive tasks and prenatal cannabis

Table 3:

exposure
NIH toolbox task
Variable
Flanker | Card sort | Pattern | Picture | List
Comparison group
Tobacco and/or alcohol exposure -0.08 0.01 0.08 0.11 -0.09
No prenatal exposure -0.05 -0.01 0.03 0.01 -0.02
Fixed effects
Parental total problems score | 0.0001 -0.0001 -0.003 | -0.003 | -0.001
Maternal age 0.002 0.0003 -0.008 0.006 0.010
Months breastfed | -0.001 -0.0003 0.008 0.001 0.02%
Prematurity -0.05 0.10 0.05 -0.05 0.03
Race (compared to Caucasians)
Black { -0.08 -027% | -036" | -039" | -0.39"
Hispanic 0.11 -0.14 -0.03 0.03 -0.12
Asian 0.17 -0.19 0.02 0.01 0.10
Other | -0.11 040" | -020% | -024 | _p33*
Highest household education
1| _gaz* | -024 0.22 -012 | gg3*
2| -012 -0.09 0.28 -0.01 | _g59*
3| -023 -0.12 0.23 -0.03 | -021
4 -0.17 -0.11 0.42 0.19 -0.20
5 -0.16 0.01 0.44 0.27 -0.07

*
p<0.05
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