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Abstract

Background and Objectives: Prenatal exposure to environmental tobacco smoke (ETS) is
associated with increased attention problems in children, however, the effects of such exposure on
children’s brain structure and function have not been studied. Herein, we probed effects of prenatal
ETS on children’s cognitive control circuitry and behavior.
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Methods: Forty-one children (7-9 years) recruited from a prospective longitudinal birth cohort of
non-smoking mothers completed structural and task-functional magnetic resonance imaging to
evaluate effects of maternal ETS exposure, measured by maternal prenatal urinary cotinine.
Attention problems and externalizing behaviors were measured by parent report on the Child
Behavior Checklist.

Results: Compared to non-exposed children, exposed children had smaller left and right thalamic
and inferior frontal gyrus (IFG) volumes, with large effect sizes (p-FDR <.05, Cohen’s D range
from 0.79-1.07), and increased activation in IFG during the resolution of cognitive conflict
measured with the Simon Spatial Incompatibility Task (38 voxels; peak t(25)=5.25, p-FWE=.005).
Reduced thalamic volume was associated with increased IFG activation and attention problems,
reflecting poor cognitive control. Mediation analyses showed a trend toward left thalamic volume
mediating the association between exposure and attention problems (p=.05).

Conclusions: Our findings suggest that maternal ETS exposure during pregnancy has
deleterious effects on the structure and function of cognitive control circuitry which in turn affects
attentional capacity in school-age children. These findings are consistent with prior findings
documenting the effects of active maternal smoking on chidlren’s neurodevleoment, pointing to
the neurotixicity of nicotine regardless of exposure pathway.
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Introduction

Prospective birth cohort studies have begun to document associations between
environmental (second-hand) tobacco smoke (ETS) exposure during the prenatal period in
non-smoking women and children’s health outcomes, including adverse neurodevelopmental
effects. 1> Specifically, prenatal ETS exposure has been associated with increases in
externalizing behaviors as well as hyperactivity.5.” These findings are consistent with studies
showing associations between active maternal smoking during pregnancy and risk for
attention problems and Attention Deficit Hyperactivity Disorder (ADHD) among children,
8-10 pointing to the neurotoxicity of transplacental nicotinel112 and other compounds found
in ETS, including heavy metals.13.14

Effects of prenatal ETS exposure on attention and cognitive control processes are likely
driven in part by adverse effects of nicotine on fetal brain development.1>16 In animals,
prenatal nicotine exposure acts on nicotinic acetylcholine receptors, thereby altering
cholinergic signaling of cell replication and differentiation, apoptotic cell death, or
decreasing cell size.1” Additionally, abnormal activation of nicotinic receptors interferes
with the development of neurotransmitter systems (i.e., dopamine, norepinephrine,
serotoninl’) that innervate cognitive control circuitry and are implicated in ADHD.18 Last,
animal models document effects of prenatal exposure to nicotine on attention and inhibitory
control,19 suggesting that prenatal ETS exposure may adversely impact human brain
development, and specifically cognitive control circuits.
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In humans, prenatal exposure to nicotine through act/ve maternal smoking during pregnancy
is associated with regional thinning of cognitive control regions, including superior frontal,
parietal, lateral occipital, and precentral cortices in 6-year-old children, as well as smaller
total brain, gray, and white matter volumes.2% In adolescents and adults, active maternal
smoking during pregnancy is associated with smaller right inferior frontal gyrus (IFG)
volumes?® and reduced thickness in lateral orbitofrontal, middle frontal, and
parahippocampal cortices.?2 Functional magnetic resonance imaging (MRI) data also link
prenatal exposure to nicotine and increased activity in IFG, inferior parietal lobule,
thalamus, and basal ganglia during response inhibition in children and adolescents
performing a Go/No-Go task.2324 In contrast, adults with prenatal exposure showed
decreased activity in anterior cingulate cortex (ACC), IFG, and supramarginal gyrus during
the Go/No-Go task.2! Thus, prenatal exposure to nicotine through active maternal smoking
affects both the structure and function of control regions with notable differences in these
effects across development. However, the effects of prenatal exposure to ETS (rather than
active maternal smoking) on the structure and function of circuits that support cognitive
control processes remain unstudied.

Herein, we address this important gap in the literature. We assessed the effects of prenatal
ETS exposure, measured by maternal prenatal urinary cotinine levels-a biomarker of
nicotine exposure-on cognitive control circuits in 7-9-year-old children. Using structural and
task-based fMRI, we probed effects of prenatal ETS exposure on the frontostriatal portions
of cortico-striatal-thalamo-cortical (CSTC) circuits, which interconnect frontal, parietal, and
temporal cortices with the basal ganglia and thalamus. These circuits are known to support
cognitive control processes2® and are vulnerable to active maternal smoking.20.21.23.24
Consistent with the effects of active maternal smoking on brain structure and function,
20,21,23,.24 \we hypothesized that relative to non-exposed children, those with prenatal ETS
exposure would show altered frontostriatal morphometry and smaller total brain, gray, and
white matter volumes as well as increased frontostriatal activity during the engagement of
cognitive control on the Simon Spatial Incompatibility Task.28 This task requires the
engagement of control to respond correctly on incongruent trials, when a task-irrelevant
feature of a stimulus (the side of the screen on which an arrow appears) conflicts with the
task-relevant feature (direction of the arrow). Both adults and children typically respond
with slower reaction times (RT) on these incongruent trials.2”28 We hypothesized that,
relative to non-exposed children, ETS-exposed children would show greater trial-wise
associations between brain activity and RT and greater activation during incongruent versus
congruent trials. Consistent with studies of clinical and behavioral outcomes,®” we explored
associations of prenatal ETS exposure with greater attention problems and other behaviors
reflecting poor cognitive control. Last, given that ETS exposure occurred prenatally, a period
when brain structure and function are rapidly developing,2® we explored if effects of ETS on
brain structure might influence brain function.
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2. Methods

2.1 Participants

We recruited all 53 children in the Sibling-Hermanos birth cohort30 age 7-years or older
(Supplement). Mothers were non-smokers.3! Five children opted not to participate leaving
48 children who came for a visit and attempted a scan. Of these 48, five children were
unable to complete a structural scan and two children were excluded during quality control
procedures (Supplement) for excessive head mation during the structural sequence, leaving
41 with useable structural data. Of 39 children who completed the Simon task, six were
excluded for poor task accuracy (<50% correct on each run), two for excessive head motion
(>20% of frames were outliers with >1mm frame-wise displacement on each run32:33) and 1
for a technical error, leaving 30 with useable task data. The institutional review boards at
Columbia University and New York State Psychiatric Institute approved the study; children
and guardians provided written informed assent and consent.

2.2 Cotinine Measurement

Cotinine was measured in prenatal maternal and postnatal child urine: individuals with
values between 0.05-0.99ng/ml were classified as non-exposed, and those with 1.00-
16.00ng/ml as ETS-exposed (Supplement).34-36 Among participants who attempted a scan,
28 children were non-exposed and 20 (41.7%) exposed, mirroring US population estimates
that 40% of children are ETS exposed3" Of the 41 children who successfully completed the
structural scan, 24 were exposed, and of the 30 children who successfully completed the
Simon task, 10 were exposed.

2.3 Behavioral Measures

Maternal report on the Child Behavior Checklist (CBCL), a clinically validated
questionnaire, was used to measure behavioral features of ADHD. Parent-report is the most
commonly used clinical tool for assessing these behaviors.3® We examined three CBCL
subscales: the empirically-based Attention Problems score measuring symptoms associated
with ADHD, the DSM-oriented ADHD scale reflecting likelihood of an ADHD diagnosis,
and the Externalizing behavior scale. Children completed the Wechsler Abbreviated Scale of
Intelligence-2"d edition.3°

2.4 MRI Acquisition

Data were acquired on a 3T GE 750 scanner with a 32-channel head coil. Two structural T1
images were collected for each participant using a 3D-FSPGR sequence (flip angle=11,
TE=2.588ms, TR=6.412ms, 180 slices, 1mm isotropic resolution). Three runs of Simon task
data were acquired with an echo planar imaging sequence (flip angle=77, TE=25ms,
TR=2000ms, 44 slices, 3.0mm isotropic resolution, 160 acquisition frames, 5 minutes and
32 seconds long). Structural data were processed using standard FreeSurfer v6.0 pipeline
(recon-all)#041 and functional data using Statistical Parametric Mapping (SPM)12, AFNI,
and FSL (Supplement).
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2.5 Simon Task

During the Simon task,2® individuals press a button to indicate the direction an arrow is
facing. Congruent (C) trials occur when a right-facing arrow appears on the right side of the
screen, and incongruent (1) trials when a left-facing arrow appears on the right side of the
screen or vice versa. The task thus requires engagement of control processes (inhibit the
prepotent response to the arrow location and instead indicate the direction). Typically
developing children respond faster to congruent than incongruent trials, activating bilateral
IFG, ACC, and parietal regions during the resolution of conflict.28 Prior studies suggest that
reaction time (RT), indexing trial-wise difficulty resolving cognitive conflict, similarly
associates with activation in the ACC, IFG, and thalamus.2:43 Thus, we were interested in
trial-wise associations between brain activity and RT as well as associations between brain
activation and event-related contrasts.

First-level general linear models were generated in two ways (SPM12; Supplement). First,
models include a regressor of interest for correct trials parametrically modulated by trial-
wise RT and one for error trials with duration as RT. Second, models included 5 task
regressors (duration as trial-wise RT) to examine second-level Incongruent-Congruent (I-C)
contrast: post-congruent congruent, post-incongruent congruent, post-congruent
incongruent, post-incongruent incongruent, and errors. All analyses included 24 head motion
regressors (translation/rotation, their derivatives, and squares) and regressed out frames with
framewise displacement >1mm, as in pediatric task-based studies with similar TR.44

2.6 Statistical Analyses

Distributions of continuous variables (quantile-quantile plots in Figure S1) were transformed
as needed to fit a normal distribution. Outliers (z-score>3) were winsorized. Analyses
excluded cases with missing data. All tests were conducted using R, with two-tailed tests,
alpha p<.05.

All models testing group differences (exposed versus non-exposed) in brain structure or
function controlled for age and sex given known associations with brain development;#°
models testing regional brain volume controlled for intracranial volume (ICV), and those
measuring brain function controlled for mean motion during fMRI acquisition. Although
brain structure and function associate with socioeconomic status and FSIQ,%6:47 groups did
not differ on these variables, and thus they were not included as covariates. To test the
effects of postnatal exposure (e.g., specificity of the timing of exposure), post-hoc analyses
evaluated the effects of prenatal exposure (exposed versus non-exposed) controlling for
postnatal exposure (exposed versus non-exposed) measured with cotinine at child age 3,
given their high intercorrelation (prenatal continuous cotinine and postnatal continuous
cotinine, r=.45). In addition, postnatal exposure via parent report of a smoker in the house at
child age 7 was tested (Supplement). For all significant findings, we explored the dose-
response relationship using prenatal cotinine as a continuous variable.

Linear regressions evaluated group differences in volumes of frontostriatal regions (IFG,
ACC, putamen“8) and thalamus, given our interest in CSTC circuitry as well as global brain
measures (total brain, cerebral gray, white matter volumes). Cortical thickness (CT) and
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surface area (SA) were explored for frontostriatal regions. Cohen’s D, based on the
regression coefficient of the ETS term, estimated effect sizes.#® For completeness, vertex-
wise analyses evaluated effects of exposure on CT and SA across the entire cortex. All
models were false discovery rate (FDR) corrected for multiple comparisons.

T-tests were used to analyze Simon task performance and demographic differences between
children included in analyses (n=30) versus excluded (n=18), as well as differences in task
performance and head motion between exposure groups. Second-level regressions were used
to examine group differences in brain activation. First, we identified clusters that showed
significant trial-wise association between activity and RT across all correct trials; we used
this parametric modulation to understand trial-level differences in activation associated with
engagement of cognitive control (i.e., longer RTs should characterize trials with more
cognitive conflict). Second, we identified clusters significantly associated with brain
activation during incongruent vs. congruent trials, which does not account for trial-level
differences in performance, but rather evaluates differences in average activity between trial
types (I-C). Analyses were thresholded at voxel-level significance p<.001, cluster size
threshold p-FWE<.05. Consistent with our previous papers using the Simon task in other
samples of children, adolescents, and adults,28:48:50.51 group differences (exposed vs. non-
exposed) were assessed within our predefined frontostriatal mask,*8 that included the same
regions investigated in structural analyses (IFG, ACC, putamen, thalamus), defined by the
Anatomical Automatic Labeling (AAL) atlas.

Linear regression was used to explore if any observed ETS-related structural and functional
alterations were associated with one another. We also explored whether ETS-related brain
effects that passed FDR correction were associated with attention problems or externalizing
behaviors, and if so, whether these effects mediated associations between exposure and
behavior (Supplement).

3. Results

3.1 Participants

Black children and Hispanic children age 7-9 years participated in this study. Exposed and
non-exposed children did not differ in age, sex, FSIQ, maternal education, or maternal
ADHD symptoms. Black were more likely than Hispanic children to be exposed (Table 1).

3.2 Prenatal Exposure to ETS and Brain Structure

Relative to non-exposed children, exposed children had smaller left and right thalamic and
IFG volumes, with large effect sizes (Figure 1; Table 2). Group differences with medium
effect sizes that did not pass FDR correction were detected in total brain and white matter
volumes (Table 2). Exploratory analyses also revealed medium effects sizes in right IFG
surface area and left ACC thickness (Table S1). All brain measures showing group
differences also showed significant dose-response relationships using continuous prenatal
cotinine (Figures 1c, S2; Table S2). Given group differences in exposure, ethnicity was
tested as a covariate in supplementary analyses with no effect on results (Table S3).
Postnatal exposure (at age 3 or 7 years) did not associate with brain measures when included
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in the model with prenatal exposure (p’s>0.3; Table S4, S5). Using birthweight rather than
ICV did not change these results (left thalamus: b=-513.69, p<.014; right thalamus: b=
-452.2, p<.007). In vertex-wise analyses, no significant group differences were detected.

3.3 Prenatal Exposure to ETS and Brain Function

Children who completed the Simon task were significantly older than those who did not
(t(46)=-2.91, p=.007; Table S6), but did not differ in prenatal cotinine, FSIQ, or maternal
education (Table S6). Children included in the task analysis showed slower mean RT for
incongruent (M=960ms) than congruent trials (M=890ms; t(29)=3.83, p=.001). No group
differences (exposed, non-exposed) were detected in mean RTs for incongruent or congruent
trials, I-C RT, or mean head motion (p’s>.24).

We detected significant positive trial-wise associations between RT and activation in ACC
(Montreal Neurological Institute (MNI) coordinates: x=—9,y=21,z=30; 139 voxels; peak
t=6.10, p-FWE=.0003, Figure 2A) and significant group differences (exposed vs non-
exposed) in the trial-wise association between RT and activation in left IFG (MNI
coordinates: x=-36,y=30,z=9; 38 voxels; peak t(25)=5.25, p-FWE=.005, Figure 2B). Non-
exposed children showed an inverse association between activation in IFG and RT (less IFG
activation on longer RT trials), whereas exposed children showed a positive association
(more IFG activation on longer RT trials; Figure 2C). The trial-wise association between RT
and left IFG activation was similarly associated with continuous prenatal cotinine (b=0.497,
p=.002, Figure 2D). Group differences in prenatal exposure remained the strongest predictor
of the trial-wise association between RT and left IFG activation when postnatal exposure
was included in the model (prenatal: b=1.363, p<.001; postnatal: b=0.518; p=.076).
Including ethnicity did not affect results (Table S3). A cluster in the ACC was associated
with the resolution of post-congruent conflict across all children (p-uncorrected=.02, 29
voxels, MNI coordinates: x=—6,y=-12,z=33), but no clusters were associated with group
differences in conflict or post-congruent conflict.

3.4 Associations between ETS-related Structural and Functional Alterations

Exploratory analyses revealed that left and right thalamic volumes were inversely associated
with the trial-wise association between left IFG activation and RT (left: b=—0.001, t(23)=
-2.455, p=02; right: b=-0.001, t(23)=-3.12, p=005; Figure 3A).

3.5 Exploratory Brain-Behavior Analyses

Of the regions significantly associated with prenatal environmental tobacco smoke after
multiple comparisons correction, left thalamus volume was associated with CBCL Attention
Problems, and left IFG volume was associated with CBCL Attention Problems, ADHD
Scale, and Externalizing Scale (ps<.05, Table S6, Figure 3B). Right thalamus, right IFG, and
trial-wise association between left IFG and RT were not associated with behavior. Four
mediation analyses were thus conducted. Left thalamus volume mediated the association
between prenatal ETS exposure and attention problems (average causal mediation
effect=1.42, p=.05),52 whereas left IFG did not mediate any ETS-behavior associations. For
completeness, associations between behavioral measures and brain volumes that showed
uncorrected associations with ETS are reported (Table S6).
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4. Discussion

Our study is the first to report effects of prenatal ETS exposure in hon-smoking mothers on
children’s brain structure and function. Children with prenatal exposure exhibited
significantly smaller volumes of cortical and subcortical regions of frontostriatal circuits.
Additionally, we detected alterations in frontostriatal activation during the resolution of
cognitive conflict in ETS exposed children that were not present in non-exposed children.
Significant dose-response relationships examining continuous prenatal cotinine were
observed with all brain measures showing group differences. In exploratory analyses, the
trial-wise association between RT and left IFG activation was associated with smaller
thalamus volume, and trend-level findings suggest that smaller left thalamic volume
mediated the pathway from ETS exposure to children’s attention problems. These ETS-
related effects on neurodevelopment closely parallel those of active maternal smoking,8-°
suggesting similar neurotoxic effects arising from active and environmental exposure.

Compared to non-exposed children, those with prenatal ETS exposure had significantly
smaller IFG and thalamus volumes, key areas of frontostriatal portions of CSTC circuits.
Exploratory analyses also revealed ETS-related effects on right IFG surface area and left
ACC thickness. These findings were also significant using cotinine as a continuous measure
of exposure, indicating a significant dose-response effect. We additionally detected
significant associations of maternal report of children’s attention problems and externalizing
behaviors with smaller left thalamic and IFG volumes. Last, trend-level findings suggest that
ETS-related reductions in thalamic volumes mediated the pathway from ETS exposure to
increased attention problems. Given that these frontostriatal control circuits are disrupted in
ADHD, >3 our findings suggest that control circuit alterations are a plausible mechanism
through which prenatal ETS increases risk for attention problems.

Further evidence supporting our hypothesis that prenatal ETS disrupts frontostriatal control
circuits comes from our task fMRI data. We detected ETS-related effects on the function of
frontostriatal control circuits during the resolution of cognitive conflict. Exposed children
showed positive associations between IFG activation and trial-wise RT, whereas non-
exposed children showed no association between activation in this region and RT; a
significant dose-response relationship was detected using cotinine as a continuous measure
of exposure. Such findings potentially point to a compensatory recruitment of the IFG on
long RT trials during the Simon task in exposed children. Our result is consistent with prior
findings that active maternal smoking is associated with greater IFG activation during
Go/No-Go tasks in nicotine exposed youth.23:24 In contrast, adults with prenatal exposure to
active maternal smoking show decreased activity in IFG during the Go/No Go task.2! Thus
ETS-related functional effects may change over development, pointing to the need for
longitudinal study of this developmental process. Furthermore, ETS-related differences in
thalamic volumes were inversely associated with increased activity in IFG, further
suggesting that ETS has distributed effects on frontostriatal circuit architecture. The
frontostriatal portion of CSTC circuits is known to underlie cognitive control processes.?®
Thalamocortical processing is hypothesized to be involved in efference copies,>* which send
information from motor cortex back to the sensory processing stream in order to anticipate
impending self-generated behavior.>® ETS-associated effects on thalamic structure and IFG

Environ Int. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Margolis et al.

Page 9

activation could work in concert through this mechanism to underlie difficulty anticipating
and, thus, regulating self-generated behavior. ETS exposure may act on thalamic volumes,
contributing to compensatory IFG engagement, or on frontostriatal function, contributing to
altered neuroplasticity and thus reductions in thalamic volumes, underscoring the need for
longitudinal study of the effects of prenatal ETS on children’s neurodevelopment.

Our study has a relatively small sample size and, thus, was powered to detect the large effect
sizes reported. Future studies, however, with larger samples are needed to replicate these
findings and to detect other brain regions that may show smaller prenatal ETS effect sizes. In
addition, future studies should examine effects of ETS on other brain regions important for
other cognitive control subprocesses. Furthermore, results remained consistent when
cotinine was modeled as a continuous variable and show significant dose-response
relationships, as well as when postnatal exposure at age 3 or age 7 was included in models.
Given the correlation between prenatal and postnatal exposure, we cannot exclude the
possibility that the more proximal exposure window to outcome assessment may also be
important. Future research is needed to disentangle effects of prenatal from postnatal
exposure to ETS on the structure and function of control circuits in children. In our study,
maternal ADHD symptoms did not vary between exposed and non-exposed children,
suggesting that maternal genetic risk was not a confound. Future prospective studies that
incorporate biomarkers of exposure, as this study did, should consider the role of paternal
genetics as well as timing of exposure during pregnancy. Although we detected effects of
prenatal exposure on conflict-related activation when RT was parametrically modulated,
group differences in conflict or post-congruent conflict condition contrasts were not
significant. However, RT was associated with activity in the ACC across all children and a
cluster in the ACC was associated with post-congruent conflict contrast across all children,
suggesting convergence across methods. Future studies with larger samples are needed to
better understand the differences between contrast analyses, which average activity across
trials within individuals, and RT modulation, which reflects trial-level individual differences
that can stem from various factors beyond condition, like prior trial/sequence effects.

Although anti-smoking campaigns have reduced cigarette use, 14% of Americans still
smoke,>%:57 and another 14.9% have used e-cigarettes,®’ and twelve states have no public
smoking laws,>8 greatly increasing pregnant women’s risk of exposure.>® Environmental
injustice places Black children at greatest risk of exposure: ~40% of children in general,
versus ~70% of Black children are ETS exposed.59 The CDC does not list cognitive
outcomes as a risk of ETS exposure.®1 Public health programming aimed at increased
awareness of the risk of ETS exposure for pregnant women may reduce the incidence of
attention problems, particularly among Black children.

In summary, our findings point to the effects of prenatal ETS exposure on the structure and
function of frontostriatal circuits in children, alterations that contribute to their attention
problems. Such effects are similar to the effects of exposure to active maternal smoking
during pregnancy. Moreover, effects on frontostriatal circuits are consistent with
neurological markers of attention problems as detected in ADHD®2. Attention problems and
ADHD have high heritability rates of approximately 70 percent5, leaving the origins of up
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30 percent of idiopathic cases unexplained. Thus, the effects of environmental exposure to

prenatal ETS may represent a novel phenotype of attention problems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Prenatal environmental tobacco smoke (ETS) increases risk for attention
problems.
. The neurobiological effects of prenatal ETS are unknown.
. Prenatal ETS alters the structure and function of frontostriatal control
circuitry.
. Smaller thalamic volume mediated effects of exposure on attention problems.
. ETS and smoking in pregnancy confer similar risk on brain structure and
behavior.
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Figure 1.

Children with prenatal exposure to tobacco smoke have reduced thalamic volumes. A)
Thalamus segmentation. B) Group differences in thalamic volumes adjusted for age, sex,
and intracranial volume. C) Association between continuous prenatal cotinine and right/left
thalamic volumes. Dashed vertical line denotes threshold for classification as prenatally
exposed.
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Figure 2.

Simon task. A) Significant associations between RT and ACC activation across all
participants. B,C) Associations between RT and left IFG activation is higher in children with
prenatal environmental tobacco exposure (group differences), and D) with prenatal cotinine
modeled continuously. Dashed vertical line denotes threshold for classification as prenatally
exposed. The frontostriatal mask was defined by the Anatomical Automatic Labeling atlas.
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Figure 3.

Structure-function associations. A) Inverse associations between thalamic volume (red
circle=left; blue square=right) and RT-modulated IFG activation during the Simon Task,
controlling for age, sex, intracranial volume, and motion. B) Associations between thalamic
volume and parent reported attention problems, controlling for age, sex and intracranial
volume. Mm3 = millimeters cubed.
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Demographic data.

Table 1.

All Participants (n=41)  Exposed (n=17) Non-exposed (n=24) gg?‘r?gari son

N % N % N % xz P
Sex (female) 24 59 9 53 15 63 0.37 .54
Black 19 46 11 52 8 33 3.94 .05
Hispanic 22 53 6 35 16 67

Mean (SD) Range Mean (SD) Range Mean (SD) Range t P
Age (months)  103.8(9.0) 84-118 102 (10.3)  84-115 105 (7.8) 84-118 1.01 .32
FSIQ 89.8 (13.3)  70-119 90.1(16.1)  70-119 89.6 (11.3) 72-117 -0.10 .92
Mat. Ed.(years) 12.3(1.7)  10-16 12.0(1.4)  10-14 126 (1.8) 1016 034 .26
Mat ADHD 35.9 (5.5) 31-57 36.1(4.6) 31-47 35.8(6.1) 31-57 -0.18 .86
Cotinine 2.09(29)  0.10-142 4.2(35) 1.3-142 06(0.26) 0.1-1.0 -423 .001
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Note: Mat. Ed. = maternal education. Maternal ADHD symptoms were measured with the Connors Adult ADHD Rating Scale. FSIQ = Full Scale

Intelligence Quotient.
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Associations between group (exposed vs non-exposed) and brain volume.

Table 2.

Outcomes % difference b P p-FDR  Cohen’s D
Total Brain 5.62 -64868 039F .059 0.72
Cerebral Gray Matter ~ 5.05 -25648 .079 .079 0.61
Cerebral White Matter  7.69 -27909 026F .059 0.79
Left Thalamus 7.82 -538.7 007F 0287 0.97
Right Thalamus 7.48 -487.3 003 .026°° 107
Left Putamen 1.70 91.0 .635 754 0.16
Right Putamen 2.82 -133.8 442 .708 0.26
Left IFG 8.63 7341  026F 0527 0.79
Right IFG 10.91 -987.8  025° 0527 0.79
Left ACC 2.70 -91.5 .662 754 0.15
Right ACC 2.04 -71.9 7154 7154 0.11

Note: Regression models include group, age, sex, and intracranial volume; total brain volume model excludes intracranial volume.

Aok
p<.05 corrected
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*
p<.05 uncorrected. Models were FDR corrected separately for 3 global and 8 regional brain measures. % difference = percent difference between

groups in volume. b = unstandardized beta. ACC = anterior cingulate cortex. IFG = inferior frontal gyrus.
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