Original Investigation | Imaging

Evaluation of Brain Alterations and Behavior in Children
With Low Levels of Prenatal Alcohol Exposure
Xiangyu Long, PhD; Catherine Lebel, PhD

Abstract

Key Points

IMPORTANCE High levels of prenatal alcohol exposure (PAE) are associated with widespread
behavioral and cognitive problems as well as structural alterations of the brain. However, it remains
unclear whether low levels of PAE affect brain structure and function, and prior studies generally
have not had well-matched control populations (eg, for sociodemographic variables).

Question How do brain structure and
behavior of children with low levels of
prenatal alcohol exposure (PAE) differ
compared with those of a well-matched
control group of children?

OBJECTIVE To compare structural brain alterations and behavioral changes in children with lower

Findings In this cross-sectional study of

levels of PAE with those of well-matched controls with no PAE.

135 children with low levels of PAE and
135 unexposed controls, children with

DESIGN, SETTING, AND PARTICIPANTS In this cross-sectional study, participants were selected

PAE had worse externalizing behavior

from the Adolescent Brain Cognitive Development study. Children with PAE were compared with

scores and lower fractional anisotropy in

controls matched for age, sex, family income, maternal educational level, and caregiver status.

several white matter areas of the brain

Neither group had prenatal exposure to other adverse substances (eg, tobacco, cannabis, illicit

compared with children in the control

drugs). Data were collected from September 1, 2016, to November 15, 2018, and analyzed from

group. Higher fractional anisotropy was

October 14, 2020, to February 14, 2022.

associated with less problematic
behavior in the control group, but no

EXPOSURES Diffusion tensor imaging, resting-state functional magnetic resonance imaging (MRI),
and Child Behavior Checklist (CBCL) administration.

association was found in the PAE group.
Meaning These findings suggest that
even small amounts of PAE are

MAIN OUTCOMES AND MEASURES Fractional anisotropy (FA); mean, axial, and radial diffusivity
from diffusion tensor imaging; brain functional signal variations from functional MRI; and several
scores, including internalizing and externalizing behavior problems, from the CBCL. Spearman
correlation coefficients between diffusion tensor imaging and functional MRI measures and the CBCL
scores were calculated.

associated with structural brain
alterations, highlighting the importance
of evidence-based policy making and
underscoring the need to consider
prenatal exposures in future studies of
pediatric brain development.

RESULTS A total of 270 children were included in the analysis (mean [SD] age, 9.86 [0.46] years; 141
female [52.2%] and 129 male [47.8%]), consisting of 135 children with PAE (mean [SD] age,
9.85 [0.65] years; 73 female [54.1%] and 62 male [45.9%]) (mean exposure, 1 drink/wk) and 135
unexposed controls (mean [SD] age, 9.87 [0.04] years; 68 female [50.4%] and 67 male [49.6%]).
Children with PAE had lower mean (SD) FA in white matter of the left postcentral (0.35 [0.05] vs 0.36
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[0.04]; mean difference, −0.02 [95% CI, −0.03 to −0.01]), left inferior parietal (0.31 [0.07] vs 0.33
[0.06]; mean difference, −0.03 [95% CI, −0.04 to −0.01]), left planum temporale (0.26 [0.04] vs
0.28 [0.03]; mean difference, −0.02 [95% CI, −0.03 to −0.01]), left inferior occipital (0.30 [0.07] vs
0.32 [0.05]; mean difference, −0.03 [95% CI, −0.04 to −0.01]), and right middle occipital (0.30
[0.04] vs 0.31 [0.04]; mean difference, −0.01 [95% CI, −0.02 to −0.01]) areas compared with
controls, and higher FA in the gray matter of the putamen (0.22 [0.03] vs 0.21 [0.02]; mean
difference, 0.01 [95% CI, 0.005-0.02]). Externalizing behavior scores were higher (worse) in
children with PAE than in controls (mean [SD], 45.2 [9.0] vs 42.8 [9.0]; mean difference, 2.39 [95%
CI, 0.30-4.47]). Several of these regions had significant group-behavior interactions, such that the
(continued)
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Abstract (continued)

higher FA was associated with less problematic behaviors in controls (ρ range, −0.24 to −0.08) but
no associations were present in the PAE group (ρ range, 0.02-0.16).
CONCLUSIONS AND RELEVANCE In this cross-sectional study, children with low levels of PAE had
lower FA and more behavioral problems compared with a well-matched control group. These results
suggest that PAE, even in small amounts, has a measurable effect on brain structure in children.
JAMA Network Open. 2022;5(4):e225972. doi:10.1001/jamanetworkopen.2022.5972

Introduction
Nearly 10% of pregnant individuals report consuming alcohol,1 which can adversely affect fetal
development and lead to a variety of physical, behavioral, and neurological deficits.2 Heavy prenatal
alcohol exposure (PAE) is associated with a diagnosis of fetal alcohol spectrum disorder (FASD), a
neurodevelopmental disorder that includes lifelong cognitive and behavioral difficulties.2,3 Prenatal
alcohol exposure is also is associated with an increased risk of mental health problems; more than
90% of individuals with FASD have a co-occurring mental illness.4
Using magnetic resonance imaging (MRI), disrupted brain structure and function after PAE have
been observed. The most common finding is reduced brain volume, which has been observed among
individuals ranging from infants to adults.5,6 Altered white matter microstructure has also been
reported across ages using diffusion tensor imaging, although neonates and young children with PAE
tend to show lower diffusivity,7,8 whereas older children, adolescents, and young adults with PAE
show higher diffusivity and lower anisotropy9-11 and weaker structural network connectivity12 than
controls. In terms of brain function, increased functional connectivity among motor, brainstem, and
thalamic networks have been detected in neonates with PAE.13,14 In children and adolescents, PAE is
associated with disrupted functional connectivity in the default mode network,15 sensorimotor
network,16 attention and language network,17-20 and whole brain network structure.21,22
Internalizing behaviors (those directed inward such as depression and anxiety) and
externalizing behaviors (those directed outward such as aggression and hyperactivity) are more
common in children with PAE and can indicate a higher risk of later mental illness.4,23 In unexposed
children and adolescents, these behaviors are related to white matter microstructure,24 cortical
thickness,25 and gray matter volumes.26,27 However, few studies have examined associations
between adverse behaviors and brain alterations associated with PAE. One study with a relatively
small sample28 showed no association between brain volumes or white matter microstructure and
internalizing or externalizing behavior, whereas another study29 found negative correlations
between brain volumes and psychopathology and behavioral scores in youths with PAE.
Most previous studies of brain alterations and PAE have focused on individuals with high levels
of PAE and/or a diagnosis of FASD (which requires high levels of exposure or the sentinel facial
features associated with fetal alcohol syndrome). However, lower levels of PAE can affect cognitive
and behavioral function,30,31 and emerging evidence29,32 suggests brain volumes and functional
connectivity are affected. Dose-dependent associations between the amount of PAE and brain
volumes have been reported by several prior studies, providing further evidence that lower levels of
exposure may impact brain volumes.33-35 White matter tends to be disproportionately affected by
PAE,5,36 yet it remains unclear how low levels of PAE are associated with white matter microstructure
and structural brain connectivity. The lack of evidence of structural changes in the brain associated
with low levels of PAE may be part of the reason that many individuals perceive small amounts of PAE
as safe during pregnancy. Understanding how low levels of PAE affect brain outcomes is critical for
making evidence-based policy recommendations.
Most prior studies of PAE28,34,37-40 have been unable to appropriately control for factors such
as family income, educational level, child care situation, and prenatal exposure to other substances
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owing to small sample sizes. For example, in many studies,28,34,37 most children with PAE and/or
FASD are in adoptive or foster care, whereas the control group primarily resides with biological
parents. Many studies38-40 also report lower family income and/or parent educational level in the
PAE group compared with controls. Prenatal exposure to other teratogenic substances such as
tobacco, cannabis, and illicit drugs often co-occurs with PAE,41 and these substances are
independently associated with brain alterations.42-44 Studies with well-matched controls and alcohol
exposure in isolation are critical to better understand the specific effects of PAE.
The aim of the present study was to examine brain structure and function in children with low
to average levels of PAE while carefully controlling for potentially confounding factors. We
hypothesized that children with PAE would have lower total brain volume, lower fractional
anisotropy (FA), and higher functional MRI signal variations compared with unexposed matched
controls. Furthermore, we expected correlations between brain metrics and internalizing and
externalizing behavioral scores, such that lower FA would be associated with worse behavior.

Methods
Participants
All neuroimaging and cognitive and behavioral data were obtained from the Adolescent Brain
Cognitive Development (ABCD) study, release 2.0.1.45 This cohort study recruited more than 10 000
children approximately 10 years of age across the US from September 1, 2016, to November 15, 2018.
Neuroimaging data include structural MRI, resting-state functional MRI, and diffusion tensor imaging.
The ABCD study was approved by a central institutional review board at the University of California,
San Diego, with local institutional review board approval for a few sites.46 Parents provided written
informed consent and children provided informed assent. The present study followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.
The ABCD Developmental History Questionnaire asked about PAE and prenatal exposure to
other substances (tobacco, cannabis, heroin, cocaine, and oxycodone [Oxycontin]).47 Using these
data, we identified participants whose biological mothers (adoptive parents were excluded owing to
potential lack of knowledge of prenatal exposures) answered yes to using alcohol and no to using
other substances (tobacco, cannabis, heroin, cocaine, and oxycodone) after awareness of their
pregnancy (n = 135). Children whose biological mothers answered no to using alcohol and other
substances both before and after awareness of their pregnancy were selected as control participants.
Controls were matched to the exposure group on sex, age, maternal educational level, family income,
biological parents, and no prenatal exposure to other substances (Table 1). Family income for the
past 12 months was measured on a 10-point scale from less than $5000 to greater than $200 000.

Table 1. Demographics of the Participants in the Present Study

Characteristic

PAE group
(n = 135)

Matched unexposed
controls (n = 135)a

P value,
difference
between
groups

Cohen d

Age, mean (SD), y

9.85 (0.65)

9.87 (0.04)

.73

0.04

Sex, No. female/male

73/62

68/67

.94

0.07

Abbreviations: NA, not applicable; PAE, prenatal
alcohol exposure.

No. of study sites

22

21

.42

0.01

No. of scanner types

3

3

.94

0.39

Total family income, mean (SD)b

9 (2)

9 (0)

.18

0.16

Maternal educational level, mean (SD)c

18 (2)

18 (0)

.50

0.08

Maximum No. of drinks in 1 sitting, mean (SD)

1 (1)

NA

NA

NA

No. of drinks per week, mean (SD)

1 (1)

NA

NA

NA
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a

The unexposed controls were selected to match the
PAE group for age, sex, family income, and maternal
educational level. Neither group had prenatal
exposure to any other adverse substances (eg,
tobacco, cannabis, illicit drugs).

b

Measured on a 10-point scale from less than $5000
to greater than $200 000, with higher scores
indicating higher income.

c

Measured on a 21-point scale ranging from never
attended school to a doctoral degree, with higher
scores indicating higher educational level.
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Maternal educational level was reported on a 21-point scale ranging from never attended school to a
doctoral degree.
To assess the quantity of prenatal exposure, we used the answers to: “average drinks per
week?” and “maximum drinks in 1 sitting?” after knowing of pregnancy (Table 1). One hundred
fourteen of the 135 participants with PAE had information available on drinking quantities.

Behavior Measures
The Child Behavior Checklist (CBCL) was used to assess internalizing and externalizing behaviors.47
The summary internalizing, externalizing, and total problem scores, as well as scores of 8 individual
scales (Anxious/Depressed, Withdrawn/Depressed, Somatic Complaints, Social Problems, Thought
Problems, Attention Problems, Rule-Breaking Behavior, and Aggressive Behavior) were compared
between groups. For all participants, behavior measures were collected on the same day as the
neuroimaging session.47

Neuroimaging
In brief, diffusion tensor imaging preprocessing included corrections for eddy current distortions and
head motion. The functional MRI images were preprocessed with head motion correction,
normalization, nuisance signal removal (ie, from white matter, ventricles, and the global signal), and
band-pass filtering of 0.009 to 0.08 Hz. We corrected T1-weighted images for gradient nonlinearity
distortions and intensity inhomogeneity. Cortical surface reconstruction on the T1-weighted images
was performed by FreeSurfer brain imaging software, version 5.3 (Harvard University); this was used
to calculate total brain volume and create cortical surface-based regions of interest.45,48 The ASEG
atlas from FreeSurfer was used to segment deep gray matter regions.49 A more detailed description
of ABCD study data processing methods is available elsewhere.48
Our analysis used the tabulated MRI measurements of the first time point released from the
ABCD study for each participant. Mean FA, mean diffusivity, axial diffusivity, and radial diffusivity
were calculated across each of the subadjacent white matter areas of cortical regions from
FreeSurfer,50 as well as the subcortical gray matter regions. The mean temporal variance of
functional MRI blood oxygenation level–dependent signal was calculated within each cortical gray
matter Destrieux region.50,51 We also extracted total brain volume.

Statistical Analysis
Data were analyzed from October 14, 2020, to February 14, 2022. The present study used 2-sample t
tests, linear mixed models, and Spearman correlation analysis. Results that were both corrected and
uncorrected for false discovery rate at a significance level of 2-sided P < .05 are reported along with
mean differences and 95% CIs. Group comparisons between the participants with PAE and
unexposed controls were performed on the CBCL scores and MRI measurements of each brain region
using a series of 2-sample t tests. Site was included as a random effect for MRI measurements.52
Brain regions with significant group differences in MRI metrics were then examined for
associations with CBCL behavior scores. Spearman correlation analysis was performed between MRI
metrics and CBCL scores when controlling site as a random effect, then the correlation coefficients
were transformed to z scores and compared between groups.

Results
Alcohol Consumption
A total of 270 children (mean [SD] age, 9.86 [0.46] years; 141 female [52.2%] and 129 male [47.8%])
were included in the analysis; 135 children (mean [SD] age, 9.85 [0.65] years; 73 female [54.1%] and
62 male [45.9%]) with PAE were compared with 135 controls (mean [SD] age, 9.87 [0.04] years; 68
female [50.4%] and 67 male [49.6%]). Mean (SD) PAE in the sample was 1 (1) drink/wk. The mean
(SD) number of drinks in a single sitting was 1 (1). Most participants’ biological mothers (112 [98.3%])
JAMA Network Open. 2022;5(4):e225972. doi:10.1001/jamanetworkopen.2022.5972 (Reprinted)
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reported no binge episodes (defined as ⱖ4 drinks in 1 sitting) during pregnancy. Controls reported no
alcohol exposure at any time during pregnancy (before or after pregnancy recognition).

CBCL Scores Related to Prenatal Exposure
Most participants in both the PAE and unexposed control groups scored in the normal range of
behaviors (ie, scores <65). The PAE group had significantly elevated (ie, worse) externalizing
behavior scores than controls (mean [SD], 45.2 [9.0] vs 42.8 [9.0] ]; mean difference, 2.39 [95% CI,
0.30-4.47]); 2 participants with PAE (1.5%) had clinically elevated externalizing scores (ⱖ65),
whereas no controls had clinically elevated scores (eTable 1 in the Supplement). There were no other
significant differences in internalizing scores or CBCL subscale scores between groups.

Neuroimaging Metrics Associated With PAE
The PAE group had significantly higher mean (SD) total cortical brain volume than unexposed
controls (624 [64] vs 605 [55] cm3; mean difference, 18.77 [95% CI, 4.55-33.00] cm3; P = .01), but
no difference in mean (SD) total intracranial volume (1557 [174] vs 1544 [134] cm3; mean difference,
14.15 [95% CI, −23.24 to 51.55] cm3; P = .46).
The mean (SD) FA in the following 5 white matter regions was significantly lower in the PAE
group compared with matched controls after false discovery rate correction (Table 2 and Figure 1):
the left postcentral (0.35 [0.05] vs 0.36 [0.04]; mean difference, −0.02 [95% CI, −0.03 to −0.01]),
left inferior parietal (0.31 [0.07] vs 0.33 [0.06]; mean difference, −0.03 [95% CI, −0.04 to −0.01]),
left planum temporale (0.26 [0.04] vs 0.28 [0.03]; mean difference, −0.02 [95% CI, −0.03 to
−0.01]), left inferior occipital (0.30 [0.07] vs 0.32 [0.05]; mean difference, −0.03 [95% CI, −0.04 to
−0.01]), and right middle occipital (0.30 [0.04] vs 0.31 [0.04]; mean difference, −0.012 [95% CI,
−0.02 to −0.01]) areas. Higher FA in the gray matter of the left putamen was also found in children
with PAE (0.22 [0.03] vs 0.21 [0.02]; mean difference, 0.01 [95% CI, 0.005-0.02]). These white
matter regions also had higher radial diffusivity, higher mean diffusivity, and/or lower axial diffusivity
in the PAE group, although these findings did not survive multiple comparison correction
(Figure 1B-F).
When analyses controlled for total intracranial volume, 20 brain areas, including those with
differences found to be significant above, had group differences in FA. Nineteen subcortical white
matter regions had significantly lower FA in the PAE group, while the putamen had higher FA in the
PAE group (eTable 2 and eFigure in the Supplement).

Associations Between CBCL Scores and MRI Metrics
Among the brain regions with significant group differences on MRI metrics, FA in 2 white matter
areas had significant group-behavior interactions uncorrected at P < .05 (Figure 2 and Table 3). In
these regions, controls showed negative correlations (ρ range, −0.24 to −0.08) between FA and

Table 2. Brain Areas With Significant FA Differences Between Groups After Correction for False Discovery Ratea
FA, mean (SD)
Brain hemisphere

Brain region

PAE group

Matched unexposed
controls

Mean difference (95% CI)

P value

Cohen d

Left

Planum temporale (white matter)

0.26 (0.04)

0.28 (0.03)

−0.02 (−0.03 to −0.01)

<.001

0.43

Left

Inferior occipital area (white matter)

0.30 (0.07)

0.32 (0.05)

−0.03 (−0.04 to −0.01)

<.001

0.46

Left

Inferior parietal area (white matter)

0.31 (0.07)

0.33 (0.06)

−0.03 (−0.04 to −0.01)

.001

0.39

Left

Postcentral area (white matter)

0.35 (0.05)

0.36 (0.04)

−0.02 (−0.03 to −0.01)

.001

0.39

Right

Middle occipital area (white matter)

0.30 (0.04)

0.31 (0.04)

−0.02 (−0.02 to −0.01)

.002

0.42

Left

Putamen (gray matter)

0.22 (0.03)

0.21 (0.02)

0.01 (0.005 to 0.02)

.001

0.39

Abbreviations: FA, fractional anisotropy; PAE, prenatal alcohol exposure.
a

No brain areas showed significant differences in other metrics (mean diffusivity, axial diffusivity, radial diffusivity, and blood oxygenation level–dependent signal temporal variance)
after false discovery rate correction.
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behavior, whereas the PAE group had no significant (ρ range, 0.02-0.16) brain-behavior associations.
However, none of these findings survived multiple comparison corrections.

Discussion
To our knowledge, this cross-sectional study is the first to show that small amounts (mean, 1
drink/wk) of PAE are associated with structural brain alterations in children. We found lower FA in

Figure 1. White Matter Areas With Lower Fractional Anisotropy (FA) in the Prenatal Alcohol Exposure (PAE) Group Compared With Unexposed Controls
A White matter areas with lower FA in the PAE group

Left

Right

Postcentral
Inferior parietal

Planum temporale
Middle occipital
Inferior occipital
FA:PAE<control

B Left planum temporale (WM)

C

0.79 FAa

BOLDTV

0.95 FAa

BOLDTV

0.26

0.54
0.27

0.32
0

0

RDb

MD

0

MDb

RDb

ADb

AD

1

BOLDTV

MDb

RDb

AD

F Right middle occipital gyrus (WM)

Left postcentral gyrus (WM)
FAa

0.79 FAa

BOLDTV

0.69

0.52
0.26

0.34

PAE group
Control group

0

0

RDb

0.82 FAa

BOLDTV

0.64

0.53

E

D Left inferior parietal gyrus (WM)

Left inferior occipital (WM)

MDb

RDb

ADb

A, White matter areas with lower FA in the PAE group compared with unexposed
controls. B-F, Magnetic resonance imaging metrics (rescaled) of selected white matter
(WM) regions by group. AD indicates axial diffusivity; BOLDTV, blood oxygenation level–
dependent signal temporal variance; MD, mean diffusivity; and RD, radial diffusivity.

MD

AD
a

Group differences corrected for false discovery rate at P < .05.

b

Group differences uncorrected for false discovery rate at P < .05.
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white matter compared with unexposed control children matched for age, sex, family income,
maternal educational level, caregiver status, and other prenatal substance exposures. Importantly,
this finding helps provide clearer evidence of brain alterations likely resulting from PAE compared
with previous studies34,37-40 that have sociodemographic mismatches between exposed and control
groups. We also found more externalizing behavior problems in children with PAE. This is the first
convincing evidence that lower levels of PAE are associated with changes in white matter and a
potentially long-lasting impact on child behavior.

Brain Alterations in Children With PAE
Our findings of lower FA are consistent with a growing literature of studies investigating children with
PAE,11,53 although our sample had considerably lower levels of PAE than participants in prior studies.
Previous studies33,35,54 have reported mean exposure levels of 4 to 16 drinks/wk and/or multiple
binge episodes (ⱖ4 drinks in 1 sitting), whereas our sample consumed a mean of 1 drink/wk, and
most participants’ biological mothers (98.3%) reported no binge episodes during pregnancy. In fact,
the mean maximum number of drinks in 1 sitting was only 1.
The subadjacent white matter of the left postcentral, parietal, and temporal regions and
bilateral occipital areas showed lower FA in the PAE group compared with controls, largely in
agreement with prior studies10,11,55,56 of children and youths with higher levels of PAE. For example,
many previous studies report lower FA within the corpus callosum10,11,55 and left temporal lobe56 in

Figure 2. White Matter Areas With Significant Group Differences in Correlations Between Fractional Anisotropy (FA) and Child Behavior Checklist (CBCL) Scores
85

75
PAE
Control

80
70

Thought score

Attention score

75

70

65

65

60

60
55
55

50

50
0.1

0.2

0.3

0.4

0.5

0.1

0.2

Left inferior parietal white matter FA

0.3

0.4

Right middle occipital white matter FA

Scatter plots for 2 selected white matter regions show different associations between FA and CBCL scores in the control group compared with the prenatal alcohol exposed (PAE)
group. Trend lines are shown for both the control group (blue) and the PAE group (orange). Additional details are found in Table 3.

Table 3. White Matter Areas With Significant Group Differences in Correlations Between FA and CBCL Scores Uncorrected at P < .05
Matched unexposed
controls

CBCL behavioral item

White matter area

Correlation, ρ

P value

Correlation, ρ

P value

Mean difference in
correlation coefficient
(95% CI)

Withdrawn/depressed

Left inferior occipital area

0.02

.79

−0.24

.004

0.27 (0.23-0.29)

.03

0.27

Rule break

Left inferior occipital area

0.16

.06

−0.08

.35

0.24 (0.23-0.24)

.05

0.24

Attention

Left inferior parietal area

0.14

.11

−0.11

.22

0.25 (0.24-0.25)

.05

0.25

Thought

Right middle occipital area

0.08

.35

−0.17

.04

0.26 (0.24-0.27)

.04

0.26

Withdrawn/depressed

Right middle occipital area

0.06

.47

−0.23

.009

0.29 (0.27-0.29)

.02

0.29

PAE group

P value for
mean difference

Effect size
(diff rho)

Abbreviations: CBCL, Child Behavior Checklist; FA, fractional anisotropy; PAE, prenatal alcohol exposure.
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children and youths with PAE. Interestingly, we observed more group differences in the left
hemisphere than the right hemisphere in the present study. Cortical lateralization in white matter has
not been widely studied yet in the PAE population, although a previous review found atypical
asymmetry in the left temporal-parietal region associated with PAE.57
One prior study29 examined PAE in the full ABCD cohort and reported larger total brain volume
and regional cortical volumes in the PAE group compared with unexposed controls. That study
included participants who had been exposed to alcohol before awareness of pregnancy only, those
with PAE reported by nonbiological parents, and children with other prenatal exposures (eg,
cannabis, tobacco). Our study focused on a smaller but better characterized subsample of the ABCD
study cohort, including only children with biological parental reports of alcohol consumption after
recognition of pregnancy. Regardless, our cortical volume results are consistent, showing higher
volumes in the PAE group, although we report no differences in intracranial volume in our wellmatched samples. Prior studies of children with PAE consistently report lower brain volumes.10,58
The discrepancies may be due to different levels of PAE; prior studies have generally focused on
individuals with much higher PAE than the present study. Other factors such as early-life stress,
which is higher in most prior studies of PAE than in the present study, may also affect brain
volumes.29 It is important to note that the higher cortical volume observed herein does not appear
to be adaptive, because these children also had higher externalizing scores, indicating more
problematic behavior.

Associations With Behavior
The PAE group had significantly higher externalizing but not internalizing behavior scores compared
with the unexposed controls. Previous studies of children, adolescents, and adults with
PAE4,23,28,29,59,60 consistently report both more externalizing and internalizing problems, including
the prior study of the full ABCD cohort.29 The lack of internalizing differences found herein may
suggest that externalizing behaviors are more affected by smaller amounts of PAE or may be due to
the fact that internalizing behaviors, because they are directed inward, can be difficult to accurately
capture via parent report, especially in older children.61-63
In addition to white matter alterations in the brain, the PAE group had disrupted associations
between brain structure and behavior and did not show the negative correlations found in controls.
Previous studies generally show that lower FA is associated with more problematic behavior (higher
internalizing and/or externalizing behavior scores) in typically developing children,24,64 consistent
with our results herein. Prior studies of PAE28,56 have reported mixed findings with regard to brainbehavior associations. Sowell et al56 found the FA in the lateral splenium of the corpus callosum was
positively correlated with visuomotor integration, whereas another study28 found no significant
correlations between diffusion tensor imaging measures and internalizing or externalizing behavior
in the group with PAE. Together, these results suggest that brain alterations induced by PAE disrupt
the typical brain-behavior associations and ultimately may contribute to the behavioral difficulties
widely observed in individuals with PAE.

Structural vs Functional Alterations
No significant differences in the regional temporal variance of the functional MRI signals were found,
although previous studies13,17,19,29 report widespread changes in functional connectivity between
brain regions or networks in children with PAE. Temporal variance measures regional brain activity
and thus may be less affected than connectivity between regions65; discrepancies between results
may also reflect the lower levels of PAE reported herein compared with prior studies. More studies
with combined functional and structural brain measures in individuals with PAE population will help
clarify these associations.
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Implications for Policy and Research
Participants in the present study had low levels of PAE and were not clinically diagnosed with FASD.
Indeed, most participants would not meet the exposure criteria for an FASD diagnosis (ie, ⱖ7
drinks/wk or ⱖ2 binge episodes during pregnancy).66 This highlights the importance of considering
any amount of PAE, both in clinical practice and in research studies. From a policy perspective, our
findings support the recommendations of the Centers for Disease Control and Prevention and the
Society of Obstetricians and Gynaecologists of Canada,67 both of which recommend against any
amount of alcohol consumption during pregnancy. Despite these recommendations, many
individuals assume that small amounts of PAE are fine, and an estimated 10% of women in North
America consume alcohol during pregnancy. Our results suggest that PAE status should be
considered in future studies of brain alterations and behavior in any number of developmental
disorders, diseases, or brain injuries, because PAE may have a substantial confounding effect
on results.

Limitations
This study has some limitations. The PAE status was obtained from a retrospective parent-report
questionnaire. Retrospective self-reports of PAE can be biased and sometimes underreport alcohol
consumption.68 To mitigate this, we limited our analysis to participants whose biological mothers
reported drinking after awareness of pregnancy and compared them with participants whose
biological mothers reported no alcohol consumption before or after pregnancy awareness. Another
limitation was that the MRI measures were collected across multiple sites and 3 scanner types.
Although the imaging protocol of the ABCD study is harmonized across scanners,45 MRI metrics can
still vary; to mitigate this, we used a nested design in our statistical analysis.52

Conclusions
In this cross-sectional study, we found structural brain alterations and worse behavior problems in
children with low levels of PAE compared with a well-matched group of unexposed controls.
Specifically, children with PAE had alterations in diffusion imaging metrics in left postcentral, parietal,
temporal, and bilateral occipital white matter and in the gray matter of the putamen. These results
suggest that even small amounts of prenatal exposure may lead to structural alterations of the brain,
underscoring the importance of evidence-based policy recommendations and considering prenatal
exposures in future studies of pediatric brain development.
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