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Abstract: Brain imaging studies suggest that cortical thickness decreases during childhood and adoles-
cence, in concert with underlying structural and synaptic changes required for cognitive maturation
and regional specialization of function. Abnormalities of this protracted developmental process may
provide key insights into the cognitive and behavioral deficits that emerge in individuals with fetal
alcohol spectrum disorders (FASD). Several studies have demonstrated cortical thickness differences in
children and adolescents who were prenatally exposed to alcohol, though all have been cross sectional,
limiting conclusions about cortical development with age. In this study, we analyze serially collected
T1-weighted MRI from 11 children with FASD and 21 controls, scanned twice each �2 to 4 years apart.
Mixed-models analysis of cortical thickness measurements revealed age-by-group interactions in corti-
cal thinning, with FASD participants undergoing less developmental thinning than controls across
many regions of the cortex, particularly in medial frontal and parietal areas. These results provide fur-
ther longitudinal evidence in humans that prenatal alcohol exposure is associated with altered patterns
of brain development that persist during childhood and adolescence. Hum Brain Mapp 35:4892–4903,
2014. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Cortical brain maturation is a dynamic process, marked
by widespread progressive and regressive change during

the course of human development. This process begins
prenatally with massive proliferation and migration of
neurons countered by ensuing waves of apoptosis, contin-
ues both pre- and post-natally with the projection of axons
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and establishment of new synapses, and culminates in
adolescence and thereafter with the subsequent pruning of
these synaptic connections to refine neural networks. Cort-
ical thickness, defined as the distance between the pial-
cortical and gray matter-white matter borders on MRI
scans, is a widely studied in vivo measure of cortical mor-
phology reported to undergo an inverted U-shaped trajec-
tory in childhood, and is presumed to follow in concert
with these critical cellular transitions [Raznahan et al.,
2011]. Longitudinal studies of healthy development sug-
gest that cortical thinning accelerates during adolescence
[Shaw et al., 2008] and correlates with cognitive perform-
ance [Shaw et al., 2006a; Sowell et al., 2004], which may
reflect regional specialization of cognition during develop-
ment. Although genetic influence on cortical development
has been demonstrated [Raznahan et al., 2012; van Soelen
et al., 2012], less is known about the extent to which this
pattern of adolescent cortical maturation may be disrupted
by specific environmental teratogens, such as prenatal
alcohol exposure.

Prenatal alcohol exposure damages the developing fetal
brain via numerous mechanisms, including neuronal pro-
liferation and migration errors, transcription factor down-
regulation, hypoxia, and cell death [Goodlett et al., 2005],
which can result in a range of physical, cognitive, and
behavioral deficits known as fetal alcohol spectrum disor-
ders (FASD). With an estimated prevalence of 1 in 100,
FASD is the leading cause of preventable developmental
disability in North America [May and Gossage, 2001; May
et al., 2009]. In addition to primary deficits such as
impaired learning, memory and executive functioning,
individuals with FASD have high rates of secondary defi-
cits (trouble with the law, substance abuse, etc.) [Streiss-
guth et al., 2004], which have detrimental consequences
for individuals, families, and society. Longitudinal studies
of white matter development [Treit et al., 2013] and corti-
cal volume [Lebel et al., 2012] in children with prenatal
alcohol exposure have revealed altered trajectories of mat-
uration during adolescence, further suggesting that key
postnatal developmental processes may also be disrupted
in alcohol-exposed children.

Four published cross-sectional studies have investigated
cortical thickness in children with prenatal alcohol expo-
sure, with three finding increased cortical thickness [Fer-
nandez-Jaen et al., 2011; Sowell et al., 2008; Yang et al.,
2012] and one finding reduced cortical thickness [Zhou
et al., 2011] relative to typically developing controls. One
of these studies found both increased thickness and posi-
tive correlations with cognitive scores in the FASD group
(whereby thinner cortex related to poorer performance on
verbal recall and memory scores) [Sowell et al., 2008], fur-
ther complicating interpretation of these contrasting
results. Moreover, the influence of other postnatal develop-
mental processes (e.g., synaptic pruning, myelination) on
the evolution of these observations must be considered,
and may partially explain conflicting observations between
these cross-sectional studies.

The purpose of this study is to elucidate the develop-
mental trajectory of cortical thinning in children and ado-
lescents with FASD in order to further characterize
patterns of brain development during this critical period.

MATERIALS AND METHODS

Participants

Eleven children with FASD (four females and seven
males, scanned at ages ranging from 6.1 to 15.4 years of
age) and 21 controls (10 females and 11 males, ranging from
5.7 to 14.4 years) underwent two MRI scans each, 2–4 years
apart, for a total of 64 scans (Table I). Participants with
FASD were recruited from a hospital FASD diagnostic
clinic, had confirmed prenatal alcohol exposure, and were
previously medically diagnosed with an alcohol related dis-
order falling under the FASD umbrella using the 4-digit
code [Astley, 2004] in accordance with the Canadian Guide-
lines for diagnosis of FASD [Chudley et al., 2005]. Assess-
ments were conducted by a multidisciplinary team
(psychologist, speech language pathologist, occupational
therapist, social worker, and pediatrician), who carefully
reviewed evidence from standardized testing, clinical inter-
view, medical chart review, physical exam, etc. in order to
assess each child in four major domains: growth deficiency,
facial dysmorphology, central nervous system dysfunction,
and alcohol exposure, with careful consideration of pre- and
post-natal factors in the differential diagnosis of an FASD.
One subject had a diagnosis of fetal alcohol syndrome
(FAS), three had partial FAS, two had static encephalopathy
alcohol exposed, four had neurobehavioral disorder alcohol
exposed, and one had FASD that was not further specified.
Given the small number of subjects, all sub-diagnoses were
collapsed to form one “FASD” group for statistical analysis.
Control subjects were screened for psychiatric and neurolog-
ical impairments, as well as contraindications to MRI. All
FASD subjects and 19/21 control subjects were included in
our previous longitudinal diffusion tensor imaging (DTI)
study [Treit et al., 2013]; though note that fewer subjects are
included here due to MPRAGE image quality issues. Nine
of 11 FASD subjects had scan one data that was included in
both Lebel et al. [2008] and Zhou et al. [2011], two FASD
subjects had scan 1 data included in Zhou et al. [2011] but
not Lebel et al. [2008], and all control participant scans were
from Lebel and Beaulieu’s previous study of healthy longi-
tudinal white matter development [Lebel and Beaulieu,
2011]. Written informed consent was obtained from each
participant’s parent/legal guardian, and written assent was
collected from all participants before study procedures. This
study was approved by the Health Research Ethics Board at
the University of Alberta.

Cognitive Testing and Demographics

Both the FASD and control participants were adminis-
tered the Woodcock Reading Mastery-Revised (WRMT-R)
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Word ID at both scans. In addition, the FASD group (but
not controls) were also administered the Woodcock John-
son Quantitative Concepts (18A&B), Working Memory
Test Battery for Children (WMTB-c) Digit and Block, Com-
prehensive Receptive and Expressive Vocabulary Test
(CREVT), and NEPSY Arrows, Auditory Attention and
Response Set and Memory for Names. IQ was also col-
lected in a subset of FASD participants (n 5 7) at scan 2
using the Wide Range Intelligence Test [WRIT, Glutting
et al., 2000]. One sample t-tests were used to determine if
standard score were different from population norms (test-
value of 100 for all tests except NEPSY; test value 10).
Demographic data were collected via questionnaire com-
pleted by parents/caregivers at scan two for the FASD
participants, and retrospectively by phone interview for
controls (though note only 14 of 21 controls were reached).

Image Acquisition

All data at both time-points were acquired using identi-
cal methods on the same 1.5 T Siemens Sonata MRI scan-
ner. Scans included DTI, T1-weighted, T2-weighted, fluid-
attenuated inversion recovery (FLAIR), and FLAIR-DTI
imaging for a total scan time of �26 min. Head motion

was minimized using ear pads. T1-weighted images for
cortical thickness measurements were acquired using a
high resolution (1 3 1 3 1 mm3) MPRAGE sequence with:
repetition time 5 1,870 ms, echo time 5 4.38 ms, inversion
time 5 1,100 ms, field of view 220 3 220 mm2, flip angle
15�, scan time 4:29 min.

Image Processing and Statistics

Images were manually quality checked for gross abnor-
malities or image artifacts and then processed using the
CIVET 1.1.11 pipeline with normalization to the ICBM-152
template to obtain cortical thickness, total brain volume,
white matter, and gray matter volumes for each scan.
Cortical thickness was measured across 40,962 vertices per
hemisphere, and smoothed using a kernel of 20-mm full-
width at half maximum that preserves cortical topology.
Cortical surface data were then segmented to 39 areas per
hemisphere with an automated anatomical labeling (AAL)
template [Tzourio-Mazoyer et al., 2002], averaging all ver-
tices within each region. AAL regions were used for all
statistical analysis in order to reduce multiple comparisons
and increase signal-to-noise compared with analysis con-
ducted over 80,000 vertices. Statistical analyses were

TABLE I. Participant characteristics, demographic information, and cognitive scores

Participant characteristics FASD (n 5 11) Control (n 5 21)

Age in years: mean 6 SD (range) Scan 1 8.9 6 1.8 (6.1–11.8) 8.1 6 1.3 (5.7–10.7)
Scan 2 12.0 6 2.2 (9.1–15.4) 11.8 6 1.6 (7.4–14.4)

Time between scans in years: mean 6 SD (range) 3.1 6 0.9 (1.6–3.9) 3.7 6 0.7 (1.7–4.2)
N males: n (%) 7 (64%) 11 (52%)

Cognitive testing
Woodcock reading mastery

test-revised (n 5 11; 18)
Word ID Scan 1 95 6 9 111 6 14

Scan 2 91 6 13a 109 6 12
Working memory test battery

for children (n 5 10)
Digit Scan 1 90 6 8a —

Scan 2 88 6 13a —
Block Scan 1 83 6 17a —

Scan 2 85 6 16a —
Woodcock Johnson quantitative

concepts (n 5 10)
18A&B Scan 1 90 6 15 —

Scan 2 89 6 12a —
Comprehensive receptive and

expressive vocabulary test (n 5 11)
Receptive Scan 1 90 6 7a —

Scan 2 94 6 8a —
Expressive Scan 1 85 6 16a —

Scan 2 85 6 12a —
NEPSY I/II (n 5 7) Arrows Scan 1 8.8 6 2.4 —

Scan 2 10.4 6 3.3 —
Auditory attention Scan 1 5.1 6 4.1a —

Scan 2 7.7 6 3.7 —
Response set Scan 1 7.0 6 2.5a —

Scan 2 8.8 6 4.0 —
Memory for names Scan 1 8.6 6 3.8 —

Scan 2 7.0 6 3.2a —
Wide range intelligence test (n 5 7) Composite IQ Scan 1 — —

Scan 2 94 6 13 —

aSignificantly different from population norm at P< 0.05.
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carried out in SurfStat and SPSS 18.0. Change of cortical
thickness and volumes with age, by group (FASD versus
control), and age-by-group interactions were determined
for each AAL region using linear mixed-model: cortical
thickness (mm) or volume (cm3) 5 intercept 1 a 3 age 1 b
3 group 1 c 3 interaction (age 3 group) 1 residual, con-
trolling for gender and handedness. Single time-point
group differences in volume and total mean thickness
were tested controlling for age, gender, and handedness.
Mixed models analysis was chosen for its ability to handle
longitudinal data sets with varied spacing between meas-
urements. P-values of <0.05 were considered significant.

To investigate the relationship between cognitive ability
and cortical development, partial correlations were per-
formed between Dcognitive score (raw score scan 2—raw
score scan 1) and Dcortical thickness (thickness at scan 2—
thickness at scan 1) for each AAL region, controlling for
mean age and time between scans. Cognitive scores
included WRMT-R Word ID, WJ Quantitative Concepts,
WMTB-c (digit and block averaged), and CREVT (recep-
tive and expressive scores averaged). NEPSY and WRIT
IQ scores were excluded from correlation analysis due to
the small number of subjects with scores at two time
points (n 5 7). Given the large number of correlations per-
formed, P-values were false-discovery-rate (FDR) corrected
to correct for multiple comparisons, with significance at
q< 0.05.

Sub-Sample Comparison

To confirm that results do not stem from power differ-
ences between groups (n 5 11 versus n 5 21), analysis of
age effects and age-by-group interactions were repeated
with a subset of 11 controls chosen from the full sample of
21, matched as closely as possible for age, time between
scans, and gender (mean age at scan 1: 8.9 6 1.8 for FASD
and 8.4 6 1.6 for Controls; scan 2: 12.0 6 2.2 for FASD and
12.0 6 1.6 for Controls; time between scans 3.1 6 0.9 years
for FASD and 3.6 6 0.8 years for Controls, 4 females and 7
males in each group). Analysis of this sub-sample was car-
ried out using identical statistical methods as described
above.

RESULTS

Demographics and Cognitive Scores

Control and FASD participants did not differ in median
household income ($76–100,000/year) or primary caregiver
level of education (over half had some university to gradu-
ate degrees), though caregiver status differed between
groups with 100% of controls in their biological homes,
and 100% of the FASD group in either foster, adoptive, or
kinship home placements. Ninety-three percent of the con-
trol sample was Caucasian, whereas 46% of the FASD
sample was Caucasian (54% were Aboriginal). IQ was

only measured in 7 FASD subjects at scan 2 (none at scan
1 or at either time-point in the control group), yielding a
mean score of 94 6 13, which was not significantly differ-
ent from the population norm of 100 (one sample t-test,
P 5 0.160) (Table I), though it should be noted that power
to detect a difference from the norm is reduced in only 7
subjects. The WRMT-R Word ID test yielded significantly
lower standard scores in the FASD than control group at
both scans (scan one: FASD 94 6 9, Controls 111 6 14,
P 5 0.024; scan two: FASD 91 6 14, Controls 108 6 12
P 5 0.019), though scores were only significantly different
from the population norm (100) at scan 2. Likewise, the
FASD group scored significantly below population norms
on the WMTB digit and block at both scans, receptive and
expressive vocabulary at both scans, WJ Quantitative Con-
cepts (mathematics) at scan 2, NEPSY Auditory Attention
and Response Set at scan 1, and NEPSY memory for
names at scan 2 (Table I).

Brain Volume and Cortical Thickness Trajectories

When compared with controls, FASD participants had
consistently reduced volumes of total brain (213%,
P< 0.001 scan 1; 213%, P< 0.001 scan 2), white matter
(215%, P< 0.001 scan 1; 218%, P< 0.001 scan 2), and gray
matter (211%, P< 0.001 scan 1; 210%, P< 0.001 scan 2).
Raw volumes are not presented here, but comparable val-
ues in our larger cohort can be found in our longitudinal
DTI paper [Treit et al., 2013]. Longitudinally, mixed-
models analysis in each group revealed decreases of gray
matter volume and increases of white matter volume with
age in both groups (P< 0.001 for all) and no significant
change with age for total brain volume in either group.
Mixed-models analysis with both groups analyzed
together did not reveal significant age-by-group interac-
tions for any volumes, suggesting similar volume growth
rates between groups.

After correcting for gender and handedness, the FASD
group had lower total mean cortical thickness than con-
trols at scan one but not scan two (23%, P 5 0.026 scan 1;
20.4%, P 5 0.300 scan 2). Mixed-models analysis per-
formed separately in each group revealed significant age-
related decreases of total mean thickness in the control
(P< 0.001) but not FASD group, and repeating the analysis
across both groups revealed a significant age-by-group
interaction for total mean thickness (P 5 0.044; Fig. 1). Fig-
ure 2 shows example individual cortical thickness maps
for one control and one FASD participant, both scanned
�4 years apart (�7 years old at scan 1 and �11 years old
at scan 2). Both maps show similar patterns of cortical
thickness, e.g., thicker medial frontal cortex, thinner visual
cortex, etc. (Fig. 2A,B,D–E), but the degree of thinning
between scans is notably greater in the control subjects
(Fig. 2C). The FASD subject maps show fewer regions
with reduced cortical thickness between scans, and many
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Figure 1.

Total mean thickness by group. Leftmost plots (A and B) show

thinning trajectories of control subjects (solid lines) and FASD

subjects (dotted lines) by age. A significant effect of age is found

in the controls (P< 0.001) but not the FASD group (ns). A sig-

nificant age-by-group interaction (C) (P 5 0.044) indicates a dif-

ference in the rate of thinning between groups, with controls

undergoing steeper rates of age related thinning than FASD

participants.

Figure 2.

Examples of individual subject cortical thickness maps. Top panel

(A–C) displays cortical thickness maps at scan 1 (7.2 years) and

scan 2 (11.4 years) as well as the difference map (scan 2—scan

1, gap 5 4.1 years) for a male control participant. Below (D–F)

is an example of a male FASD participant aged 6.9 years at first

scan and 10.5 years at second scan (inter-scan gap 5 3.7 years).

Although general patterns of cortical morphology are similar

between these two individuals, the control participant has a

thicker cortex in many areas at both scans, and undergoes more

thinning (areas in blue, purple, or green on far right) between

scans. Of note, several areas in the FASD subject appear to lack

cortical thinning, but rather show little change or even increases

in thickness between scans. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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regions that show little change or potentially even
increases in thickness (Fig. 2F).

When the cortex was subdivided according to AAL
regions within the entire sample, significant age-related
thinning was found extensively in 65 of 78 (83%) cortical
sub-regions in the control group, but only in 9 of 78
regions (12%) in the FASD group (Fig. 3). Of the regions
with significant age-related thinning in the FASD group,
most were in the right temporal and parietal lobes. No
regions significantly increased in thickness from scan 1 to
scan 2 in either the FASD or control group. Significant
age-by-group interactions were found in 16/78 regions
(21%), indicating a steeper slope of thinning in controls

than in the FASD group (Table II, Figs. 3 and 4). The
majority of age-by-group interactions were found in
medial frontal and parietal regions. As seen in Figure 4, in
addition to steeper decreases in the control group, a
greater amount of inter-subject variability can be seen in
the FASD group; e.g., in the left medial superior frontal
gyrus (Fig. 4B), where it appears that �15/21 (71%) of
control participants undergo decreases in thickness
between scans, 5/21 (24%) stay about the same, and 1/21
(5%) show increases in thickness, whereas in the FASD
group only about 5/11 (45%) decrease and the remaining
show no change (2/11, 18%) or increases in thickness
between scans (4/11, 36%) in this region.

Figure 3.

Regional age effects and age-by-group interactions on cortical

thinning. The top two panels display AAL regions with significant

effects of cortical thickness with age in the control (A) and FASD

(B) groups. Significant effects of age (decreasing thickness with

increasing age) are seen across most of the cortical mantle in the

control group (A), but are limited to discrete temporal, parietal,

and occipital regions, mostly right hemisphere, in the FASD group

(B). Likewise, several regions with significant age-by-group interac-

tions are found (C), indicating regional differences in the rate of

change with age, with the FASD group undergoing less thinning

than controls between scans. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Sub-Sample Comparison

Sub-sample analysis (11 vs. 11) yielded similar findings
to Figure 3, with near whole brain cortical thinning
between scans in controls, and similar patterns of signifi-
cant age-by-group interactions that spanned 13 of 78 (17%)
cortical regions (data not shown).

Relationships Between Cortical Thickness and

Cognition

There were no significant correlations between change
in cognitive score and change in cortical thickness in either
group after FDR correction.

DISCUSSION

This longitudinal study demonstrates an altered trajec-
tory of brain development in individuals diagnosed with
an FASD, who are shown here to undergo less develop-
mental cortical thinning than healthy controls in several
brain regions during childhood and adolescence. Cortical
thinning is an essential developmental process that begins
in early childhood and continues into adulthood at vary-
ing rates and magnitudes across the cortical mantle [Raz-
nahan et al., 2011; Shaw et al., 2008; Sowell et al., 2004].
This process is thought to be primarily driven by synaptic
pruning and myelination of underlying white matter,
mechanisms that contribute to the refinement of neural
networks and specialization of cognitive functions within
the cerebral cortices. Abnormal cortical thinning during
critical periods of childhood and adolescence may underlie

deficits in behavior and cognition that are commonly
observed in those prenatally exposed to alcohol.

Age-by-group interactions indicate that the FASD group
underwent less cortical thinning than controls, primarily
in frontal, parietal, and limbic regions. These areas
undergo protracted thinning trajectories in healthy devel-
opment [Tamnes et al., 2010] and are commonly associated
with higher level aspects of cognition such as emotional
regulation and executive functioning. Previous structural
MRI studies have uncovered various frontal and limbic
abnormalities in FASD [Lebel et al., 2011], including
abnormal cortical thickness [Sowell et al., 2008; Yang et al.,
2012], though longitudinal thinning trajectories have not
been previously demonstrated in FASD. Slower rates of
thinning measured longitudinally in frontal and cingulate
gyri have been shown to account for normal variation in
Attention Deficit Hyperactivity Disorder (ADHD) symp-
tomatology within typically developing children [Shaw
et al., 2011] and may relate to ADHD co-morbidity fre-
quently observed in FASD (note that 10 of 11 FASD sub-
jects here had ADHD). A recent longitudinal study of
cortical volume development in FASD demonstrated that
change in volume of the left posterior cingulate gyrus, par-
ahippocampal gyrus, and insula negatively correlated with
number of drinks per week during pregnancy, varying by
trimester of exposure [Lebel et al., 2012]. These findings
highlight the impact of quantity and timing of gestational
exposure on subsequent development in childhood, which
may contribute to contrasting results in previous cross-
sectional studies that have included varied clinical severi-
ties under the FASD umbrella. Although mean age has
been similar across previous cross-sectional cortical thick-
ness studies [Fernandez-Jaen et al., 2011; Sowell et al.,
2008; Yang et al., 2012; Zhou et al., 2011], other differences,

TABLE II. AAL regions with significant age-by-group interactions of cortical thickness between controls and FASD

Age-by-group
interaction P-values

Slope (mm/year)

Controls FASD

Total mean thickness 0.044 20.04 20.02
Frontal Right superior frontal gyrus dorsolateral 0.014 20.06 20.01

Left superior frontal gyrus medial 0.008 20.06 0.01
Right superior frontal gyrus medial 0.026 20.06 0.00
Right middle frontal gyrus 0.026 20.04 20.02
Left supplementary motor area 0.004 20.04 20.01
Right supplementary motor area 0.024 20.05 20.03
Right inferior frontal gyrus orbital part 0.038 20.06 20.01

Parietal Left superior parietal gyrus 0.027 20.05 20.04
Left precuneus 0.003 20.04 20.02
Left paracentral lobule 0.017 20.06 20.04
Right paracentral lobule 0.015 20.07 20.05

Occipital Left middle occipital gyrus 0.019 20.05 20.02
Left superior occipital gyrus 0.013 20.05 20.03

Limbic Right anterior cingulate and paracingulate gyri 0.016 20.05 20.02
Left median cingulate and paracingulate gyri 0.029 20.02 20.00
Right medial cingulate and paracingulate gyri 0.029 20.03 20.02
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Figure 4.

Examples of significant regional age-by-group interactions (A–C)

and a contrasting example showing significant thinning in both

groups with no significant interaction (D). Age-effects are shown

in the first column for controls (solid lines) and second column

for FASD participants (dotted lines), followed by age-by-group

interactions in the third column. Regions include the left precu-

neus (A), left superior frontal gyrus medial (B), right superior

frontal gyrus dorsolateral (C), and right fusiform gyrus (D). In

addition to significant thinning that is found in the control but not

FASD group for (A–C), individual subject data also provides a vis-

ual of the increased variability found in the FASD group relative

to the robust cortical thinning between scans seen in controls.



such as the proportion of participants with full FAS (rang-
ing from �10% [Zhou et al., 2011] to 100% [Fernandez-
Jaen et al., 2011]), presence of co-morbid ADHD (ranging
from �30% [Yang et al., 2012; Zhou et al., 2011] to 100%
[Fernandez-Jaen et al., 2011]) and mean IQ, (65 in [Yang
et al., 2012], not reported in others) may also contribute to
inconsistent findings.

Age-by-group interactions emphasize the value of longi-
tudinal data in uncovering trajectories that may have been
masked in previous cross-sectional studies. Given the
interaction of thinning trajectories shown here, further
measurements of this sample at older ages may again be
expected to diverge, with FASD subjects having thicker
cortices than controls in agreement with previous cross-
sectional findings by other groups [Fernandez-Jaen et al.,
2011; Sowell et al., 2008; Yang et al., 2012]. Thus, both lon-
gitudinal and cross-sectional findings may reflect impaired
cortical thinning. Rates of cortical thinning, rather than
absolute thickness values, have been shown to correlate
with intellectual ability in healthy development [Shaw
et al., 2006a] and have also been valuable for differentiat-
ing numerous disorders including ADHD [Shaw et al.,
2007] and the emergence of psychopathology [Wood et al.,
2008]. Together with longitudinal volume findings [Lebel
et al., 2012], our results suggest that reduced cortical
change during childhood may be a marker of pathology in
alcohol-exposed children.

In our recent longitudinal DTI study (which includes the
sample presented here), the FASD group underwent larger
decreases of mean diffusivity (MD) between scans than the
control group; changes that we attributed to delayed devel-
opment [Treit et al., 2013]. Although cortical thinning and
DTI parameters are driven in part by convergent mecha-
nisms (e.g., myelination), they follow distinct trajectories
during development [Tamnes et al., 2010]. DTI studies have
demonstrated nonlinear decreases of MD throughout
healthy childhood, with an eventual plateau in early adult-
hood and subsequent increases thereafter [Bava et al., 2010;
Lebel and Beaulieu, 2011]; whereas cortical thickness is typi-
cally shown to plateau or decrease slightly during child-
hood [Raznahan et al., 2012] and then subsequently
undergo accelerated thinning during adolescence [Shaw
et al., 2008]. In keeping with the model of delayed develop-
ment proposed in our DTI study, here we find relatively
less cortical thinning during adolescence (patterns typical of
early childhood), which we may expect to accelerate during
late adolescence/early adulthood after the majority of
developmental cortical thinning is complete in the control
sample if we were to continue following this FASD group.
Age-by-group interactions found here were mostly in
medial parietal and frontal regions in proximity to the white
matter tracts implicated in our DTI paper (namely, the supe-
rior longitudinal fasciculus and the superior and inferior
fronto-occipital fasciculus). Thus, although the direction of
age-by-group interactions are opposite between these two
imaging parameters, we predict that they are in fact compli-
mentary and both reflect underlying delays of cellular brain

development. Moreover, the slowed thinning in medial
aspects of the cortex fit with many previous reports of mid-
line abnormalities associated with prenatal alcohol exposure
[Bookstein et al., 2002], which are thought to reflect dis-
rupted cellular proliferation and migration patterns during
development and may underlie relationships between mid-
line brain abnormalities and facial dysmorphology in FASD
[Yang et al., 2012].

Animal models of prenatal ethanol exposure have dem-
onstrated numerous cortical abnormalities that may under-
lie the thickness reductions observed in cross sectional
human studies [Zhou et al., 2011], including decreased cell
proliferation rates [Miller, 1989; Miller and Nowakowski,
1991], delayed neuroblast migration [Aronne et al., 2008],
apoptosis [Farber et al., 2010; Ikonomidou et al., 2000],
altered synaptic architecture [Cui et al., 2010], disruption
of laminar organization [Kotkoskie and Norton, 1988], and
reductions in overall thickness [Aronne et al., 2008, 2011;
Fakoya and Caxton-Martins, 2006; Norton et al., 1988].
Although informative, most animal models have examined
the neonatal or early postnatal periods, with less focus on
subsequent cortical development. One recent study of cort-
ical development in a rat model of FASD demonstrated
reduced cortical thickness in ethanol exposed rats across
developmental periods [Leigland et al., 2013] in support of
some human work [Zhou et al., 2011], though imaging
was cross sectional and there were no age-by-alcohol
group interactions. Prenatal ethanol exposure is shown to
impair experience-dependent synaptic plasticity in both
the cerebellum [Servais et al., 2007] and hippocampus
[Puglia and Valenzuela, 2010; Zucca and Valenzuela,
2010], which results in motor and memory impairments in
these models. Similar mechanisms may also disrupt synap-
tic plasticity in the cortex [Medina, 2011], which could
underlie both reduced thinning found longitudinally and
increased thickness found in some previous cross-sectional
studies. The transition from synaptogenesis to synaptic
pruning in human cortical development is at least partially
mediated by modification of glutamatergic receptors
[Stoneham et al., 2010] and GABA signaling [Wu et al.,
2012], neurotransmitter systems which are disrupted in
FASD [Costa et al., 2000; Cuzon et al., 2008] and thus may
mediate cortical thinning abnormalities. Direct experimen-
tal models are needed to determine the effects of prenatal
ethanol exposure on synaptic pruning during develop-
ment. MRI measurements of cortical thickness rely on T1-
weighted tissue contrast, which is influenced by numerous
cellular factors and may not reflect the cortex per se, as
would be measured directly with histological measure-
ment. However, previous work comparing histological and
MRI derived measures of cortical thickness suggest that
reduced thickness is found in prenatally exposed rats
using both methods [Leigland et al., 2013].

Determining a direct relationship between alcohol-
induced prenatal brain damage and subsequent abnormal
cortical development during childhood is challenging in
humans. Timing and quantity of exposure likely interact
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with a host of environmental and genetic factors to pro-
duce the wide range of phenotypic and neurological out-
comes under the FASD umbrella, resulting in considerable
heterogeneity within and between FASD samples. Like-
wise, the influence of ADHD co-morbidity on cortical
development could not be teased apart here, as 10 of 11
FASD participants also had ADHD, in keeping with co-
occurrence estimates >70% in FASD samples [Burd et al.,
2003; Fryer et al., 2007]. Cortical thickness studies in idio-
pathic ADHD (without prenatal alcohol exposure) have
yielded somewhat inconsistent findings [Almeida et al.,
2010; Duerden et al., 2012; Montes et al., 2013; Narr et al.,
2009; Shaw et al., 2006b; 2013], and suggest that this com-
plex relationship may be mediated by age, gender, ADHD
subtype [Montes et al., 2013; Shaw et al., 2013], IQ [de
Zeeuw et al., 2012], and stimulant use [Shaw et al., 2009],
among other variables. Studies of children with both
FASD and ADHD suggest that prenatal alcohol exposure
exerts a greater influence than ADHD on neurocognitive
measures [Glass et al., 2013; Mattson et al., 2013] and corti-
cal thickness [Fernandez-Jaen et al., 2011]; however, the
underlying mechanisms of their co-occurrence remain elu-
sive. Future large longitudinal studies should endeavor to
tease apart the influence of co-morbid ADHD on cortical
development in alcohol exposed children.

Significant adverse life experiences are common to indi-
viduals with FASD [Streissguth et al., 2004], and likely
compound deficits from alcohol exposure or even alter
brain development through independent mechanisms
[McCrory et al., 2010]. Indeed, this study is limited by dif-
ferences in home placement between control and FASD
participants, which may reflect confounding environmen-
tal factors such as early life adversity. We found no differ-
ence in primary caregiver education or annual household
income between our FASD and control groups, indicating
no gross disparity in present living situation, but were not
able to assess previous placements. Thus, prenatal alcohol
exposure is a common denominator of subjects with
FASD, but an abundance of environmental influences
(both positive and negative) must also be considered. Eth-
nicity was imbalanced between groups, partly resulting
from recruiting our FASD sample from a hospital diagnos-
tic clinic that serves both urban and rural areas, whereas
our control group came from advertising in the commu-
nity and schools exclusively within the city. Nonetheless,
other studies with more ethnically diverse FASD and con-
trol samples [Astley et al., 2009; Lebel et al., 2012], and
more ethnically matched samples [Coles et al., 2011] have
reported reductions in brain volume between FASD and
controls on par with those found in this sample. These
groups also differ in gender distribution (Table I, 64%
male FASD, 52% male controls), which may influence
brain development during adolescence, and sample size
differed between groups with 21 controls but only 11
FASD participants. These limitations were addressed with
the analysis of 11 FASD versus 11 (of the 21) age and gen-
der matched controls (4 females and 7 males in each

group), which yielded similar findings to Figure 3 with
near whole brain cortical thinning between scans in con-
trols, and similar patterns of significant age-by-group
interactions in 13 of 78 regions in the mixed models analy-
sis (data not shown). Thus, the gender inequality and sam-
ple size (power) differences between groups are not a
factor in our results. Here, we chose to analyze cortical
thickness in AAL regions in order to increase signal-to-
noise and reduce multiple comparisons rather than apply-
ing FDR correction across 80,000 vertices, which can also
be too stringent in small sample sizes. However, if we
FDR correct our AAL results, age-effects in the FASD
group and age-by-group interactions are no longer signifi-
cant, whereas age effects in both our total control group
(n 5 21) and our post hoc reduced control sample (n 5 11)
remain significant (with the exception of only 2 regions
out of 65), further suggesting robust cortical thinning in
the control group which is not observed in the FASD
group. Given the relatively small sample size of this study,
we were limited to the use of a linear model, despite evi-
dence that cortical development is nonlinear [Nie et al.,
2013; Raznahan et al., 2011; Shaw et al., 2008]. Further lon-
gitudinal work is needed to model the developmental tra-
jectories of cortical development in larger samples of
FASD participants.

Nonetheless, it remains evident here that children with
FASD undergo altered brain development, and that prena-
tal alcohol exposure itself may result in impaired cortical
thinning many years later. This longitudinal study over-
comes many of the limitations of previous cross-sectional
work by identifying changes within individuals. An
understanding of deviations in brain development beyond
in utero insult will provide insight into the lifespan pro-
gression of neurological impairment from pre-natal alcohol
exposure, and may inform biological and behavioral inter-
ventions to improve quality of life and prevent the emer-
gence of secondary deficits in affected individuals.
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