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Thinner Cortex During the Preadolescent Period

Frances C. Robertson’?, Katherine L. Narr4, Christopher D. Molteno3,
Joseph L. Jacobson?3>, Sandra W. Jacobson?3> and Ernesta M. Meintjes?

MRC/UCT Medical Imaging Research Unit, “Department of Human Biology, Faculty of Health Sciences,
3Department of Psychiatry and Mental Health, Faculty of Health Sciences, University of Cape Town, Cape Town,
South Africa, 4Laboratory of Neuro Imaging, UCLA School of Medicine, Los Angeles, Los Angeles, CA, USA and
>Department of Psychiatry and Behavioral Neurosciences, Wayne State University School of Medicine, Detroit, MI,
USA

Address correspondence to Ernesta Meintjes, Department of Human Biology, Faculty of Health Sciences, University of Cape Town, Private Bag X3,
Observatory 7935, South Africa. Email: ernesta.meintjes@uct.ac.za

Abstract

Children with fetal alcohol spectrum disorders (FASD) may exhibit craniofacial dysmorphology, neurobehavioral deficits, and
reduced brain volume. Studies of cortical thickness in FASD have yielded contradictory findings, with 3 reporting thicker
cerebral cortex in frontal and temporal brain regions and 2 showing thinner cortex across multiple regions. All 5 studies included
subjects spanning a broad age range, and none have examined continuous measures of prenatal alcohol exposure. We
investigated the relation of extent of in utero alcohol exposure to cortical thickness in 78 preadolescent children with FASD and
controls within a narrow age range. A whole-brain analysis using FreeSurfer revealed no significant clusters where cortical
thickness differed by FASD diagnostic group. However, alcohol dose/occasion during pregnancy was inversely related to cortical
thickness in 3 regions—right cuneus/pericalcarine/superior parietal lobe, fusiform/lingual gyrus, and supramarginal/
postcentral gyrus. The effect of prenatal alcohol exposure on IQ was mediated by cortical thickness in the right occipitotemporal
region. Itis noteworthy that a continuous measure of maternal alcohol consumption during pregnancy was more sensitive than
FASD diagnosis and that the effect on cortical thickness was most evident in relation to a measure of maternal binge drinking.

Key words: cortical thickness, development, fetal alcohol spectrum disorders, fetal alcohol syndrome, IQ
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Fetal alcohol spectrum disorders (FASD) encompass a range of
physical and neurobehavioral abnormalities. Fetal alcohol syn-
drome (FAS), the most severe of the FASD, is the most common
preventable cause of mental retardation. The highest rates of
FAS, ranging from 68 to 89.2 per 1000 live births, have been re-
ported among the Cape Colored (mixed ancestry) community in
the Western Cape Province, South Africa (May et al. 2007). Chil-
dren with FASD may exhibit a characteristic pattern of craniofa-
cial dysmorphology, neurobehavioral deficits, and reduced
overall brain volume (Johnson et al. 1996; Swayze et al. 1997,

Norman et al. 2009). Regional volume reductions are especially
pronounced in the frontal, temporal, and parietal lobes and cere-
bellum (Archibald et al. 2001; Sowell et al. 2002; Astley et al. 2009).
In addition to structural brain abnormalities, microcellular and
neurochemical alterations of the central nervous system are
found (Norman et al. 2009; du Plessis et al. 2014). Neurobehavioral
dysfunction, including poorer IQ, hyperactivity, and deficits in at-
tention, verbal learning, arithmetic, and eyeblink conditioning
may also occur in individuals with heavy prenatal alcohol expos-
ure who do not have the physical or facial malformations

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

3083


http://www.oxfordjournals.org

3084 | Cerebral Cortex, 2016, Vol. 26, No. 7

required for a diagnosis of FAS (Streissguth, Sampson et al. 1994;
Mattson and Riley 1998; Jacobson et al. 2004; Willford et al. 2004;
Jacobson, Stanton, et al. 2008; Suttie et al. 2013).

During typical development from childhood to adolescence,
the brain undergoes substantial change in structure and higher
cognitive functions. Total brain volume increases with age;
white matter volume continues to increase in adulthood, where-
as gray matter volume begins to decline during adolescence
(Giedd et al. 1999; Thompson et al. 2005). Maturation-related
changes in cortical volume and thickness follow a curvilinear tra-
jectory with a period of initial childhood increase and a subse-
quent period of rapid cortical thinning during adolescence
(Giedd 2004; Shaw et al. 2008; Tamnes et al. 2010), although
some studies have found a decrease in cortical thickness
throughout childhood (Brown et al. 2012; Zhou et al. 2015), with
an accelerated decrease in adolescence (Zhou et al. 2015). Most
brain regions attain maximum cortical thickness at the age of
8-10 years (Giedd et al. 1999; Sowell et al. 2003; Shaw, Greenstein,
et al. 2006), after which thickness begins to decrease, starting in
the visual cortex and posterior temporal lobe, followed by the
somatosensory cortex (Muftuler et al. 2011). The cortical thick-
ness of motor and sensory areas continues to decrease through
the preadolescent period, whereas thinning in the temporal
and frontal lobes occurs later in adolescence (Muftuler et al.
2011; van Soelen et al. 2012). This developmental cortical thin-
ning is thought to be a consequence of regionally specific pruning
of overabundant synaptic connections (Huttenlocher and Dab-
holkar 1997), together with trophic glial and vascular changes
and possible cell shrinkage (Gogtay et al. 2004), as well as the ex-
pansion of white matter volume via proliferation of myelin into
the periphery of the cortex (Benes et al. 1994; Sowell et al. 2004).
The rate of change in cortical thickness from childhood to adoles-
cence, rather than the thickness itself, has been found to be re-
lated to measures of intelligence (Shaw, Greenstein et al. 2006).

Decreased cortical thickness relative to control subjects is a
feature of many neurological and psychiatric disorders, including
attention deficit hyperactivity disorder (ADHD) (Shaw, Lerch, et al.
2006; Narr et al. 2009), schizophrenia (Kuperberg et al. 2003;
Schultz et al. 2010), epilepsy (Widjaja et al. 2011; Overvliet et al.
2013), post-traumatic stress disorder (Bing et al. 2012; Liu et al.
2012), depression (Grieve et al. 2013; van Tol et al. 2013), 22q11.2
deletion syndrome (Bearden et al. 2007), bipolar disorder (Rimol
et al. 2010; Elvsashagen et al. 2013), and mental retardation
(Zhang et al. 2011). Differences in cortical thickness between
typically developing children and those with neurodevelopmental
disorders may be a consequence of abnormal cortical develop-
ment during embryogenesis, an altered postnatal developmental
trajectory of cortical thickening in childhood or thinningin adoles-
cence, or a combination of these factors. Alternatively, differences
in cortical thickness at a particular age may manifest due to a
delay in cortical maturation, such that peak thickness is reached
later than in typically developing children, as has been found in
ADHD (Shaw et al. 2007).

Prenatal exposure to teratogens, such as maternal cigarette
smoking (Derauf et al. 2012; E1 Marroun et al. 2013), cocaine
(Liu et al. 2013), opiates (Walhovd et al. 2007), and organosphate
pesticide (Rauh et al. 2012) has also been associated with thinner
cortex. In animal studies, rats prenatally exposed to alcohol
have shown thinner cortex relative to controls (Miller and
Dow-Edwards 1988; Norton et al. 1988), particularly in layer
V (Kotkoskie and Norton 1989), which persists through multiple
postnatal time-points (Leigland et al. 2013), particularly in pri-
mary sensory areas. Similarly, in adults one of the effects
of excessive alcohol consumption is a reduction in cortical

thickness compared with healthy controls (Durazzo and Tosun
2011; Fortier and Leritz 2011; Momenan et al. 2012).

Contrary to evidence from other neurodevelopmental
disorders and from animal studies and also at odds with the
documented reductions in brain volume found in FASD, 3 studies
have reported widespread thickening of the cerebral cortex
in subjects with FASD relative to controls (Sowell et al. 2008;
Fernandez-Jaén et al. 2011; Yang et al. 2012). In contrast, 2 other
studies on overlapping groups of subjects, have reported thinner
cortex across multiple brain regions in subjects with FASD (Zhou
et al. 2011; Treit et al. 2014). The samples in all 5 of these initial
studies spanned a broad age range (e.g., 9-16, 8-22, 6-30 years).
Given the substantial changes in cortical thickness that occur
with age during childhood and adolescence, it is important to
examine effects on cortical thickness in subjects within a narrow
age range. The previous studies all also compared subjects with
FASD versus controls; none compared cortical thickness in indi-
viduals with different FASD diagnoses. Because prenatal alcohol
exposure was determined retrospectively in these studies, effects
of extent and pattern of prenatal exposure on cortical thickness
have also not previously been considered. Moreover, although
at least one study examined the relation of cortical thickness to
cognitive outcomes separately in individuals with and without
FASD (Sowell et al. 2008), none examined the degree to which
differences in thickness may mediate effects of prenatal alcohol
exposure on cognitive function.

In this study, we investigated the relation of in utero alcohol
exposure to cortical thickness in 3 groups of children—FAS/
partial FAS (PFAS), heavily exposed (HE) nonsyndromal, and
controls—across a narrow age range in the preadolescent period.
Prospective ascertainment of maternal alcohol consumption
during pregnancy enabled us to examine effects of average alco-
holintake/day as well as dose/occasion. We used multiple regres-
sion to examine the degree to which fetal alcohol effects on IQ
appear to be mediated by effects on regional cortical thickness.

Material and Methods

Participants

Participants were 78 children from the Cape Colored (mixed an-
cestry) community in Cape Town, South Africa, who are taking
part in the Cape Town Longitudinal FASD Study (Jacobson,
Stanton, et al. 2008). The Cape Colored community is composed
primarily of descendants of white European settlers, Malaysian
slaves, Khoi-San aboriginals, and black African ancestors. The
incidence of FASD in this population is exceptionally high due
to poor socioeconomic circumstances and historical practices
of compensating farm laborers with wine, which have contribu-
ted to a tradition of heavy recreational weekend binge drinking
(May et al. 2007). Women were recruited during pregnancy
at their first visit to an antenatal clinic. Pregnant women who re-
ported consuming at least 14 drinks/week or engaging in binge
drinking during pregnancy were invited to participate. Control
subjects were recruited from among women from the same
community who abstained or drank no more than minimally
(<7 drinks/week and no binge drinking) during pregnancy.
Maternal alcohol consumption was assessed using a timeline
follow-back approach (Jacobson et al. 2002; Jacobson, Stanton,
et al. 2008). Interviews were conducted with each mother at re-
cruitment and mid-pregnancy to determine amount of alcohol
consumed around time of conception and during the first and se-
cond trimesters of pregnancy, and at 1 month postpartum to de-
termine alcohol consumption during the third trimester. Volume
of each type of beverage consumed each day was recorded and
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converted to oz of absolute alcohol (AA) using multipliers pro-
posed by Bowman et al. (1975) (liquor, 0.4; beer, 0.04; wine, 0.2;
wine coolers, 0.05). Each oz of AA is equivalent to about 2 stand-
ard drinks. From these data, 3 continuous measures of prenatal
alcohol exposure were calculated: average oz AA consumed/day
(AA/day), average oz consumed/drinking day (AA/occasion),
and frequency of drinking (days/week). AA/occasion is reflects
extent of binge drinking; in the present study, most of the
mothers of alcohol-exposed children (86%) averaged 4 or more
drinks per occasion (binge drinking). Mothers were also asked
how many cigarettes they smoked/day and how many days/
week they used marijuana or any other illicit drugs, e.g., meth-
aqualone (“mandrax”), during pregnancy.

Each child was examined for growth and FAS dysmorphology
by 2 expert dysmorphologists—H. Eugene Hoyme, MD, and
Luther Robinson, MD—following the revised Institute of
Medicine criteria (Hoyme et al. 2005) during a 6-day clinic held
in September 2005 (Jacobson, Stanton, et al. 2008). There was sub-
stantial agreement between the 2 examiners in the assessment
of all dysmorphic features, including the 3 principal fetal
alcohol-related facial characteristics—palpebral fissure length,
philtrum, and vermilion—and between them and a Cape Town-
based dysmorphologist—Nathaniel Khaole, MD, who examined a
small subset (n=28) who could not attend the clinic. The dysmor-
phologists (H.E.H. and L.K.R.), S.W/J,,J.L.J., and C.D.M. subsequently
conducted case conferences to determine which children met cri-
teria for a diagnosis of FAS or partial FAS (PFAS). FAS was diagnosed
if the child exhibited at least 2 of the principal facial features, smal-
ler head circumference, and growth retardation (Hoyme et al.
2005); PFAS, if the facial features were present, heavy maternal
drinking during pregnancy was confirmed, and the child exhibited
either small head circumference or retarded growth.

The mother and child were transported in our research van
to our University of Cape Town Child Development Research La-
boratory by the research nurse and study driver. A comprehensive
neuropsychological assessment was administered individually to
each child, including the Wechsler Intelligence Scale for Children,
Fourth Edition (WISC-IV; Wechsler, 2003). The 10-year WISC-IV IQ
scores were strongly correlated (r=0.77, P <0.001) with IQ scores
obtained at 5 years on the Junior South African Individual Scale
(Madge et al. 1981), which is normed for South African children
(Jacobson, Stanton, et al. 2011). Each child was also assessed for
ADHD following research criteria developed in collaboration with
2 experts in ADHD research—Joel Nigg, PhD, and Rafael Klorman,
PhD This diagnosis was based on a maternal interview using the
Schedule for Affective Disorders and Schizophrenia for School
Aged Children (K-SADS) administered by CDM and ratings by the
child’s classroom teacher on the Disruptive Behavior Disorders
Scale (Pelham et al. 1992). An ADHD classification was assigned if
(a) at least 6 of the 9 inattention and/or 6 of the 9 hyperactivity/
impulsivity symptoms were endorsed (“pretty much” or “very
much true”) by one or more informants, and (b) some impairment
was reported by 7 years and in 2 or more settings.

All study procedures were performed according to protocols
approved by the Wayne State University Institutional Review
Board and the University of Cape Town Faculty of Health Sciences
Human Research Ethics Committee. Written informed consent
was obtained from each mother at recruitment, at the first labora-
tory visit, and at the 5- and 10-year follow-up visits, and all
children provided oral assent.

Imaging

Mothers and children were transported by our research nurse
and driver to the Cape Universities Brain Imaging Centre

(CUBIC) for neuroimaging. High-resolution motion-corrected
multi-echo MPRAGE images (Van der Kouwe et al. 2008; Tisdall
et al. 2011) were acquired from 82 children (age range =9.5-12.0
years). Images were acquired on a 3 T Allegra scanner (Siemens
Medical Systems, Erlangen, Germany) at the Cape Universities
Brain Imaging Centre with time repetition = 2530 ms, time echo =
1.53, 3.21, 4.89, 6.57 ms, time to inversion = 1100 ms, FA=7°, 128
sagittal slices of 1.3 mm thickness, field of view =256 x 256 mm,
resolution =1.3 x 1.0 x 1.3 mm?®.

Image Processing and Analysis

Cortical Thickness Computation

Cortical reconstruction and volumetric segmentation were performed
with FreeSurfer (version 5.1.0, http:/surfer.nmr.mgh.harvard.
edu, Last accessed 10 June 2015). This processing included
removal of nonbrain tissue using a hybrid watershed/surface de-
formation procedure (Ségonne et al. 2004), automated Talairach
transformation, segmentation of the subcortical white matter
and deep gray matter volumetric structures (Fischl et al. 2002,
2004), intensity normalization (Sled et al. 1998), tessellation of
the gray/white matter boundary, automated topology correction
(Fischl et al. 2001; Ségonne et al. 2007), and surface deformation
(Dale and Sereno 1993; Dale et al. 1999; Fischl and Dale 2000),
which allows the creation of surface maps of cortical thickness,
calculated as the closest distance from the gray/white boundary
to the gray/CSF boundary at each vertex on the tessellated surface
(Fischl and Dale 2000). FreeSurfer morphometric procedures have
been demonstrated to show good test-retest reliability across
scanner manufacturers and field strengths (Han et al. 2006).
Procedures for the measurement of cortical thickness have
been validated against histological analysis (Rosas et al. 2002)
and manual measurements (Kuperberg et al. 2003; Salat et al.
2004). Outputs from the automated processing stream were visu-
ally inspected, and errors were corrected manually prior to the
calculation of cortical thickness.

Whole-Brain Statistical Analysis and ROI Creation

Cortical thickness maps for all subjects were smoothed with a
10 mm FWHM kernel, and vertex-by-vertex general linear
model analyses across the whole brain were performed with cor-
tical thickness as the dependent variable and prenatal alcohol
exposure as the independent variable. The first model was per-
formed in relation to FASD diagnosis; followed by AA/day, AA/oc-
casion, and then drinking days/week. Results were thresholded
at P<0.05, and cluster-size correction for multiple comparisons
was performed using Monte Carlo simulation. The cluster-size
threshold for a corrected significance level of P<0.05 was
745 mm?: only clusters larger than this were retained.

In each cluster that survived the significance threshold after
correction for multiple comparisons, the mean cortical thickness
for each child was calculated using FreeSurfer. The means in
these regions of interest (ROIs) were exported to SPSS for further
analysis.

Leave-One-Subject-Out (LOSO) Analysis

Post hoc correlation and regression analyses were then run to
further examine the relation of prenatal alcohol exposure to
cortical thickness in these regions. Because these analyses pro-
vide post hoc estimates of effect size in regions that survive
multiple comparison correction, they may give inflated esti-
mates of the true effect size. To produce an additional unbiased
estimate of the relation between alcohol exposure and cortical
thickness, a leave-one-subject-out (LOSO) analysis (Esterman
et al. 2010) was performed by conducting 78 separate regres-
sions of whole-brain cortical thickness on alcohol exposure,
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leaving a different subject out of the analysis each time. Mean
thickness was calculated for each subject in the ROI defined
in the regression omitting that subject (P <0.05, cluster-size
corrected at P <0.05).

Statistical Analyses

Statistical analyses were performed using SPSS (version 21). One-
way ANOVA was used to compare mean cortical thickness be-
tween the FAS/PFAS, HE and control groups in the 3 ROIs defined
in the whole-brain analysis. Post hoc tests were performed using
Fisher’s LSD test.

Seven control variables were considered as potential con-
founders: child’s sex and age at assessment, as well as maternal
education, socioeconomic status (Hollingshead 2011), age at de-
livery, and smoking (cigarettes/day) and marijuana use (days/
month) during pregnancy.

The relation of prenatal alcohol exposure to the mean cor-
tical thickness in each ROl identified in the whole-brain cortical
thickness analysis was examined in separate hierarchical
multiple regression analyses. Any control variable that was re-
lated to mean cortical thickness in an ROl at P < 0.20 was consid-
ered a potential confounder (Maldonado and Greenland 1993).
Selection of confounding variables was performed using
the change-in-estimate method, which produces more reliable
models than variable selection based on statistical significance
(Greenland 1989; Jacobson, Jacobson, et al. 2008). To determine
whether the effect of prenatal alcohol on ROI cortical thickness
remained significant after statistical adjustment for confoun-
ders, prenatal alcohol exposure was entered in the first step
of each analysis. Control variables were entered sequentially
into the model in order of the strength of their relation to the
cortical thickness measure. The control variable was retained
only if its entry into the model altered the standardized regres-
sion coefficient associated with prenatal alcohol exposure by at
least 10%.

Multiple regression was used to investigate whether the rela-
tion of prenatal alcohol exposure to child’s IQ was mediated by
cortical thickness in each of the ROIs identified in the whole-
brain analysis. Mediation was inferred if the addition of the
cortical thickness measure to the regression of IQ on prenatal
alcohol exposure produced a statistically significant reduction
in the raw regression coefficient for alcohol exposure, as assessed
using the Clogg et al. (1992) test for mediation.

We performed a t-test in each ROI to determine whether cor-
tical thickness differed between subjects with and without a
diagnosis of ADHD. To examine whether the observed effects of
alcohol exposure on regional cortical thickness might be attribut-
able to ADHD co-morbidity, we reran the regression analyses
adding ADHD to the model.

Exclusion Criteria

The data for one control child were discarded because of image
artifacts resulting from excessive motion. One mother whose
child met all the diagnostic criteria for FAS denied drinking
during pregnancy, and one mother who initially denied drink-
ing reported drinking during pregnancy when interviewed at
5 years postpartum. These 2 children were excluded from ana-
lyses relating cortical thickness to the continuous measures of
prenatal alcohol exposure. In addition, in the FreeSurfer ana-
lyses one HE nonsyndromal subject was excluded as an extreme
outlier on AA/occasion, leaving a sample of 78 children for
analysis.

Results

Sample Characteristics

After applying exclusion criteria, we report data for 78 children
(44 male, mean age 10.7 + 0.6 years): 28 with FAS or PFAS (10
FAS, 18 PFAS), 28 HE nonsyndromal children, and 22 controls.

Table 1 summarizes the demographic information for the
children included in the study. As previously reported (Jacobson,
Stanton, et al. 2008), the mothers of the exposed children in
this sample did not drink on a daily basis but concentrated
their drinking over the weekends, consuming up to 17.9 drinks/
occasion (median =6.5) on 1-2 days/week. The 22 mothers of
the control children abstained during pregnancy, except for
one who drank 2 drinks on 3 occasions. Mothers of children
in the HE and control groups were higher in socioeconomic
status, with families of the FAS children averaging in the
unskilled labor group compared with HE and controls in the
semiskilled group, and were more educated than those in
the FAS/ PFAS group. Although there were more smokers
among mothers who drank than those who did not, the number
of cigarettes and marijuana used did not differ between groups.
Only one mother reported using cocaine; none reported using
methaqualone (“mandrax”). The low IQ scores among the
children in the sample are evidence of the disadvantaged back-
grounds and poor education of this population, with the lowest
scores seen among the children with FAS and PFAS (Jacobson,
Stanton, et al. 2008). Although the intracranial volume for the
children with FAS/PFAS was smaller than for the HE and con-
trol groups, this difference fell short of conventional levels of
significance.

Whole-Brain Cortical Thickness Analysis

Relation of Diagnostic Group to Cortical Thickness

A whole-brain vertex-by-vertex analysis using FreeSurfer re-
vealed no significant clusters where cortical thickness differed
by FASD diagnostic group.

Relation of Continuous Alcohol Exposure Measures to Cortical
Thickness

After multiple comparison correction, there were no significant
clusters in analyses relating cortical thickness to AA/day or
drinking days/week. However, there were 3 regions in the right
hemisphere in which AA/drinking occasion was inversely related
to cortical thickness. These were an occipital cortex cluster con-
sisting of cuneus and pericalcarine cortex, an occipitotemporal
cluster comprising parts of the fusiform and lingual gyri, and a
parietal cluster, situated in the supramarginal/postcentral
gyrus (Fig. 1a). Similar clusters were seen when brain volume or
its cube root were included as regressors in the analysis to control
for brain size. Although no regions in the left hemisphere
survived multiple comparison correction, AA/drinking occasion
was inversely related to cortical thickness at an uncorrected
P <0.05 in similar left hemisphere parietal and occipitotemporal
clusters.

Region of Interest Analysis

Relation of Diagnostic Group to Cortical Thickness in 3 ROIs

Mean cortical thickness differed significantly by FASD diagnostic
group in all 3 of the ROIs identified in the whole-brain analysis—
occipitotemporal, F,;5=5.31, P<0.01; parietal, F,;5=28.18,
P <0.01; occipital, F, 75 =3.83, P<0.05 (Fig. 2). Post hoc compari-
sons using the Fisher LSD test indicated that mean thickness
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Table 1 Sample characteristics (N =78)

Demographics FAS/PFAS (N = 28) Heavily exposed Control (N=22) Forz*
nonsyndromal (N =28)
Maternal characteristics
Education (years)® 7.1+£3.2 9.4+24 10.0+1.5 9.18"**
Socioeconomic status?® 155+7.8 23.4+9.2 234+7.6 7.11*
Cigarettes smoked/day during pregnancy® 9.1£5.1 7.7+59 9.9+12.0 0.41
Number (%) smokers® 25 (89.3) 22 (78.6) 11 (50.0) 10.38*
Marijuana use during pregnancy (occasions/month)? 1.6+13 0.2+0.2 2.7+0 2.09
Number (%) marijuana users 3(10.7) 2(7.1) 1(4.5) 0.68
Alcohol use across pregnancy
Absolute alcohol consumed/day (0z)®f 13+14 0.5+0.5 0.0£0.0 13.68"*
Absolute alcohol consumed/occasion (0z)® 42+1.8 29+15 0.1+0.3 54.72"*
Frequency (drinking days/week)® 20x13 1.2+09 0.0+0.0 28.84*
Child characteristics
Sex: number (%) males 16 (57.1) 17 (60.7) 11 (50.0) 0.59
Number (%) left-handers 3(10.7) 0 (0) 1(4.5) 3.33
Child’s age at assessment” 10.5+0.6 11.0+0.6 10.6 +0.5 7.08"*
WISC-1IV 1Q" 64.3+10.9 745+11.6 72.5+10.8 6.55™
Intracranial volume (cm?®)* 1289+ 136 1369 + 141 1328 +132 2.38"

FAS, fetal alcohol syndrome, PFAS, partial fetal alcohol syndrome.

P <0.10, *P < 0.05, **P <0.01, **'P < 0.001.

@Post hoc Tukey’s HSD: FASD < controls (P <0.01), FASD <HE (P <0.01).

®Mean calculated for smokers only.

“Post hoc Tukey’s HSD: FAS/PFAS > controls (P < 0.01), HE > controls (P < 0.05).

dMean for marijuana users only.
°1 oz AA ~2 standard drinks.

fPost hoc Tukey’s HSD: FAS/PFAS > HE (P < 0.01), FAS/PFAS > controls (P <0.001).
8Post hoc Tukey’s HSD: FAS/PFAS > HE (P < 0.01), FAS/PFAS > controls (P <0.001), HE > controls (P <0.001).
PPost hoc Tukey’s HSD: HE > FAS/PFAS (P < 0.01), HE > controls (P <0.05).

iWechsler Intelligence Scale for Children—Fourth Edition.

JPost hoc Tukey’s HSD: FAS/PFAS < HE (P < 0.01), FAS/PFAS < controls (P < 0.05).

kPost hoc Tukey’s HSD: FAS/PFAS < HE (P <0.10).
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Figure 1. (a) Location of 3 right hemisphere clusters in parietal, occipitotemporal, and occipital regions showing reduced cortical thickness with increased AA/occasion.
The statistical map is thresholded at log(p) > 1.3 with cluster-size correction for multiple comparisons applied (P <0.05). (b) Scatterplots showing the negative relation
between AA/occasion and cortical thickness across 78 subjects in occipitotemporal (r = —0.48), parietal (r = —0.48), and occipital (r = —0.35) clusters. The mother of one
HE child drank heavily around time of conception (AA/occasion =2.54, ~5.8 standard drinks/occasion) but reported drinking no alcohol after the period of conception.
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was significantly greater in the control group than in the FAS/
PFAS group in all 3 ROIs (occipitotemporal P=0.002, occipital
P =0.008, parietal P=0.0001). In the parietal ROI, mean thickness
was significantly smaller in the FAS/PFAS than in the HE group
(P=0.05) and in the HE compared with the controls (P =0.03); in
the occipital cortex, the difference in the HE group compared
with controls fell just short of statistical significance (P =0.06).

Relation of Continuous Alcohol Exposure to Cortical Thickness
in 3 ROIs

Correlations between AA/drinking occasion and cortical thick-
ness were r=-0.35, P=0.002 in the occipital ROI, r=-0.48,
P =0.00001 in the occipitotemporal ROI and r = —0.48, P = 0.000009
in the parietal ROI. It should be noted that these correlations
(shown in Fig. 1b) are post hoc estimates of effect size in regions
that survive multiple comparison correction. The parallel LOSO
analysis allows assessment of the degree to which these correla-
tions are biased estimates of the true effect size.

Each subject for whom no anatomically appropriate cluster
was produced in the regression using all other subjects was
omitted from the calculation of the correlation coefficient for
the LOSO analysis, resulting in different Ns for each region.
From the LOSO analysis, the unbiased correlations between
AA/drinking occasion and cortical thickness were r =0.06, P=0.6,
N =70 in the occipital region, r=-0.34, P=0.003, N=78 in the
occipitotemporal region and r=-0.22, P=0.06, N=73 in the
parietal region.

All 3 measures of extent of prenatal alcohol exposure were
negatively correlated with mean cortical thickness in all 3 ROIs
(Table 2), and all the correlations remained significant even
after one child with FAS whose AA/day value was an extreme out-
lier was removed from the analysis.

Similarly, in the LOSO analysis, all 3 measures of extent of pre-
natal alcohol exposure were negatively correlated with mean cor-
tical thickness in the occipitotemporal region, however, only AA/
day remained significantly negatively correlated with mean cor-
tical thickness in the parietal region and there was no relation be-
tween prenatal alcohol exposure and mean cortical thickness in
the occipital region.

Adjustment for Confounding Variables

Table 3 shows the Pearson correlations for mean cortical thick-
ness in each ROI with each of the control variables, and Table 2
shows the results of the multiple regression analyses before
and after controlling for potential confounders. Most associa-
tions of alcohol exposure with cortical thickness remained sig-
nificant after adjustment for confounders. When the analyses
were repeated excluding the one cocaine-exposed and 6 mari-
juana-exposed children, the results were essentially unchanged
except that, after exclusion of the marijuana-exposed children,
the regression coefficient of occipital thickness on drinking fre-
quency dropped to f=-0.19, P =0.10. Because ADHD is frequently
seen in children with FASD, we also examined whether the ob-
served effects on regional cortical thickness might be attributable
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Figure 2. Boxplots of mean cortical thickness in parietal, occipitotemporal and occipital ROIs for each diagnostic group. In all 3 clusters the mean thickness was
significantly greater in the control group than in the FAS/PFAS group. In the parietal ROI the mean thickness was significantly smaller in the HE group than in the
controls. Significant differences between groups using the Fisher LSD test are marked with TP <0.10, *P <0.05, **P <0.01, ***P < 0.001.

Table 2 Relation of prenatal alcohol exposure to cortical thickness in 3 regions of interest, controlling for potential confounding variables

ROI Occipitotemporal Parietal Occipital

N =78 (LOSO N =78) N =78 (LOSO N =73) N =78 (LOSO N = 70)

r B r B r B
AA/day -0.35" (-0.30™) -0.25%7 (-0.2213) —0.44" (-0.24")  -0.44"* (-0.221P) -0.27* (0.02) -0.22"¢ (0.02)
AA/occasion -0.48™ (-0.34™)  -0.41"*? (—0.27*%)  -0.48"* (-0.221) —0.48"* (—0.19°) -0.35*(0.06)  —0.32" (0.06)
Drinking Days/week ~ —0.29" (-0.24%) -0.14%P (-0.13%) -0.36™ (—0.16) -0.35"2%(_0.12%)  -0.24* (0.09) -0.20™¢ (0.09)

r represents the simple correlation between alcohol exposure and cortical thickness in the ROL

Bis the standardized regression coefficient, after adjustment for the potential confounding variables listed below. Control variables indicated with superscripts were
retained in the regression only if their entry in the model altered the standardized regression coefficient associated with prenatal alcohol exposure by at least 10%.
Regression coefficients in parentheses are those obtained from the LOSO analysis before and after controlling for confounding variables. Ns differ where no cluster
survived threshold in the appropriate anatomical region for one of the LOSO analyses and thickness for the left-out subject could not be obtained.

#Maternal education.

bSocioeconomic status.
“Cigarettes/day.

1P <0.10, *P < 0.05, *P < 0.01, **P < 0.001.
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Table 3 Relation of control variables to mean cortical thickness in 3
regions of interest (N =78)

ROI Occipitotemporal Parietal Occipital
Age of child -0.03 0.02 -0.04
Sex of child 0.16'" -0.13 0.171t
Mother’s age at delivery -0.12 —-0.06 -0.12
Maternal education 0.34™ 0.15™ 014
Socioeconomic status® 0.30™ 0.27* 0.16'"
Cigarettes/day during -0.11 -0.15"  —0.217

pregnancy

“Based on Hollingshead Scale (2011).
1P <0.20; 'P<0.10; *P < 0.05, *P<0.01.

Table 4 Mediation of the effect of prenatal alcohol exposure on WISC-
IV IQ? by regional cortical thickness (N =78)

Mediator B Bo tP
Occipitotemporal
AA/day -0.32** -0.227 —2.35"
AA/occasion -0.217 -0.07 —4.75"*
Drinking days/week -0.32" -0.24" —2.48*
Parietal
AA/day -0.32* -0.27* —-1.00
AA/occasion -0.21" -0.13 -1.381
Drinking days/week -0.32" —-0.26* -1.20

B1, standardized regression coefficient for alcohol in the regression of IQ on
alcohol during pregnancy before controlling for mediator.

B, standardized coefficient for alcohol in the regression of IQ on alcohol during
pregnancy after controlling for mediator.

#Wechsler Intelligence Scale for Children—Fourth Edition.

bTests the significance of the change in the magnitude of the effect of the alcohol
measure on IQ after the mediator has been entered into the model, using the
difference in coefficients method (Clogg et al. 1992).

TP<0.10, *P <0.05, *P < 0.01.

to ADHD comorbidity. The alcohol-exposed children with and
without ADHD did not differ in cortical thickness in the occipito-
temporal (t=0.31, P=0.76, df=76) or parietal (t=0.33, P=0.75,
df =76) regions; in the occipital region, the group difference fell
just short of conventional levels of statistical significance
(t=1.91, P=0.06, df =76). When ADHD was added to the regres-
sions in Table 2, the coefficients for the alcohol measures were
essentially unchanged, indicating that ADHD status did not
account for the relation of prenatal alcohol to thickness in
these regions.

Mediation of Alcohol Exposure to IQ by Cortical Thickness

AA/day and drinking days/week were associated with lower IQ
scores (both rs =-0.32, P<0.01), and the relation of AA/occasion
to IQ fell just short of statistical significance (r=-0.21, P=0.06).
Decreased cortical thickness in the occipitotemporal and parietal
ROIs was significantly associated with lower IQ (r=0.34, P =0.002,
and r=0.24, P =0.036, respectively). In multiple regression ana-
lyses to test for mediation, the regression coefficients for AA/
day and drinking days/week were significantly reduced by the
addition of cortical thickness in the occipitotemporal ROI to the
model (Table 4), suggesting that the relation of prenatal alcohol
to IQ is mediated, in part, by the effects of the alcohol exposure
on cortical thickness in the fusiform area. Mediation for AA/day
remained significant (t=1.73, P=0.04) when confounders were
included in the analysis.
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Discussion
Thinner Cortex in FASD

This is the first study to examine the effect of degree of prenatal
alcohol exposure on cerebral cortical thickness in a homoge-
neous prepubertal cohort. We observed regional cortical thin-
ning, rather than thickening, with increased prenatal alcohol
exposure. Although inconsistent with the findings of 3 previ-
ous studies on cortical thickness in FASD (Sowell et al. 2008;
Ferndndez-Jaén et al. 2011; Yang et al. 2012), our findings are
consistent with Zhou et al. (2011), who found thinner cortex
in areas of the bilateral middle frontal lobe, pre- and postcentral
areas, lateral and inferior temporal and occipital lobes in FASD
subjects compared with controls, and with the Treit et al. (2014)
longitudinal study, which found lower total mean cortical thick-
ness in FASD compared with controls at their initial scan. Like
Zhou et al. (2011) we found thinner cortex in right superior par-
ietal and middle temporal fusiform, calcarine, and lingual gyri.
These findings are also consistent with the animal studies show-
ing thinner cortex in alcohol-exposed animals relative to controls
(Miller and Dow-Edwards 1988; Norton et al. 1988; Kotkoskie and
Norton 1989; Leigland et al. 2013).

Previous studies of cortical thickness in FASD have assessed
samples that included both preadolescent and adolescent sub-
jects. In the studies reporting increased thickness in FASD (So-
well et al. 2008; Ferndndez-Jaén et al. 2011; Yang et al. 2012),
this increase was attributed to a delay or absence of the age-re-
lated cortical thinning that occurs in normally developing chil-
dren. This developmental cortical thinning is thought to be the
result of both synaptic pruning and increased myelination ac-
companying cognitive maturation (Sowell et al. 2004; Shaw,
Greenstein, et al. 2006). We did not observe increased cortical
thinning with age within the narrow preadolescent age range of
our study cohort (9-12 years of age). Although this is considered
by some to be the age range during which peak cortical thickness
is attained, itis important to note that there is substantial region-
al variation in the age at which gray matter volume peaks (Muftu-
ler et al. 2011; van Soelen et al. 2012) and some studies suggest
that cortical thickness may peak much earlier in life (Sowell
et al. 2004; Brown et al. 2012; Zhou et al. 2015). Nevertheless,
our sample may have included some participants in the early
stages of adolescent thinning, as well as those in the late stages
of preadolescent cortical thickening.

The Treit et al. (2014) study cited above was the first to exam-
ine cortical thickness longitudinally in FASD. As noted, the
authors found thinner cortex in the FASD group at the initial
scan (mean age = 8 years). They also found reduced cortical thin-
ning compared with controls between this scan and a second
scan 2-4 years later. The finding of a reduced rate of matur-
ation-related cortical thinning may explain the findings of great-
er cortical thickness in individuals with FASD in some of the
studies that combined preadolescent and adolescent subjects
within the same sample. Other factors that might contribute to
the discrepant findings among these studies include sample dif-
ferences in the proportion of subjects with FASD who met diag-
nostic criteria for FAS and in the incidence of ADHD
comorbidity, timing and amount of prenatal alcohol exposure,
and unmeasured potential confounding variables.

Effects of FASD Diagnosis and Continuous Measures
of Alcohol Exposure

Mapping relations at the vertex level across the whole brain re-
quires a large number of subjects to provide sufficient statistical
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power to yield significant results corrected for multiple compar-
isons. Comparing mean thickness within the clusters generated
from the whole-brain analysis is potentially more powerful and
can improve the signal-to-noise ratio compared with vertex-by-
vertex analysis. Although in the whole-brain analysis the relation
of prenatal alcohol exposure with cortical thinning was found
only for the measure of average alcohol/occasion, analyses of
mean thickness within the ROIs that showed thinner cortex in re-
lation to dose/occasion revealed differences in thickness be-
tween diagnostic groups (Fig. 2) and associations with the
measures of average alcohol/day and frequency of drinking
(Table 2).

The finding that the association between increased prenatal
alcohol exposure and thinner cortex was most evident for alcohol
dose/occasion is consistent with evidence from animal studies
that have shown that ingestion of a concentrated dose of alcohol
over a short period of time causes greater neuronal (Bonthius and
West 1990) and behavioral impairment (Goodlett et al. 1987) than
alarger dose ingested over several days. Similarly, human studies
have frequently found that a higher dose/occasion, the key fea-
ture of binge drinking, leads to more severe adverse effects
(Streissguth, Barr, et al. 1994). In our Detroit Longitudinal Cohort
study, we have found that pregnant women typically do not drink
daily but concentrate their drinking over the weekends, often re-
sulting in a binge drinking pattern (Jacobson et al. 2013). In this
Cape Town cohort, we also found that all the women in the
FAS/PFAS and HE groups concentrated their drinking on 1-2
days/week, thus engaging in a binge drinking pattern that places
the fetus at greater risk.

Although the previous studies did not examine the degree to
which cortical thickness may vary among FASD diagnostic
groups, it is noteworthy that the proportion of participants with
FAS or PFAS differed among studies. The studies showing cortical
thickening consisted exclusively (Ferndndez-Jaén et al. 2011) or
mostly of FAS/PFAS cases (67% (Sowell et al. 2008); 60% (Yang
et al. 2012)); whereas the FASD group in the study indicating cor-
tical thinning (Zhou et al. 2011) consisted of only 15% FAS/PFAS
cases. In contrast, Rajaprakash et al. (2014) found no differences
in cortical thickness between controls and non-FAS subjects with
alcohol-related neurodevelopmental disorder (ARND). Although
it has been suggested that more severely affected individuals
(FAS/PFAS) may show thickening and others may show thinning,
when the dysmorphic and nondysmorphic groups were com-
pared directly, (Yang et al. 2012) found no difference in cortical
thickness between their FAS and nondysmorphic FASD groups.
Moreover, our data indicate a dose-dependent reduction in re-
gional cortical thickness, with thickness values for the HE non-
syndromal group that were intermediate between those of the
FAS/PFAS and control groups.

Functional Significance of Regional Cortical Thinning

Our findings of reduced cortical thickness with increased pre-
natal alcohol exposure in right superior parietal and middle tem-
poral fusiform, calcarine, and lingual gyri may partially account
for functional deficits found in FASD, which include attention
(Coles et al. 2002; Burden, Jacobson, Sokol, et al. 2005; Mattson
et al. 2006), verbal learning and memory (e.g., Mattson and
Roebuck 2002; Willford et al. 2004; Lewis et al. 2015) and visuo-
spatial attention and memory (Streissguth, Sampson, et al.
1994; Willoughby et al. 2008; Green et al. 2009). The parietal lobe
has previously been shown to be relatively more affected by pre-
natal alcohol exposure than other cortical regions (Archibald
et al. 2001; Spadoni et al. 2007), and morphological alterations

in this region may be associated with the difficulties in number
processing frequently seen in FASD (Kopera-Frye et al. 1996;
Burden, Jacobson, Jacobson, 2005; Meintjes et al. 2010; Jacobson
et al. 2011). The parietal and fusiform regions that we found to
be thinner in children with alcohol exposure are heteromodal
association areas that integrate information from surrounding
somatosensory, auditory, and visual cortices. These areas are
important for higher level information processing and are compo-
nents of both the dorsal and ventral visual processing pathways.

The temporal fusiform gyrus (BA 37) is involved in processing
of sensory information and is relevant for recognition of face,
body, numbers, letters, and category information. The fusiform
and lingual gyrus are also involved in spatial information pro-
cessing (Maguire et al. 1998; Bohbot et al. 2000; Menon et al.
2000), memory (Druzgal and D’Esposito 2001; Linden et al.
2011), and encoding (Kraft et al. 2012), especially of visual mem-
ories (Machielsen et al. 2000; Leshikar et al. 2012). A morphomet-
ric study has shown that structural features of the fusiform gyrus
are associated with both spatial intelligence and attention
(Colom et al. 2013). Zhou et al. (2011) found increased bilateral
thinning of the fusiform with age in FASD, which did not occur
in control subjects. Our findings of reduced cortical thickness in
this region are also consistent with reports of reductions in gray
matter volume (Sowell et al. 2002; Li et al. 2008) and surface area
(Rajaprakash et al. 2014) in the occipitotemporal area in subjects
prenatally exposed to alcohol. Similarly, fetal alcohol-related
functional abnormalities in this area have been observed during
shape recognition tasks involving sustained visual attention
(Li et al. 2008).

Decreased cortical thickness in the fusiform, lingual, and su-
pramarginal gyri has also been associated with inattention and
impulsivity in institutionalized children who are at increased
risk of developing ADHD (McLaughlin et al. 2013). Given that
some features of ADHD may be attributable to prenatal alcohol
exposure (Mick et al. 2002; Jacobson, Jacobson, et al. 2011), it is
of interest that decreased cortical thickness in these regions in
our Cape Town cohort were related to prenatal alcohol exposure
and not to ADHD.

Rajaprakash et al. (2014) found decreased surface area, but not
cortical thickness, in subjects with ARND in a right hemisphere
occipitotemporal region similar to that identified in the current
study. Surface area is thought to be established early in embryo-
genesis when progenitor cells divide symmetrically at the ven-
tricular zone (Chenn and Walsh 2002), whereas cortical
thickness is believed to develop later via asymmetric division
(Rakic 1995). The timing of alcohol exposure in gestation may,
therefore, influence whether cortical surface area or cortical
thickness is more greatly affected (Rajaprakash et al. 2014),
which may account for the differences between Rajaprakash
et al. (2014) and the current study.

Mediation of Alcohol to IQ by Regional Cortical Thickness

Cortical thickness in the occipitotemporal cluster (comprising
fusiform and lingual gyrus) and parietal cluster (comprising
supramarginal and postcentral gyrus) was related to WISC-IV
IQ. These temporal and parietal regions are components of the
parieto-frontal integration theory (PFIT) model of intelligence
(Jung and Haier 2007), according to which the structure and func-
tion of a distributed network of multimodal association areas are
associated with general intellectual abilities. In the PFIT model,
sensory information is first processed by temporal and occipital
areas for subsequent integration and abstraction in parietal
areas. Problem evaluation and response selection are then
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mediated by the prefrontal cortex and anterior cingulate,
respectively.

Multiple regression analysis showed that the association of
prenatal alcohol exposure with lower IQ scores appears to be
mediated, in part, by cortical thinning in the occipitotemporal
region. This finding is consistent with studies linking greater
intellectual ability in adults to greater cortical thickness in the
prefrontal (Narr et al. 2007; Hartberg et al. 2010) and lingual
(Narr et al. 2007) gyri and with the finding that cortical thickness
is decreased in mental retardation (Zhang et al. 2011). In children
and adolescents, IQ scores have also been found to be positively
correlated with cortical thickness, particularly in the frontal
lobes, as well as in parietal, temporal, and occipital association
areas (Shaw, Greenstein et al. 2006a; Karama et al. 2009; Misaki
et al. 2012; Menary et al. 2013). Thinner cortex is also associated
with decreased cognitive performance in aging (Dickerson et al.
2008; Burzynska et al. 2012).

These data suggest that AA/occasion, which is a measure
of the degree to which the mother concentrates her alcohol con-
sumption, is the best predictor of brain damage in these occipito-
temporal and parietal regions, even though it is not the strongest
predictor of IQ, which is presumably affected by impairment in
multiple brain regions. AA/day is the most consistent predictor
of deficits across a broad range of neurobehavioral domains, pos-
sibly because it provides the best overall summary of total alcohol
exposure across pregnancy. These data show that alcohol-related
damage in the occipitotemporal region, which was highly sensi-
tive to dose/occasion, partially mediates the alcohol effect on IQ,
which was most strongly related to total alcohol ingested during
the course of the pregnancy.

Influence of Confounding Variables and Comorbidities

Although children with FASD have frequently also been exposed
prenatally to cigarette smoking and other drugs, previous studies
have not considered potential confounding factors beyond age,
sex, and child’s IQ in the investigation of cortical thickness in
FASD. Exposure to maternal cigarette smoking in utero has
been associated with thinner cortex in the frontal (Toro et al.
2008; Lotfipour et al. 2009; E1 Marroun et al. 2013), superior par-
ietal, precentral (El Marroun et al. 2013), and lateral occipital cor-
tices (Derauf et al. 2012). In this study, when prenatal exposure to
cigarette smoking was controlled statistically in the analysis, the
relation between alcohol exposure and cortical thickness re-
mained significant. Cortical thickness in children is also related
to parental and social factors, including parental education (Law-
son et al. 2013) and maternal age (Shaw et al. 2012). In our study,
the relation between prenatal alcohol exposure and cortical
thickness also persisted when socioeconomic status and mater-
nal education were adjusted statistically. Given the high rate of
comorbidity of FASD with ADHD (Mick et al. 2002; Jacobson,
Dodge, et al. 2011) and that global and regional cortical thinning
has also been observed in participants with ADHD (Shaw, Lerch,
et al. 2006; Narr et al. 2009; Almeida Montes et al. 2012), it was of
particular interest that multiple regression analyses showed that
the regional cortical thinning observed in this study was not at-
tributable to ADHD.

Previous studies (Zhou et al. 2011; Yang et al. 2012) have cor-
rected cortical thickness for brain volume. Because cortical thick-
ness does not scale with brain volume (Barnes et al. 2010), we did
notinclude brain volume as a covariate in the statistical analysis.
However, even when brain volume or its cube root was included
to control for brain size, we observed thinner cortex with increas-
ing alcohol exposure in the same 3 regions.

Conclusions

The previous studies of cortical thickness in FASD, which yielded
contradictory findings, spanned a broad age range including per-
iods during which cortical thickening and thinning are both nor-
mative. The data in this first study to address FASD-related
variations in cortical thickness in a homogeneous, prepubertal,
prospectively recruited sample support a fetal alcohol-related re-
duction in regional cortical thickness in middle childhood. The
children with greater prenatal alcohol exposure had thinner cor-
tex at an age when cortical thickness is expected to be at its max-
imum. Based on data obtained during pregnancy, average
maternal alcohol dose/occasion emerged as the measure of ex-
posure most predictive of cortical thinning in parietal and tem-
poro-occipital hetero-modal association regions, suggesting
that maternal binge drinking is particularly detrimental to cor-
tical development. These results are consistent with one prior
study (Zhou et al. 2011) showing FASD-related reductions in cor-
tical thickness in similar parietal, temporal, and occipital associ-
ation areas, as well as a recent report of thinner total mean cortex
in children with FASD at an initial scan in preadolescence (Treit
et al. 2014). The observation of reduced cortical thickness is con-
sistent with studies in animals prenatally exposed to alcohol, as
well as with findings of reduced cortical thickness in other neu-
rodevelopmental disorders. Notably, the effect of prenatal alco-
hol exposure on IQ appeared to be mediated, in part, by
reduced cortical thickness in the right occipitotemporal region.
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