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Accumulating evidence from structural brain imaging studies on
individuals with fetal alcohol spectrum disorder (FASD) has
supported links between prenatal alcohol exposure and brain
morphological deficits. Although global and regional volumetric
reductions appear relatively robust, the effects of alcohol exposure
on cortical thickness and relationships with facial dysmorphology
are not yet known. The structural magnetic resonance imaging data
from 69 children and adolescents with FASD and 58 nonexposed
controls collected from 3 sites were examined using FreeSurfer to
detect cortical thickness changes across the entire brain in FASD
and their associations with facial dysmorphology. Controlling for
brain size, subjects with FASD showed significantly thicker
cortices than controls in several frontal, temporal, and parietal
regions. Analyses conducted within site further revealed prominent
group differences in left inferior frontal cortex within all 3 sites. In
addition, increased inferior frontal thickness was significantly
correlated with reduced palpebral fissure length. Consistent with
previous reports, findings of this study are supportive of regional
increases in cortical thickness serving as a biomarker for disrupted
brain development in FASD. Furthermore, the significant associa-
tions between thickness and dysmorphic measures suggest that the
severity of brain anomalies may be reflected by that of the face.
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Introduction

Fetal alcohol syndrome (FAS) is caused by excessive maternal

alcohol consumption during pregnancy and is characterized by

permanent birth defects including facial dysmorphology,

growth deficiency, and dysfunction of the central nervous

system (CNS), among other anomalies. The umbrella term of

fetal alcohol spectrum disorders (FASDs) was coined to

characterize a spectrum of outcomes resulting from heavy

prenatal alcohol exposure including varying degrees of

anomalies characteristic of those with the full FAS. The CNS

defects in FASD range from microcellular and neurochemical

aberrations to gross structural brain abnormalities (Norman

et al. 2009). Additionally, cognitive and behavioral dysfunction

is also evidenced by reports of lowered IQ, hyperactivity, and

deficits in motor function, attention, verbal learning, expressive

and receptive language, executive function, and visuospatial

skills in individuals with FASD (Mattson and Riley 1998;

Kodituwakku 2007; Norman et al. 2009).

Accelerated research efforts from projects such as the

Collaborative Initiative on Fetal Alcohol Spectrum Disorders

(CIFASD), which encourages the collaboration of basic,

behavioral, and clinical investigators around the world to use

novel and cutting-edge techniques coordinately to develop

effective interventions and treatments for FASD (Mattson et al.

2010), have led to accumulated evidence supporting a potential

link between brain structural deficits and prenatal alcohol

exposure, in line with observations from previous postmortem

reports (Norman et al. 2009). Among the most consistent

findings in brain imaging studies of FASD is that of overall brain

volume reductions (Mattson et al. 1994; Johnson et al. 1996;

Swayze et al. 1997; Archibald et al. 2001; Lebel et al. 2008; Li

et al. 2008; Willoughby et al. 2008; Norman et al. 2009). These

volume decreases are widespread throughout the brain, with

frontal, temporal, and parietal lobes showing the most pro-

nounced effects in individuals with FASD as compared with

nonexposed controls (Archibald et al. 2001; Sowell, Thompson,

Mattson, et al. 2002). Additionally, regional abnormalities in the

corpus callosum (Riley et al. 1995; Sowell et al. 2001; Bookstein,

Sampson, et al. 2002; Bookstein, Streissguth, et al. 2002;

Bookstein et al. 2007), cerebellum (Mattson et al. 1992, 1994;

Archibald et al. 2001; Autti-Ramo et al. 2002), basal ganglia

(Mattson et al. 1992, 1996; Archibald et al. 2001), and

hippocampus (Riikonen et al. 1999; Autti-Ramo et al. 2002)

have also been documented.

Despite the increasing number of studies reporting gross and

regional volumetric alterations FASD, relatively little is known

regarding finer-scale cortical abnormalities assessed across the

whole brain that may more closely relate with the clinical and

behavioral features of the disorder. Using voxel-based mor-

phometry and surface-based analysis methods, studies by our

group (Sowell et al. 2001; Sowell, Thompson, Mattson, et al.

2002; Sowell, Thompson, Peterson, et al. 2002) revealed that

the temporal and parietal lobes of alcohol-exposed subjects

tend to have increased gray matter density in combination with

cortical surface alterations. Specifically, we found an estimated

15% increase in cortical gray matter in inferior parietal and

perisylvian cortex bilaterally in alcohol exposed compared with
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control subjects (Sowell, Thompson, Mattson, et al. 2002). In

addition, significant surface deformations in the inferior parietal/

perisylvian, anterior frontal, and orbital frontal regions were

observed in alcohol-exposed subjects. In a later study, increased

cortical thickness in bilateral temporal and inferior parietal and

right inferior frontal regions of another subset of FASD patients

(N = 21) was reported (Sowell et al. 2008). Although these

findings have shed light on the neuropathology underlying FASD,

characterization of cortical thickness abnormalities of FASD

requires further clarification and confirmation in independent

samples. Furthermore, although diagnostic of FAS, few studies

have addressed the structural correlates of facial dysmorphology,

such as short palpebral fissure length (PFL), which may provide

further insight into the neurodevelopmental disturbances asso-

ciated with prenatal exposure to alcohol.

To extend the prior findings concerning cortical thickness

abnormalities in FASD from independent samples, this study

applied FreeSurfer analysis methods to the structural magnetic

resonance imaging (MRI) data collected for a CIFASD project

from a cohort of children and adolescents prenatally exposed to

alcohol and unexposed controls (Mattson et al. 2010) recruited

from 3 study sites (i.e., University of California Los Angeles,

University of Cape Town, San Diego State University). Measures

of facial morphology, including PFL and appearance of the

philtrum, were also assessed for a subset of subjects at each of

the 3 study sites. Based on our previous study (Sowell et al. 2008),

it was predicted that children and adolescents with FASD would

have increased thickness in the perisylvian region, specifically

the inferior frontal, superior temporal, middle temporal, and the

inferior parietal cortices. Additionally, greater facial dysmorphol-

ogy as reflected in PFL and philtral deficiency was expected to

directly correlate with increased cortical thickness in regions

that best differentiated the exposed from the control groups.

Materials and Methods

Subjects
StructuralMRI datawas collected from127 subjects at 3 sites: LosAngeles

(LA, age range 8--16), Cape Town, South Africa (SA, age range 13--15), and

San Diego (SD, age range 10--14). Subjects included 69 children and

adolescents with FASD (23 from LA, 31 from SA, and 15 from SD) and 58

nonexposed controls (18 from LA, 22 from SA, and 18 from SD). As

previously reported (Roussotte et al. 2011) in a subset of participants

studied in the present report, the ethnic composition of participants

varied by site. In LA and SD, although the majority of participants were

classified as non-Hispanic White (N = 38; 19 from LA and 19 from SD),

several subjects classified as Asians (N = 3; all from LA), Native Hawaiians

(N = 1; from SD), African Americans (N = 12; 8 from LA and 4 from SD) and

more thanone race (N=5; 4 fromLAand1 fromSD)were also included. In

SA, all but one participant with ethnicity information were classified as

‘‘Cape Colored,’’ a racial category comprising people of mixed ancestry

from intermarriages of Black African populations (primarily of Khoi and

San tribal origins), European whites, and some Asians (May et al. 2007).

In LA, exposed subjects were recruited primarily through the

University of California Los Angeles Fetal Alcohol and Related Disorders

Clinic. Exposure status of FASD subjects recruited at this location was

established through extensive interviews administered to the parents/

guardians and the use of collateral information such as social, medical,

and/or legal records when available. In SA, exposed subjects were

recruited through the University of Cape Town, from small towns and

rural settlements in the Western Cape Province that has one of the

highest documented rates of FASD in the world (May et al. 2007). All of

the subjects from SA site had been diagnosed previously as FAS or

partial FAS from a population-based study of the epidemiology of FASD

among first graders (May et al. 2007), and their diagnoses were

reconfirmed for this study through maternal interview and question-

naires. In SD, exposed participants were recruited through the San

Diego State University Center for Behavioral Teratology and exposure

status was determined through maternal reports and the review of

medical, legal, and social service records when available. The number of

subjects who received a full FAS diagnosis from each site was listed in

Table 1. At all sites, participants were excluded from the FASD group

upon evidence of other known causes of mental deficiency, such as

chromosomal abnormalities.

Nonexposed control subjects were recruited from ongoing studies at

each site or for this study specifically via advertisements and word of

mouth and occasionally through other recruiting strategies such as the

use of national registers (Roussotte et al. 2011). Control participants

were excluded if they were prenatally exposed to more than 1 drink

per week on average or more than 2 drinks on any one occasion during

pregnancy. Additional exclusion criteria for both the control and the

FASD group included significant head injury with loss of consciousness

for more than 30 min or significant physical or psychiatric disability

sufficient to preclude participation in neurocognitive and neuro-

imaging assessments.

Facial and Cognitive Evaluations
Standardized methodology was used to obtain facial dysmorphology

scores on both FASD and nonexposed subjects by a trained member of

the CIFASD (Hoyme et al. 2005; Jones et al. 2006; Roussotte et al. 2011).

In brief, PFL was measured using a rigid ruler marked in millimeters

held against the lower eyelid (Hoyme et al. 2005). The morphological

characteristics of the philtrum were assessed and scored with

a previously described and verified lip/philtrum guide (‘‘lipometer’’)

(Astley and Clarren 2000). Participants were assigned a score of 1

through 5, with a higher score representing greater dysmorphology of

the upper lip. Whenever possible, examiners were blind to the

diagnostic status of subjects. Of the 127 subjects who were studied

with structural MRI, 95 subjects (61 FASD and 34 nonexposed subjects)

received a PFL measurement and 94 subjects (61 FASD and 33

nonexposed subjects) received philtrum lipometer scores. The 61

FASD subjects who received both scores were included in the facial

dysmorphology correlational analysis described below. As described in

detail previously (Roussotte et al. 2011), all subjects eligible for

neuropsychological testing were given a standardized test battery by

trained examiners, including the Wechsler Intelligence Scale for

Children, Fourth Edition (WISC-IV; Wechsler 2003), from which a Full

Scale IQ (FSIQ) score was derived. The scores were obtained by the

examiners and checked for accuracy by a second rater, and were

available for all but 1 FASD and 1 control subject from SA.

MRI Data Acquisition
In LA, high-resolution T1-weigthed sagittal volumes were collected

from a 1.5-T Siemens Sonata magnet, with repetition time (TR) = 1900

ms, echo time (TE) = 4.38 ms, flip angle = 15�, matrix size = 256 3 256 3

160 mm, field of view (FOV) = 256 mm, voxel size = 1 3 1 3 1 mm, and

acquisition time = 8 min 8 s. In SA, high-resolution T1-weigthed sagittal

volumes were collected from a 3-T Siemens Allegra scanner, with TR =
2200 ms, TE = 5.16 ms, flip angle = 12�, matrix size = 256 3 256 3 160

mm, FOV = 256 mm, voxel size = 1 3 1 3 1 mm, and acquisition time = 7

min 4 s. In SD, high-resolution T1-weigthed sagittal volumes were

collected from a 3-T GE Signa Excite scanner, with TR = 7.8 ms, TE = 3.0

ms, flip angle = 12�, matrix size = 256 3 256 3 192 mm, FOV = 240 mm,

voxel size = 0.938 3 0.938 3 1 mm, and acquisition time = 7 min 26 s.

Image Processing
Cortical thickness was estimated using FreeSurfer software (FreeSurfer

4.0.5, http://surfer.nmr.mgh.harvard.edu) (Dale et al. 1999; Fischl et al.

1999), a widely documented and automated program for the analysis of

brain structure (Fischl and Dale 2000). In short, FreeSurfer processing

streams included the removal of nonbrain tissue, the segmentation of

gray--white matter, and the alignment of each image volume to

a standardized space (i.e., the Montreal Neurological Institute space).

For the estimation of cortical thickness specifically, after intensity
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normalization, gray--white tissue segmentation was used as the starting

point for a deformable surface algorithm that was applied to extract the

pial and gray--white cortical surfaces (Dale et al. 1999). The entire

cortex of each subject was then visually inspected for accuracies and

manually corrected if necessary, following previously established

procedures (Yang et al. 2009, 2011; Yang, Nuechterlein, et al. 2010;

Yang, Raine, et al. 2010; Roussotte et al. 2011). This additional quality

control step ensures the accuracy of gray/white matter segmentation

and the effective removal of scalp and meninges and inclusion of brain

tissue and was performed on a slice-by-slice basis on each brain slice

through each image volume by one rater (EK), who was blinded to

group membership. After spatial normalization of the data to a cortical

surface-based atlas, local cortical thickness was measured by estimating

the shortest distance between the position of spatially equivalent

surface points on the pial surface and the gray--white matter boundary

and vice versa and averaging these 2 values (Fischl and Dale 2000). A

10-mm full-width at half-maximum Gaussian kernel was then applied to

smooth the data. Because the generated cortical maps are not limited to

the voxel resolution of the original data, FreeSurfer has relatively high

sensitivity in detecting submillimeter differences between groups. Last,

total brain volume for each individual was also estimated using

FreeSurfer segmentations (i.e., the sum of all white and gray matter

regions of interest [ROIs] Buckner et al. 2004).

Statistical Analysis
For demographic cognitive and facial morphology variables, statistical

analyses were conducted using SPSS 18.0. Age, total brain volume, and

FSIQ were compared between groups using independent 2-sample t-

tests and difference in gender was evaluated with Pearson chi-square

tests. To examine cortical thickness variations across the whole brain

between the FASD and nonexposed control groups within site, vertex-

by-vertex analysis was performed using the general linear model, in

which multiple regression analyses were conducted with cortical

thickness as dependent variable and group as independent variable

while age, gender, and cubed root of brain volume were included as

covariates. Although there were no significant group-by-site interac-

tions for the ROI thickness (all P > 0.23), there was a significant main

effect for site for left and right middle temporal (P = 0.001, P = 0.026,

respectively) and inferior temporal cortex (both P < 0.001) with SA

subjects showing thinner cortex in these regions than LA and SD

subjects. Thus, site was included as categorical predictor in all analyses

conducted across sites to control for any potential confounding effects.

Permutation analyses with a threshold of 0.05 were used to confirm the

significance of multiple spatially correlated comparisons performed at

high spatial density across each hemisphere (Thompson et al. 2003).

Post Hoc Analyses
For descriptive purposes and to confirm the location of the observed

effects, additional group comparisons were conducted on average

cortical thickness for the a priori regions. Specifically, the a priori

regions were selected based on findings of an independent sample

reported previously by our group (Sowell et al. 2008), in which the

abnormal thickness increases were observed in perisylvian region,

specifically the posterior part of the inferior frontal (pars opercularis),

superior temporal, middle temporal, and inferior parietal gyrus, in

subjects with FASD. Thus, average thickness of these ROIs was

estimated using the Desikan template (Desikan et al. 2006) and

compared between the 2 groups using general linear models including

total brain volume, age, and gender for the within-sites analyses,

whereas site was added as a covariate for the combined-site analyses.

Further analyses were conducted on the subsample of 42 FASD subjects

of which the FAS diagnosis data was available to assess the cortical

thickness of these ROIs in FAS and nondysmorphic FASD separately.

Finally, to confirm the disease effect on the inferior frontal thickness

observed both within and across sites, we further conducted multiple

regression analysis to assess the relationship between the average

thickness in the inferior frontal gyrus and measures of facial

dysmorphology within the FASD groups.

Results

Demographic, Cognitive, and Clinical Measures

Table 1 shows demographic, cognitive, and clinical details of all

subjects. Across and within scan sites, FASD and control groups

did not differ from each other in age or gender (all P > 0.15).

The age of subjects differed between scan locations (F2,126 =
40.48, P < 0.001), with the SA subjects being significantly

older than both the LA and the SD participants (both P <

0.001). However, the LA and SD sites did not differ from each

other in mean age (P = 0.63). FASD subjects also had

significantly lower FSIQ compared with control subjects both

Table 1
Demographic, clinical, and MRI measures of the sample

Across sites Within sites

Los Angeles South Africa San Diego

FASD Nonexposed controls FASD Nonexposed controls FASD Nonexposed controls FASD Nonexposed controls
(N 5 69) (N 5 58) (N 5 23) (N 5 18) (N 5 31) (N 5 22) (N 5 15) (N 5 18)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Demographic measures
Age 13.4 (1.9) 13.0 (2.0) 12.7 (2.3) 11.8 (2.4) 14.7 (0.6) 14.6 (0.4) 12.1 (1.1) 12.1 (1.4)
Gender (male/female) 43/26 28/30 14/9 7/11 18/13 11/11 11/4 10/8
Ethnicitya (white/other) 21/45 17/32 11/9 8/9 0/31 0/22 10/5 9/1
FSIQb 64.5 (27.6) 93.6 (26.1) 83.1 (21.1) 111.2 (20.7) 44.5 (17.8) 68.4 (12.1) 78.3 (26.1) 107.5 (17.6)

Clinical measures
PFLc 2.5 (0.3) 2.6 (0.1) 2.6 (0.2) 2.7 (0.2) 2.4 (0.3) 2.6 (0.1) 2.6 (0.2) 2.6 (0.1)
Lipometerd 3.5 (0.6) 3.2 (0.8) 3.4 (0.6) 3.2 (0.6) 3.7 (0.7) 3.3 (1.1) 3.4 (0.5) 3.0 (0.5)
Full FASe (yes/no) 21/21 0/58 3/10 0/18 15/6 0/22 3/5 0/18

MRI measures
Total brain volume (cm3) 1180.6 (150.8) 1290.7 (132.0) 1259.8 (167.8) 1349.4 (127.6) 1118.6 (119.8) 1232.7 (96.6) 1187.2 (128.8) 1302.9 (149.7)

Note: SD, standard deviation; PFL, palpebral fissure length.
aEthnicity information was available for only 115 subjects.
bFSIQ scores were available for 125 subjects (68 FASD and 57 CC subjects) including 41 subjects from LA (23 FASD and 18 CC subjects), all 53 subjects from SA, and 31 subjects from SD (14 FASD and

17 CC subjects).
cFPL measure was only available in 95 subjects (61 FASD and 34 nonexposed control subjects) including 29 subjects from LA (16 FASD and 13 nonexposed control subjects), 41 subjects from SA (30

FASD and 11 nonexposed control subjects), and 25 subjects from SD (15 FASD and 10 nonexposed control subjects).
dLipometer measure was available for all 95 subjects with FPL measures except one nonexposed control subject from LA.
eFull FAS diagnosis was available for only 199 subjects.
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across and within scan sites (all P < 0.001). For clinical

measures, FASD subjects showed significantly smaller PFL

measures and increased lipometer scores compared with

nonexposed control subjects (F1,94 = 3.99, P = 0.049; F1,93 =
6.89, P = 0.01, respectively) across sites. However, no

significant group difference in clinical measures was observed

within sites when examined alone (all P > 0.06).

Across sites, FASD subjects had smaller total brain volumes

than nonexposed control subjects (F1,126 = 18.8, P < 0.001)

while controlling for age and gender. Within sites, the total

brain volumes of FASD subjects were found to be smaller than

that of nonexposed control subjects within LA (F1,41 = 7.74, P =
0.008), SA (F1,53 = 22.55, P < 0.001), and SD (F1,33 = 9.57, P =
0.004) samples. Thus, all analyses of cortical thickness were

conducted including total brain volume as a covariate, in

addition to age, gender, and site (when compared across sites).

Since it has been previously shown that FSIQ may influence

findings of structural brain alterations in FASD, group compar-

isons were additionally performed including FSIQ as covariate

in the statistical models to ensure that results were not fully

attributable to such effects.

Cortical Thickness Measures

Across and within sites, FASD subjects showed an overall

pattern of increased cortical thickness compared with non-

exposed control subjects (left hemisphere: permutation

corrected P = 0.028; right hemisphere: permutation corrected

P = 0.019; see Fig. 1). The surface analysis of cortical thickness

showed that thicker cortex appeared in several a priori regions,

including bilateral inferior frontal, superior temporal, inferior

temporal, and right middle temporal but also other regions

including lateral occipital, pericalcarine, postcentral, and left

inferior parietal, right lingual gyrus in FASD subjects compared

with nonexposed control subjects. For the LA site, FASD

subjects showed increased cortical thickness in the a priori

regions most prominently in the right middle temporal cortex

compared with nonexposed control subjects. For the SA site,

significantly increased cortical thickness in the a priori regions

was observed in the bilateral inferior frontal and right superior

frontal compared with nonexposed control subjects. For the SD

site, FASD subjects showed significantly increased cortical

thickness in the left inferior frontal and right inferior temporal

cortices compared with nonexposed control subjects. No

significant cortical thinning was found in FASD subjects

compared with nonexposed control subjects. Overall, in-

creased cortical thickness in the FASD subjects appeared to

be most prominently in the inferior frontal gyrus both across

and within sites (see Fig. 2).

To compliment the whole-brain surface thickness analyses,

group differences in mean cortical thickness within ROIs were

also analyzed. As expected, findings were found to be largely

reflective of those from surface analysis. Cortical thickness

increases were observed in the left and right inferior frontal

(F1,118 = 13, P = 0.011; F1,118 = 6.72, P < 0.001, respectively),

right middle temporal (F1,118 = 5.84, P = 0.017), and right

superior temporal (F1,118 = 4.39, P = 0.038) in FASD subjects

compared with nonexposed control subjects in the combined-

site analyses (Fig. 3). Upon further examination of the age

effects, the ROI thickness analysis on subjects under 10 years

old showed significantly increased cortical thickness in the

right inferior frontal (P = 0.38) and right superior temporal

cortex (P = 0.005), while subjects over 13 years old showed

significantly increased thickness in the left and right inferior

frontal (P = 0.007, P = 0.038, respectively), left inferior

temporal (P = 0.016), and right superior temporal cortex (P

= 0.026). However, we only had 8 subjects under 10 years old

and they were all from the LA site, thus these results should be

interpreted with caution. Additional analyses were performed

including FSIQ as covariates, which revealed similar results

for left and right inferior frontal (P < 0.001, P = 0.025,

respectively) and right middle temporal cortex (P = 0.004).

Further analysis revealed that, when separating those with full

FAS diagnosis and those without, both FAS and nondysmorphic

FASD subjects showed increased thickness in the left inferior

frontal (P = 0.021, P = 0.002, respectively) and right middle

temporal cortex (P = 0.008, P = 0.004, respectively) compared

Figure 1. Uncorrected P maps representing the significant group difference in cortical thickness for the FASD versus control comparisons across the entire sample of 127
subjects and within LA, SA, and SD site, controlling for age, gender, and total brain volume.
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with nonexposed control subjects, whereas the 2 groups of

subjects did not differ significantly from each other (all P >

0.25).

Significant or trend-level cortical thickness increases were

observed in bilateral inferior frontal ROIs in all 3 independent

samples. Specifically, for the LA site, group differences in

cortical thickness were confirmed for the right middle

temporal cortex (F1,36 = 5.65, P = 0.023) with a trend-level

significance observed in the left inferior frontal cortex (F1,36 =
3.79, P = 0.06). For the SA site, group differences in cortical

thickness were confirmed for the left and right inferior frontal

cortex (F1,48 = 6.32, P = 0.015; F1,48 = 8.48, P = 0.005,

respectively). For the SD site, group differences in cortical

thickness were significant in the left inferior frontal cortex

(F1,28 = 4.4, P = 0.045), with a trend-level significance found in

the right inferior frontal cortex (F1,28 = 3.26, P = 0.082).

Finally, we conducted post hoc analysis to evaluate the

relationship between cortical thickness in inferior frontal

regions that best differentiated FASD from control subjects

(in all 3 independent samples) and facial morphological

measures. Within the exposed group combined across sites,

increased cortical thickness was associated with smaller PFL in

the right inferior frontal cortex (r = –0.36, P = 0.006) but not

the left (P = 0.17) (see Fig. 4). However, no similar correlations

were observed for lipometer scores (all P > 0.11).

Discussion

Our results confirm abnormal cortical thickness patterns in

a relatively large sample of children with FASD with increased

cortical thickness observed in a regionally similar pattern

across 3 independent samples of children studied at 3 data

collection sites. Specifically, increases in cortical thickness

were observed in the perisylvian cortices of the frontal and

temporal lobes, most prominently in the inferior frontal,

superior temporal, and middle temporal cortices, consistent

with our a priori hypotheses. Our novel findings of significant

relationships between increased cortical thickness and de-

creased PFL support the notion that abnormally thick cortex

may serve as a biomarker for disrupted brain development in

Figure 2. Illustrations of the significant inferior frontal thickness increases in FASD compared with nonexposed control group both within and across sites. The ROIs were also
highlighted as follows: inferior frontal gyrus (IFG; yellow), superior temporal gyrus (STG; pal blue), middle temporal gyrus (MTG; bright pink), and inferior parietal gyrus (IPG;
pink).

Figure 3. Average thickness of the left and right inferior frontal gyrus (IFG), superior temporal gyrus (STG), middle temporal gyrus (MTG), and the inferior parietal gyrus (IPG) of
the FASD and control subjects within each site, corrected for age, gender, and total brain volume. The vertical lines represent the standard error bars.
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individuals prenatally exposed to alcohol. Our findings further

suggest that the severity of such brain anomalies may be

reflected in the severity of facial dysmorphology.

The cortical thickness findings in this study are highly

consistent with those from a previous report involving an

independent sample of 21 individuals with FASD and 21

nonexposed controls, where increased cortical thickness that

was most pronounced in areas surrounding the perisylvian

cortices were described (Sowell et al. 2008). Numerous studies

of typical brain development have shown that the majority of

brain regions attain peak cortical thickness around ages 8--10

years and thickness declines subsequently thereafter, with the

greatest thinning occurring during early adolescence (Giedd

et al. 1999; Sowell et al. 2003; Shaw et al. 2006). This

systematic cortical thinning is likely due to synaptic pruning

in the form of activity-dependent selective elimination

(Bourgeois and Rakic 1993; Huttenlocher and Dabholkar

1997; Shaw et al. 2008; Tamnes, Østby, Fjell, et al. 2010) and

in increased myelination (Huttenlocher 1990), which are

thought to serve as a biological indicators of increased

efficiency in cognition, emotion, and behavior that occur

during this period of development (Hensch 2004; Knudsen

2004). The argument that prenatal exposure to alcohol may

disrupt this pruning process is supported by the fact that

alcohol disrupts the activity of c-aminobutyric acid and its

receptors in modulating progenitor cell proliferation, cell

migration, and neurite growth during early neuronal de-

velopment (Schwartz 1992; Borodinsky et al. 2003). Previous

investigations have linked prenatal alcohol exposure to

decreased white matter concentration, delayed neuronal

migration, and decreased myelination (Shetty and Phillips

1992; Barrow Heaton et al. 1999; Ozer et al. 2000; Archibald

et al. 2001; Redila et al. 2006). Although the current study lacks

sufficient power to assess whether early developmental events

such as neurogenesis or later ones such as pruning have more

influences in FASD subjects, we observed increased cortical

thickness in both younger (under 10 years old) and older

subjects (over 13 years old) with older subjects showing more

widespread increases, providing support for a greater in-

volvement of disrupted pruning process in the brain de-

velopment of FASD. Nonetheless, it remains a possibility that

earlier developmental events may also be affected in children

with FASD.

The regional specificity of our findings is also consistent with

previous reports of functional disturbances observed in FASD

(Mattson et al. 1997, 1999, 2006; Mattson and Riley 1998;

Mattson and Roebuck 2002; Reobuck-Spencer and Mattson

2004; Streissguth et al. 2004; Burden et al. 2005; Riley and

McGee 2005; Rasmussen et al. 2006; Greenbaum et al. 2009). In

this study, we revealed increases in cortical thickness in several

frontal and temporal regions but most prominent in the inferior

frontal gyrus; a region critically involved in response inhibition,

attention, social cognition, and executive functioning. The

prominence of the thicker inferior frontal cortex may be

partially explained by the prefrontal--striatal circuitry that has

found to be disrupted by prenatal alcohol exposure (Roussotte

et al. 2011). Specifically, it may be argued that the prenatal

insult to the striatal structures due to heavy prenatal alcohol

exposure, as observed in previous studies (Norman et al. 2009;

Lebel et al. 2011), may result in the downstream effects on later

cortical development of the inferior frontal gyrus long after the

insult has occurred in utero. On the other hand, several recent

functional MRI studies have shown abnormal, often excessive,

activation in the inferior frontal cortex and associated regions

(such as the striatum) during spatial and verbal working

memory (Malisza et al. 2005; Spadoni et al. 2009; Roussotte

et al. 2011), number processing (Santhanam et al. 2009), and

response inhibition (Fryer et al. 2007) in subjects exposed to

alcohol prenatally. Taken together the evidence described in

previous studies that have directly linked thinner cortex to

better performance in typically developing populations (Sowell

et al. 2004; Shaw et al. 2006; Lu et al. 2007; Tamnes, Østby,

Walhovd, et al. 2010), it seems reasonable to speculate that the

thicker cortex, especially in the inferior frontal region,

observed in this study may reflect less efficient neural

processing in affected areas among children with FASD.

Another key finding of this study is the significant association

between facial dysmorphology measures and cortical thickness.

Specifically, increased cortical thickness in the right inferior

frontal gyrus was found to correlate with shorter PFLs.

Although very few studies have evaluated the association

between facial morphology and brain structural measures, the

current results are in keeping with the premise that

Figure 4. Relationships between average thickness in left and right inferior frontal gyrus and PFL scores after controlling for age, gender, site, and total brain volume in FASD
subjects. The partial correlation coefficient between left and right inferior frontal thickness and PFL partialling out age, gender, site, and total brain volume is �0.36 and �0.18,
respectively.
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deficiencies in the upper midface features (i.e., PFL) are more

predictive of underlying cortical dysmorphology than lower

features (i.e., lipometer) (DeMeyer 1975). Those clinical

FASD face/brain studies that have been reported have shown

facial anomalies to be significantly associated with smaller

frontal, ventral diencephalon, and several subcortical brain

structures (Astley et al. 2009; Roussotte et al. 2011). These

findings are consistent with animal studies showing concur-

rent insult to the upper midface, eyes, and brain following

alcohol exposure at discrete early stages of prenatal de-

velopment (Sulik 2005; Parnell et al. 2009; Godin, Dehart,

et al. 2010; Godin, O’Leary-Moore, et al. 2010; Roussotte et al.

2011). Furthermore, evidence from functional neuroimaging

and lesion studies suggest that the right inferior frontal gyrus

is heavily involved in cognitive control processes related to

response inhibition and stimulus-driven attention (Aron et al.

2003, 2004, 2007; Westlye et al. 2011), which have been

found impaired in FASD subjects (Fryer et al. 2007; Chlodo

et al. 2010; Burden et al. 2011). Thus, considering the

specialized hemispheric functioning of the right inferior frontal

cortex, the face--brain association observed in this study may

have further validated the measure of PFL as a critical diag-

nostic feature of FASD.

Finally, there was noticeable variability among regional

group effects from the within site analyses, and we cannot

dismiss the possibility that the differences in demographic and

clinical characteristics may have impacted the brain imaging

results. For example, in normally developed children and

adolescents, FSIQ has been found to correlate positively with

thicker cortex, specifically in the temporal lobes (Choi et al.

2008). The subjects in SA not only had the greatest facial

dysmorphology and highest prevalence of full FAS diagnosis but

also the lowest FSIQ scores among the 3 sites, which may

contribute to the stronger FASD effects of thicker cortex but

the lack of findings in the temporal cortex within this site. On

the other hand, the US samples from LA and SD were

significantly younger (averaged ~12 years old) compared with

the SA sample (average ~14 years old). As discussed earlier,

systematic synaptic pruning occurs more rapidly in adoles-

cence (13 years or older), and this may explain why we

observed less significant thickness abnormality in these

samples. Despite the variations among sites, the discovery of

notable overlaps between sites in patterns of cortical thickness

in the alcohol-exposed cohort, especially in the inferior frontal

gyrus, makes it unlikely that differences in population

characteristics across scan locations represent a critical con-

founding factor.

One limitation of this study is the potential influence of

concurrent prenatal exposure to other teratogenic substances

in addition to alcohol in the clinical population assessed.

Indeed, maternal alcohol use is often co-occurring with

smoking and the use of illicit drugs (Astley et al. 2009), both

of which have been linked to neurogenesis defects in animal

models (Slotkin 1998; Bruin et al. 2010). While these or similar

confounding exposures cannot be completely ruled out, well-

controlled animal studies have demonstrated that prenatal

alcohol exposure alone is sufficient to induce both structural

brain abnormalities and facial dysmorphology (Sulik 2005).

Another limitation of this study is the lack of detailed

information on the timing and frequency of alcohol consump-

tion during pregnancy. It has been shown that the timing of

heavy episodes of alcohol consumption during pregnancy may

determine which functional system may be affected depending

on the cytoarchitectonic areas that are at the peak of neuronal

migration at that period (Sidman and Rakic 1973). Further-

more, the timing of the prenatal alcohol exposure may alter

gene expression (Schneider et al. 2009; Hashimoto-Torii et al.

2011) and differentially affect both neural migration and

differentiation. Future studies with detailed information on

the amount, frequency, and timing of prenatal alcohol use can

advance our understanding on the teratogenic effect of alcohol

on the brain, though this information is rarely available in

human populations.

Last, despite the larger sample included in this study, the

abnormally thicker cortex observed in FASD was similar but of

lesser magnitude in both the effect and the extent of regional

alteration in comparison to the effects observed in a prior

report with a smaller sample of 21 FASD subjects (Sowell et al.

2008). Although the sample size of this study was larger than

that of our prior report, there were also greater demographic

variations in age and ethnicity among the samples studied here.

In addition, the inclusion of an SA sample in this study, which

had lower mean FSIQ and perhaps different drinking patterns

during pregnancy, may have further contributed to the less

significant results. It is also possible that the FreeSurfer

methods employed in this study, which inflates the cortical

surface, are less influenced by potential difference in sulcal

folding patterns between groups than other methods. Thus, the

FreeSurfer methods have allowed us to produce a different

though possibly more accurate estimation of the gray matter

thickness at each surface location though may also be

attributable to the difference in findings between this and the

prior study.

Despite the limitations inherent in a clinical study of

prenatal exposure to alcohol, the results of this study revealed

abnormal cortical thickness occurs in FASD across populations

in this unique multisite cohort sample. Specifically, results are

consistent with findings of a previous more limited study

(Sowell et al. 2008) confirming that significantly thicker cortex

exist in children and adolescents with FASD in comparison

with their nonexposed peers. The findings of thicker frontal

and temporal cortex, particularly the inferior frontal gyrus, may

suggest that these regions are especially vulnerable to alcohol

neurotoxicity during cortical maturation throughout child-

hood, and that this involvement may reflect the functional

impairments observed in FASD. Certainly additional clinical and

basic research is needed as a follow up to this investigation,

with pertinent structure/function correlations and mechanis-

tic studies of alcohol-mediated cortical thickening being

indicated.
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