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The Influence of Fetal Ethanol Exposure on Subsequent
Development of the Cerebral Cortex as Revealed by
Magnetic Resonance Imaging

Lindsey A. Leigland, Matthew M. Ford, Jason P. Lerch, and Christopher D. Kroenke

Background: Fetal alcohol syndrome and related disorders (commonly referred to as fetal alcohol
spectrum disorder, or FASD) cause significant hardships to the individuals affected. Previously, histo-
logical studies in animals have characterized developmental cerebral cortical abnormalities that result
from prenatal ethanol (EtOH) exposure. Additionally, magnetic resonance imaging (MRI) studies have
identified abnormalities associated with fetal EtOH exposure in the cerebral cortices of human children
and adolescents. However, there is still a need to bridge the gap between human MRI studies and ani-
mal histological studies. The goal of the research presented here was to perform postmortem MRI
experiments on rodents, during time periods relative to late human gestation through adulthood, to
characterize anomalies associated with FASD throughout development. Additionally, by determining
how histologically identified abnormalities are manifest in MRI measurements specifically during the
critical early time points, neuroimaging-based biomarkers of FASD can potentially be identified at
much earlier ages in humans, thus reducing the impact of these disorders.

Methods: Cerebral cortical volume, thickness, and surface area were characterized by ex vivo MRI
in Long-Evans rat pups born from dams that were EtOH-treated, maltose/dextrin-treated, or untreated
throughout gestation at 6 developmental time points (postnatal day [P] 0, P3, P6, P11, P19, and P60).

Results: Brain volume, isocortical volume, isocortical thickness, and isocortical surface area were
all demonstrated to be reduced following prenatal exposure to EtOH. Significant differences among the
treatment groups were observed throughout the range of time points studied, allowing for a comprehen-
sive view of FASD influenced MRI outcomes throughout development. Isocortical surface area and iso-
cortical thickness results contributed independent information important to interpreting effects of prenatal
EtOH exposure on cerebral cortical development. Additionally, regional patterns in cortical thickness
differences suggested primary sensory areas were particularly vulnerable to gestational EtOH exposure.

Conclusions: Structural MRI measurements were in accordance with previous histological studies
performed in animal models of FASD. In addition to establishing a summary of MRI outcomes
throughout development in FASD, this research suggests that MRI techniques are sufficiently sensitive
to detect neuroanatomical effects of fetal EtOH exposure on development of the cerebral cortex during
the period of time corresponding to late gestation in humans. Importantly, this research provides a link
between animal histological data and human MRI data.

Key Words: Fetal Alcohol Spectrum Disorder, Magnetic Resonance Imaging, Cerebral Cortical
Development.
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ETAL ALCOHOL SYNDROME (FAS) and the more
broad designation of fetal alcohol spectrum disorders
(FASD) describe a set of conditions that result from prenatal
alcohol exposure. These disorders cause significant physical,
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mental, and financial hardships in the children and families
affected. The main criteria currently used to diagnose FASD
include facial dysmorphology, growth deficits and central
nervous system problems (FAS: Guidelines for Referral and
Diagnosis'). While these criteria are reliable, they only allow
for diagnosis late in childhood; studies have reported that
the average age of diagnosis of FAS and FASD ranges from
3 to 10 years of age (Elliott et al., 2008; Streissguth et al.,
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2004). Early diagnosis is extremely important, as this allows
for therapeutic intervention at critical time points, poten-
tially reducing the severity of adverse outcomes of these
disorders (Olson et al., 2007; Streissguth et al., 2004). In
response to the need for earlier diagnoses and interventions,
a great deal of research has gone into determining what the
effects of alcohol are on the developing brain.

A large literature exists based on research using animal
subjects and employing histological methods that documents
susceptibility of the developing cerebral cortex to the terato-
genic effects of fetal ethanol (EtOH) exposure. Specifically,
altered neuronal generation, differentiation, and columnar
organization in the developing cerebral cortex have been
observed in response to gestational EtOH exposure (Burke
et al., 2009; Dunty et al., 2001; Granato, 2006; Margret
et al., 2005, 2006; Medina et al., 2005; Miller, 1986, 1988,
1996, 2007; Miller and Potempa, 1990). Additionally, regio-
nal patterns in cerebral cortical cell number reductions and
altered dendritic morphology indicate that primary sensory
areas are particularly sensitive to prenatal EtOH exposure
(Granato, 2006; Margret et al., 2005, 2006; Miller, 2007).

While work continues on characterizing the effects of
EtOH exposure on early brain development, a challenge now
lies in detecting these abnormalities using noninvasive neuroi-
maging techniques in vivo. Magnetic resonance imaging
(MRI) has emerged as such a method and has been used to
identify cerebral cortical abnormalities associated with func-
tional deficits in FASD. Structural MRI studies have revealed
significantly reduced brain and cortical volumes in children
and adolescents with FASD (Astley et al., 2009; Nardelli
et al., 2011). Additionally, reduced cortical thickness has
been demonstrated in children and adolescents (Zhou et al.,
2011), and regional variability has been suggested throughout
the cortex (Sowell et al., 2001, 2008; Yang et al., 2011; Zhou
et al., 2011), although not all studies are in agreement regard-
ing effects and affected areas. MRI outcomes have also been
related to behavior in children, adolescents, and adults prena-
tally exposed to alcohol (Bjorkquist et al., 2010; Coles et al.,
2011; Sowell et al., 2008). While this information adds to our
knowledge of the effects of alcohol during gestation, there is
still a need to bridge the gap between histological studies
performed in animals and human MRI measurements. By
performing MRI studies at early stages in the rodent, we can
relate rodent histological studies directly to MRI measure-
ments, relate rodent MRI data to human MRI data, and
importantly, differentiate between normal and abnormal
development during critical early time periods.

Recent applications of MRI to the study of rodent mod-
els of FASD (Godin et al., 2010; O’Leary-Moore et al.,
2010; Parnell et al., 2009) have demonstrated the potential
of this technique to enhance the translational value of pre-
vious histological studies. Mice exposed to EtOH on gesta-
tional days 7, 8 or 10, and observed approximately 7 to
10 days later exhibited effects consistent with previous his-
tology-based reports including reduced body size, brain vol-
ume, and cortical volume relative to controls. The research
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presented here expands on this information by studying the
effects of EtOH exposure throughout gestation on struc-
tural MRI outcomes throughout development in a rodent
model of FASD. By examining the effects of EtOH at spe-
cific time points throughout isocortical development (rela-
tive to late human gestation throughout adulthood), a
cross-sectional timeline of the effects of prenatal exposure
to EtOH can be created distinguishing normal and abnor-
mal development.

Given the concurrent incidence of reductions in observed
cell number and cortical area in histological experiments and
observations of reduced cortical thickness and volume in ani-
mals via MRI at specific time points, it was expected that
measurements of brain mass, brain volume, isocortical vol-
ume, isocortical thickness, and isocortical surface area would
be lower in animals prenatally exposed to EtOH versus con-
trol animals. It was also expected that these differences
would be observed throughout the time period correspond-
ing to late gestation in humans, and potentially persist into
adulthood. The period of time relative to late human gesta-
tion is critical to studying FASD, as detection during early
brain development could enable early intervention, which, in
turn, could potentially reduce the severity of these disorders.
Additionally, by studying time points relative to adolescence
and adulthood, information about the long-term effects of
prenatal exposure to EtOH and how these effects relate to
human research can be gained.

MATERIALS AND METHODS
Animal Care

Long-Evans rats were purchased from Harlan Laboratories (Liv-
ermore, CA) and were delivered to the Department of Comparative
Medicine at Oregon Health & Science University. Virgin female
dams (N = 18) were ages 9 to 10 weeks, and body masses were
approximately 200 to 224 g. Proven breeder males (N = 4) were
ages 14 to 15 weeks, and body masses were approximately 325 to
349 g. All animals were given at least 1 week to acclimate to hous-
ing and light handling. All animals received standard chow, and
participated in approximately 1 week of handling before experimen-
tal procedures began. All possible measures were taken to minimize
animal pain or discomfort. All experiments were carried out in
accordance with the NIH “Guide for the Care and Use of Labora-
tory Animals” (NIH publication no. 86-23, revised 1987).

Breeding

Each male was assigned to 3 to 6 dams. Vaginal lavages were
taken twice daily (once in the morning and once in the afternoon),
and examined for day of estrous cycle and the presence of sperm.
The dam that was nearest to estrus was placed in the same cage as
the male. Males and females would share the same cage for up to 1
full cycle (typically 4 to 5 days). If, after 1 cycle, no sperm was
detected, then the male and female were separated and the male was
bred with another female (although an additional attempt to breed
would be made at a later date). Gestational day (G) 1 was defined
as the same day a morning lavage was found positive for sperm or
the day after an afternoon lavage was found positive for sperm.
Pregnant dams were assigned to 1 of 3 treatment groups: EtOH-
treated (E; » =7), maltose/dextrin-treated (M/D; n=15) or
untreated (C; n = 06).
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EtOH Administration

Following procedures similar to that of Margret and colleagues
(2005, 2006), E and M/D dams were administered 4.5 g/kg of a
25% (w/v) EtOH solution or a calorie-matched maltose/dextrin
solution, respectively (EtOH has 7 kcal/g, maltose/dextrin has
3.8 kcal/g). Solutions were administered daily from G1 through
G20 via intragastric gavage (birth typically occurred at G23). C
dams received no treatment and minimal handling, limited to morn-
ing weights and removal for cage cleanings. C and E dams received
food ad libitum throughout gestation. Each M/D dam received food
that was matched in mass to food that one other E dam received.
For E and M/D dams, food was removed in the morning, and ga-
vages were administered 5 hours after food was removed. Gavages
were administered in 2 equal portions, 1 hour apart, to minimize
the volume of solution in the stomachs of the dams. Body masses of
rat dams were measured each morning for all 3 groups.

Blood EtOH Concentration

On G13 and G20, blood samples were collected from E dams via
a saphenous vein. Approximately 20 ul were taken at 1 and 4 hours
after the last gavage on G13 and G20. Blood was only collected
from dams treated with EtOH, as it was thought the procedures
would be relatively more stressful for the un-intoxicated M/D and C
animals, thus introducing a potential confound to the data. Blood
EtOH concentrations were calculated via a gas chromatograph/
mass spectrometer.

Tissue Collection

At 6 postnatal (P) time points (PO, P3, P6, P11, P19, and P60),
pups from the dams were sacrificed, and their brains collected for
analysis (n = 4 to 6/age/group; for E P6 and E P11, n = 6, for all
other treatment groups at all other ages, n = 4; there were equal
numbers of males and females in each treatment group at each age).
Pups were given an intraperitoneal injection of approximately 0.5-
ml euthasol (pentobarbital sodium and phenytoin sodium; Butler-
Schein Animal Health Supply, Dublin, OH). Heparin (0.01 ml/
10 ml), with phosphate-buffered saline (1x PBS), was injected into
the left cardiac ventricle until the fluid of the right cardiac atrium
was clear. Paraformaldehyde (2%, approximately 40 ml) was then
injected into the left cardiac ventricle. Brains were removed from
skulls prior to MRI in this experiment (rather than performing
MRI before brain extraction) to obtain brain masses, and because
tissue from the left and right hemispheres of the brains were used
for separate sets of experiments involving histological procedures.
The brains were extracted and placed in paraformaldehyde (2%,
approximately 40 ml) for 24 hours. Samples were then transferred
to 1x PBS at 4°C. After at least 48 hours in 1x PBS at 4°C, olfac-
tory bulbs were removed from the brains at the lateral olfactory
tract, the tissue was severed between the C1 dorsal root of the spinal
cord and the medulla, and brain masses were measured. In order to
maximize the sensitivity of the experiments by minimizing the size
of the radio frequency (RF) coil used, left and right hemispheres
were separated. Left hemispheres of each brain were utilized for all
subsequent procedures (with the exception of 1 right hemisphere
P19 E brain, due to a damaged left hemisphere from brain extrac-
tion procedures—orientation was flipped where appropriate when
analyzing MRI images, and this tissue was otherwise treated as if it
was a left hemisphere).

MRI Procedures

Hemispheres were placed in a modified 5-ml conical tube filled
with I x PBS, and allowed to equilibrate to room temperature. Sam-
ples were placed into a 1-turn solenoid RF coil manufactured in the
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laboratory (transmit/receive, tuned, and matched to 500 MHz), and
the entire apparatus was placed in the isocenter of an 11.7 Tesla mag-
net (Bruker, Rheinstetten, Germany) interfaced with a 9-cm inner-
diameter magnetic field gradient coil insert (maximum gradient
strength of 70 G/cm per x-, y-, and z-axis). Whole hemisphere images
were acquired. A T2-weighted imaging sequence was employed
(TR =4,000 to 5,000, TE =42.7ms, FOV =520 x 1.28 cm,
matrix = 250 x 64, voxel size =0.2 mm’, averages =6, scan
time = 4 hours). In some cases, diffusion tensor imaging (DTI) data
were used to help define the boundaries between gray and white mat-
ter in the brain. DTI data were collected for a separate experiment.

Structural Analyses

Anatomical images were analyzed using ITK-SNAP (Yushkevich
et al., 2006) where the cerebellar area was masked from individual
images. Total hemisphere volume was calculated based on the num-
ber of voxels within these images, not including the cerebellar
region. Masks of the isocortex were made on individual images.
Although data were collected throughout the entire cerebral cortex,
allocortical regions do not undergo the same sequence of cellular
differentiation throughout development as the isocortex (Sidman
and Rakic, 1973, 1982). Therefore, only data from the isocortex
were used for analysis. The isocortex/allocortex boundary was
defined rostrally by the lateral olfactory tract. The medial boundary
of the isocortex was identified at the junction with the corpus callo-
sum. Hemispheric isocortical volumes were calculated based on the
number of voxels in the isocortical masks. Both brain and isocorti-
cal volume for the whole brain were estimated by multiplying hemi-
spheric values by a factor of 2. This was performed to more closely
compare volumes estimated here to brain masses. In order to cal-
culate isocortical thickness, outer and inner boundaries were
defined on the isocortical mask (based upon the junction with the
pial surface and the white matter, respectively). Mean isocortical
thickness values were calculated based on a technique developed
by Lerch and colleagues (2008), which involved iteratively solving
Laplace’s equation using the Jacobi method, and computing
streamlines between the inner and outer boundaries using Euler’s
method.

In order to calculate surface area of the cortex, as well as perform
regional cortical thickness analyses, a target surface model was cre-
ated from the MRI data of a representative subject. Currently, a rat
brain atlas relevant to the age range used in this study is not avail-
able; therefore, the most representative subject was determined by
FSL-FLIRT (Smith et al., 2004; Woolrich et al., 2009) linear regis-
tration procedures. Transformation matrices generated from linear
registration procedures were created for the registration of every
subject to all other subjects. The most representative subject was
chosen based on the subject requiring the smallest deformation to
be registered to every other subject, as implemented by the FSL-
FLIRT tool “fsl_reg.” The target surface model (created from a
boundary half-way between the pial surface and gray-white matter
boundary as determined by the technique described by Lerch et al.,
2008) was created to most accurately calculate the isocortical sur-
face area, as it was thought that a surface model created from the
pial surface or the gray-white matter boundary would either over-
or underestimate the true cortical surface area. This was accom-
plished using standard functions in the CARET software package
(Van Essen et al., 2001, www.brainvis.wustl.edu/caret, St. Louis,
MO). New transformation matrices, created from linearly register-
ing MRI data from each individual to MRI data from the target
subject, were applied to the target surface model to create individual
surface models for each subject (Fig. 1).

Surface area corresponding to the isocortex of each subject was
calculated within the CARET software program, utilizing “Region
of Interest Operations.” Surface area measurements are presented
for the left hemisphere only.
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Fig. 1. The left panel displays a raw, T2-weighted, mid-coronal image
of 1 female control (C) subject for each age group. The middle panel shows
cortical masks (red) used to delineate the isocortex. The right panel dis-
plays the average isocortical thickness for the C group projected onto lat-
eral cortical surface models for each age group. Age: postnatal day (P)0,
P3, P6, P11, P19, P60. Scale bar (in white) represents 4 mm. D, dorsal; V,
ventral; L, lateral; M, medial; Cd, caudal; R, rostral.

The CARET implementation of threshold-free cluster enhance-
ment (TFCE; Smith and Nichols, 2009) was used to define regions
on cortical surface models where mean cortical thickness differences
between groups were significantly different. Cluster-based methods
of MRI analysis were developed to deal with the problem of multi-
ple voxel- or node-based comparisons. These methods of analyzing
regional differences in MRI data between groups use neighborhood
information around a particular voxel (or in the case of surface
analyses as used here, around a particular node) to identify “clus-
ters” of voxels or nodes that are significantly different. TFCE is a
similar method that was developed to eliminate issues associated
with traditional cluster-based methods known to reduce sensitivity,
most notably the need for an initial, arbitrary threshold used to
define the “clusters.” Our alpha was set at 0.05 for these analyses.
Registration of the MRI data among the different ages was not per-
formed, as there are drastic surface area changes across ages, and
reliable landmarks are difficult to identify making this an error-
prone process. Therefore, regional differences among the groups
were identified at each age. Additionally, 1 goal of these experiments
was to investigate developmental patterns of MRI outcomes. There-
fore, our a priori hypothesis was that information gathered at each
time point would contribute important independent information.
TFCE was performed using all 3 combinations of group pairs (E vs.
C, Evs. M/D, and C vs. M/D).

Statistics

A l-way analysis of variance (ANOVA) was used to determine
the effect of group on maternal body mass at the beginning and end
of the treatment period. A 2-way mixed effects ANOVA model was
used to determine effects of the independent variables, treatment
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groups (E, C, and M/D) and age groups (P0, P3, P6, P11, P19, and
P60), on dependent variables: brain mass, brain volume, isocortical
volume, overall isocortical thickness, and isocortical surface area.
As mentioned earlier, TFCE analyses were used to determine signifi-
cant regional patterns of cortical thickness among the treatment
groups at each age. Uncorrected alpha was set at p = 0.05 for all
analyses. Statistics were implemented in Statview (SAS, Cary, NC).

RESULTS
Maternal Body Mass

Mean mass values at the beginning and end of the 20-day
period, in which gavages were administered (or G1 vs. G20
for the C group) did not differ significantly among treatment
groups, nor did the body masses gained throughout preg-
nancy (data not shown).

Blood EtOH Concentrations

The average blood EtOH concentration, calculated from
blood samples taken 1 hour after the last gavage on G13 and
G20, was 1.7 mg/ml (SE = 0.19). The average blood EtOH
concentration, calculated from blood samples taken 4 hours
after the last gavage on GI13 and G20, was 1.2 mg/ml
(SE = 0.19). These levels are in accordance with other studies
of alcohol administration throughout gestation (e.g., Macie-
jewski-Lenoir, 1993). Alcohol administration was sufficient
to elicit altered behavior (slow movement and altered motor
coordination; qualitative examinations) in pregnant rat
dams. Additionally, the EtOH dosing procedure used pro-
duced intoxication (>0.8 mg/ml) over an extended period of
time (at least several hours per day).

Summary of Main Effects of EtOH on Brain Mass, Brain
Volume, Isocortical Volume, Isocortical Thickness, and
Isocortical Surface Area

As shown in Table 1, 2-way mixed effects ANOVA revealed

similar patterns for all dependent variables. Main effects of

Table 1. Statistical Results for 2-Way Mixed Effects ANOVAs Examining
Main Effects of Age and Treatment Group on All Dependent Variables

Age Group Age x group
Dependent F F F
variable (5, 58) p (2,58) p (10, 58) p
Brain mass 1060 <0.0001 55.7 <0.0001 1.73 0.10
Brain 643  <0.0001 32.0 <0.0001 1.03 0.43
volume
Isocortex 794  <0.0001 38.1 <0.0001 1.03 0.43
volume
Isocortex 316 <0.0001 20.9 <0.0001 0.669 0.75
thickness
Isocortex 1060  <0.0001 38.7 <0.0001 1.08 0.39
surface
area

Age: postnatal day (P)0, P3, P6, P11, P19, P60; Treatment groups:
maltose/dextrin (M/D), control (C), ethanol (E).
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Fig. 2. Rat brain masses (A), brain volumes (B), and isocortical volumes (C) in all treatment groups increased significantly with age (N = 4 to 6/age/
group). Additionally, across age groups, the maltose/dextrin (M/D) group had the highest mean brain mass, brain volume, and isocortical volume, while
the EtOH (E) group had the lowest means (compared with the control [C] group). The dotted lines indicate M/D values, the solid lines indicate C values,
and the dashed lines indicate E values. Statistical analyses revealed a main effect of age group and a main effect of treatment group on all dependent
variables (p-values <0.0001). There was no interaction between age group and treatment group (suggesting that the pattern of age group differences
was statistically similar among treatment groups and that the pattern of treatment group differences was statistically similar among age groups).
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Fig. 3. Rat isocortical surface area (A) and isocortical thickness (B) in all treatment groups increased significantly with age (N = 4 to 6/age/group).
Additionally, across age groups, the maltose/dextrin (M/D) group had the highest mean isocortical thickness and isocortical surface area, while the EtOH
(E) group had the lowest means (compared with the control [C] group). The dotted lines indicate M/D values, the solid lines indicate C values, and the
dashed lines indicate E values. Statistical analyses revealed a main effect of age group and a main effect of treatment group on all dependent variables
(p-values <0.0001). There was no interaction between age group and treatment group (suggesting that the pattern of age group differences was statisti-
cally similar among treatment groups, and that the pattern of treatment group differences was statistically similar among age groups).

age and treatment group were significant for brain mass, brain
volume, isocortical volume, isocortical thickness, and isocorti-
cal surface area. Brain mass, brain volume, and isocortical vol-
ume results are shown in Fig. 2, and isocortical surface area
and thickness results are shown in Fig. 3. As expected, all
dependent variables increase with age. Additionally, as
hypothesized, mean values of all outcomes associated with
brain and cerebral cortical size were lowest in the E group.
Further, all dependent variables were highest in M/D brains.

Our analysis revealed no significant interactions between
age and treatment group on any of the dependent measures.
This implies that prenatal EtOH exposure affects mass,
volume, surface area, and thickness at all of the ages studied,
and further, our data do not provide evidence that these
effects scale linearly with age. Means and standard errors
for each dependent measure are given in Table 2 to help
interpret the magnitude of treatment group differences at
each age.
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Table 2. Means and Standard Errors (in Parentheses) for Each Dependent Variable at Each Age for Each Treatment Group

Brain mass () Brain volume (cm?®)

Isocortex volume (cm®)

Isocortex surface area (mm?) Isocortex thickness (mm)

PO M/D 0.334 (0.015) 0.187 (0.013) 0.074 (0.004) 35.0 (1.72) 0.633 (0.012)
C 0.313 (0.014) 0.172(0.010) 0.067 (0.003) 33.0 (1.34) 0.603 (0.006)
E 0.269 (0.003) 0.147 (0.006) 0.057 (0.002) 30.4 (1.32) 0.573 (0.005)
P3 M/D 0.576 (0.006) 0.354 (0.016) 0.153 (0.005) 61.2 (1.96) 0.801 (0.006)
C 0.516 (0.021) 0.294 (0.019) 0.120 (0.007) 60.5 (2.44) 0.729 (0.021)
E 0.420 (0.038) 0.256 (0.025) 0.101 (0.011) 55.1 (3.66) 0.678 (0.031)
P6 M/D 0.901 (0.039) 0.622 (0.038) 0.271 (0.015) 99.3 (3.46) 0.975 (0.023)
C 0.766 (0.017) 0.512 (0.018) 0.228 (0.011) 87.1(2.37) 0.901 (0.003)
E 0.716 (0.021) 0.446 (0.007) 0.201 (0.006) 79.9 (0.768) 0.878 (0.018)
P11 MD 1.40 (0.008) 0.952 (0.038) 0.436 (0.019) 123 (3.34) 1.13(0.012)
C 1.24 (0.024) 0.852 (0.015) 0.389 (0.006) 114 (1.21) 1.03 (0.070)
E 1.13(0.027) 0.769 (0.035) 0.356 (0.007) 107 (1.31) 1.06 (0.008)
P19  MD 1.70 (0.041) 1.13(0.044) 0.535 (0.036) 158 (3.76) 1.20 (0.020)
C 1.56 (0.075) 1.07 (0.024) 0.498 (0.012) 153 (2.14) 1.17 (0.014)
E 1.44 (0.033) 1.01 (0.024) 0.465 (0.017) 147 (2.33) 1.14 (0.006)
P60  M/D 2.09 (0.042) 1.37 (0.049) 0.635 (0.014) 162 (3.95) 1.25 (0.013)
C 1.91 (0.024) 1.27 (0.038) 0.580 (0.018) 156 (1.45) 1.18 (0.023)
E 1.82 (0.062) 1.18 (0.071) 0.547 (0.032) 147 (5.15) 1.16 (0.036)

Age: postnatal day (P)0, P3, P6, P11, P19, P60; Treatment groups: maltose/dextrin (M/D), control (C), ethanol (E).
Brain volume and isocortex volume are estimated for the whole brain for comparison to brain weight, while isocortex surface area and isocortex thick-

ness are for 1 hemisphere only.

Regional Patterns in Cortical Thickness

The common pattern of effects of EtOH exposure on all
measured outcomes associated with brain development
(Table 1, Figs 2 and 3) indicates that EtOH affects a broad
range of central nervous system developmental processes.
However, previous literature has indicated that prenatal
EtOH may have differential effects on particular areas of the
cerebral cortex (Granato, 2006; Margret et al., 2005, 2006;
Miller, 2007; Sowell et al., 2001, 2008; Yang et al., 2011;
Zhou et al., 2011). Specifically, cerebral cortical cell numbers
and morphology in primary sensory areas have been demon-
strated to exhibit heightened sensitivity to prenatal EtOH
(Granato, 2006; Margret et al., 2005, 2006; Miller, 2007). To
investigate whether neuroimaging outcomes reflect regional
variation in sensitivity, a TFCE analysis (Smith and Nichols,
2009) was conducted on the isocortical thickness results. Spe-
cific regions of the isocortex that exhibited differences in iso-
cortical thickness between groups were found. As shown in
Fig. 4, regional thickness differences were observed between
the E and M/D groups at all ages, between the C and M/D
groups at P3 and P6, and between the E and C groups at PO
and P11.

In the top panel of Fig. 4, color maps of mean cortical
thickness at P11 for each treatment group are displayed. In
all 3 treatment groups, it is apparent that the cortex is thickest
(red) in frontal areas, and thinnest in occipital and temporal
areas (yellow and green). However, as seen in the treatment
group comparisons at each age, there are specific areas that
show the greatest difference between groups (dark red in the
bottom panel of Fig. 4 represents areas in which differences
between groups are statistically significant at the level of
p < 0.05). Comparing the E and M/D groups, it is evident
that the M/D group is generally, relatively thicker in all of the

Fig. 4. Results of the threshold-free cluster enhancement (TFCE) anal-
ysis. On the top row, mean cortical thickness at postnatal day (P)11 for
each group in the rat (n = 4 to 6/age/group) are projected onto target corti-
cal surfaces. TFCE results are pictured in dark red in the last 3 rows repre-
senting regions, in which mean cortical thickness between groups is
significantly different (p < 0.05). Specific regional differences, centered on
primary sensory areas, were found among ethanol (E) and maltose/dextrin
(M/D) groups at all ages. Regions of significant difference were also found
in comparisons between E and control (C) groups at PO and P11, and
between C and M/D groups at P3 and P6. Scale bars (in white) represent
2 mm. D, dorsal; V, ventral; Cd, caudal; R, rostral.

primary sensory areas than the E group (Fig. 4 bottom panel,
first row). However, when comparing the E group with the C
group, differences are focused in the parietal and frontal-pari-
etal regions of the cortex or somatosensory and motor
locations (located dorsally, mid-way between the rostral
and caudal extent of the lateral surface; Fig. 4 bottom panel,
second row), which is congruent with histological evidence of
reduced cell numbers in the somatosensory-motor cortices in
the macaque following prenatal EtOH exposure (Miller,
2007). Finally, in the C versus M/D comparison, differences
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are located primarily in the frontal and parietal (P3) and pari-
etal and occipital (P6) areas (Fig. 4 bottom panel, third row).

DISCUSSION

Overall, the E group displayed the lowest values on all of
the measures presented here, which was expected. This find-
ing is consistent with histological studies of gray matter
reduction (Miller, 2007), as well as MRI studies of reduced
brain and cortical volume (O’Leary-Moore et al., 2010; Par-
nell et al., 2009). Additionally, these data extend previous
findings in terms of suggesting specific developmental abnor-
malities in cortical thickness and surface area, and define the
time period during which these cortical abnormalities can be
seen. Some histological studies of cell production and prolif-
eration have suggested that prenatal EtOH exposure may
cause a delay in development (e.g., Margret et al., 2006;
Miller, 1988) versus permanent deficits. However, given the
lack of a statistical interaction between treatment and age
groups, as well as the visually consistent pattern of differ-
ences among the treatment groups at the later ages, our
results indicate that abnormal MRI measurements of the
brain and cerebral cortex are seen at very ecarly stages of
development and persist into adulthood. Importantly, these
data present the first neuroimaging-based demonstration of
developmental patterns in reduced brain volumes, cortical
volumes, cortical thickness, and cortical surface area corre-
sponding to mid to late gestation, as well as adolescence and
adulthood in humans.

Recent research suggests that cortical thickness and sur-
face area provide independent information about the devel-
opment of the cerebral cortex (Raznahan et al., 2011). Both
of these variables, in addition to cerebral cortical volume are
important outcomes for characterizing cerebral cortical
development. Although an interaction between age and
treatment group was not statistically significant in regard to
any of the experimental variables, cortical thickness differ-
ences among groups appear to be largest at earlier ages (PO
through P3), while surface area differences among groups
appear to be largest relatively later (P3 through P11). An
interaction between cortical thickness and cortical surface
area supports the finding that isocortical volume is uniformly
reduced across the ages examined herein.

Isocortical thickness and surface area are also thought
to be affected by cell number and cortical organization.
Histological studies providing evidence of reduced cell
numbers and altered neuronal orientation and organiza-
tion with prenatal EtOH exposure (Dunty et al., 2001;
Miller, 1988), specifically around the time of birth in rats
(Miller, 1988), also support the differences in isocortical
volume, thickness, and surface area seen here. Overall, the
research presented here supports the concept that volume,
thickness, and surface area can provide important, inde-
pendent information, and suggests that both thickness and
surface area measures should be considered in relation to
cortical volume.
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In an attempt to determine the areas of the cortex most
affected by prenatal exposure to EtOH, isocortical thickness
across the isocortex was compared between groups using a
TFCE analysis. The fact that the largest cortical thickness
differences were seen specifically in primary sensory areas is
important in terms of interpreting symptoms of FASD.
These areas are vital for the processing of environmental
information, and specific abnormalities in these areas during
cortical formation could lead to symptoms commonly associ-
ated with FASD. Additionally, previous structural MRI
studies have related neuroimaging outcomes to behavior
(Coles et al., 2011; Willoughby et al., 2008). While these
studies did not focus specifically on the cerebral cortex and
were performed in human children and adults, results from
these studies suggest that the MRI outcomes caused by pre-
natal exposure to EtOH presented here could potentially be
related to future behavioral abnormalities.

The regional patterns presented here are consistent with
histological data suggesting specific deficits in cortical for-
mation in primary sensory cortical areas (Granato, 20006;
Margret et al., 2005, 2006) caused by prenatal exposure to
EtOH. Additionally, these data expand upon previous
work by suggesting specific insult to the primary motor
and somatosensory cortices caused by prenatal EtOH
exposure. It is important to note that not all MRI studies
examining the effects of gestational alcohol exposure are in
consensus in terms of specific regional patterns of cortical
thickness. For instance, while some research in humans
has shown decreases in cortical thickness in particular
brain areas, such as the left precentral gyrus, left lateral
temporal lobe, and right inferior occipital lobe (Zhou
et al., 2011), other studies in children and adolescents have
suggested that the parietal cortex might be relatively
thicker than other areas of the brain relative to total brain
size in individuals prenatally exposed to alcohol (i.e., So-
well et al., 2008; Yang et al., 2011). The research presented
herein suggests that the primary sensory areas show spe-
cific cortical thinning in response to prenatal EtOH expo-
sure. However, this discrepancy might also partly be due
to the varying amounts and doses of EtOH consumed dur-
ing human pregnancy.

Methodological considerations that may have an effect on
the results presented here include sex differences, hemispheric
differences, and body weight differences. Equal numbers of
males and females were used in the experiment to control for
any sex differences. While the numbers were considered too
low to reach sufficient power for an analysis of sex effects, no
one sex appeared to be driving any of the significant differ-
ences observed among the groups for any of the dependent
variables. Regarding hemispheric differences, as explained
above, hemispheres were separated both to enable multiple
histological tests on this tissue in the future as well as to
optimize the MRI images. No differences between the hemi-
spheres were expected, and EtOH was not expected to have a
differential effect on the hemispheres. Last, in an attempt to
disturb the litter as little as possible, pups were not individu-
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ally identified or followed longitudinally, and body weight
differences were not recorded. Additionally, our study design
made it difficult to look at body weights across time, as the
majority of pups were sacrificed within approximately the
first postnatal week (body weight data would necessarily be
recorded from decreasing numbers of pups with each time
point). However, it is recognized that examining body weight
data in the future might help interpret the developmental
patterns revealed here.

Prenatal exposure to maltose/dextrin (administered as a
caloric control for EtOH) was associated with increased
brain mass, brain volume, isocortical volume, isocortical
thickness, and isocortical surface area relative to C or E
groups. While these differences were not expected and have
not been demonstrated previously, it is possible that nutri-
tional effects of administering maltose/dextrin to these ani-
mals may have been present. It is difficult to determine a
consensus among studies of FASD in terms of effects of con-
trol treatments, as not all studies employ isocaloric controls,
and several differing approaches have been taken in those
studies that do. In addition to the different time periods of
exposure, the actual solution often differs (sucrose vs. malt-
ose/dextrin), some studies use only a sucrose control (and do
not include an untreated control; e.g., Miller et al., 1999),
some studies use liquid diets only (in comparison to liquid
diet with chow supplementation; e.g., Hammer and Scheibel,
1981) and in a number of studies, the C groups are combined
(e.g., Cui et al., 2010). Previous research also does not docu-
ment the effects of maltose/dextrin on isocortical volume,
thickness and surface area as measured here, and is inconsis-
tent in terms of effects of isocaloric controls on brain mass. It
is important to note that the effects of the maltose/dextrin
diet reported here do not necessarily reflect a benefit. How-
ever, these results emphasize the importance of including a
calorie-matched control in experiments investigating prena-
tal exposure to alcohol, and suggest that further experimen-
tation may be needed to explore the specific effect of
maltose/dextrin administration.

Overall, this research corresponds to histological evidence,
suggesting that MRI could be used to detect cortical abnor-
malities caused by prenatal exposure to EtOH. Additionally,
using MRI in a rodent model of FASD over a range of time
points corresponding to late human gestation throughout
adulthood, this research links human MRI data to rodent
histological data. The data presented here suggest that MRI
is as sensitive to cortical abnormalities during early cortical
development as during time periods corresponding to human
childhood through adulthood. Thus, MRI is introduced as a
potential tool for early diagnosis of FASD.
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