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Abstract: Fetal alcohol spectrum disorders comprise the spectrum of cognitive, behavioral, and neuro-
logical impairments caused by prenatal alcohol exposure (PAE). Diffusion tensor imaging (DTI) was
performed on 54 children (age 10.1 6 1.0 years) from the Cape Town Longitudinal Cohort, for whom
detailed drinking histories obtained during pregnancy are available: 26 with full fetal alcohol syn-
drome (FAS) or partial FAS (PFAS), 15 nonsyndromal heavily exposed (HE), and 13 controls. Using
voxelwise analyses, children with FAS/PFAS showed significantly lower fractional anisotropy (FA) in
four white matter (WM) regions and higher mean diffusivity (MD) in seven; three regions of FA and
MD differences (left inferior longitudinal fasciculus (ILF), splenium, and isthmus) overlapped, and the
fourth FA cluster was located in the same WM bundle (right ILF) as an MD cluster. HE children
showed lower FA and higher MD in a subset of these regions. Significant correlations were observed
between three continuous alcohol measures and DTI values at cluster peaks, indicating that WM dam-
age in several regions is dose dependent. Lower FA in the regions of interest was attributable primar-
ily to increased radial diffusivity rather than decreased axonal diffusivity, suggesting poorer axon
packing density and/or myelination. Multiple regression models indicated that this cortical WM
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INTRODUCTION

Prenatal alcohol exposure (PAE) has numerous adverse
consequences on fetal development, which are encom-
passed under an umbrella term, fetal alcohol spectrum dis-
orders (FASD). These include life-long cognitive and
behavioral impairments, as well as structural damage in the
brain [Burden et al., 2005; Kalberg et al., 2006; Mukherjee
et al., 2006; Spadoni et al., 2007; Streissguth, 2007; Vaurio
et al., 2010]. The Centers for Disease Control and Preven-
tion [2012] reported that, in a sample of 13,880 pregnant
women in the US between 2006 and 2010, 7.6% admitted to
consuming alcohol during the prior 30 days and 1.4% to
binge drinking. While PAE does not always result in FASD,
there are no medical guidelines for safe levels of alcohol
consumption during pregnancy [Elliott and Bower, 2008;
Jacobson and Jacobson, 2013; U.S. Department of Health
and Human Services, 2005]. The prevalence of FASD in the
US is estimated to be as high as 2–5% of the total popula-
tion [May et al., 2009] and has been identified in all racial
and ethnic groups [Abel, 1995]. In the Cape Coloured com-
munity in the Western Cape Province of South Africa, inci-
dence rates 18 to 141 times higher than in the US have
been reported [May et al., 2000]. The Cape Coloured popu-
lation is a mixed ancestry group deriving from Africa,
Europe, and Malaysia. Heavy maternal drinking is very
prevalent in this community [Croxford and Viljoen, 1999]
due, in part, to both poor psychosocial circumstances and
the traditional dop system by which farm laborers were
paid in part with wine, making this population ideally
suited to studies of the effects of PAE.

Fetal alcohol syndrome (FAS) is the most severe of the
FASD [Hoyme et al., 2005; Stratton et al., 1996]. It is char-
acterized by central nervous system dysfunction, pre-
and/or post-natal growth deficiencies, and the presence of
certain craniofacial features (specifically, short palpebral
fissures, an indistinct philtrum, and a thin vermillion). Par-
tial FAS (PFAS) is used to describe PAE in which at least
two of the three key alcohol-related facial anomalies and
at least one of the following are present: small head cir-
cumference, growth retardation, or neurobehavioral
impairment. Exposed individuals who do not meet these
criteria but exhibit neurobehavioral deficits are clinically
diagnosed as having alcohol-related neurodevelopmental
disorder.

Brain structure abnormalities have been reported in
autopsies of children with FASD, including agenesis of the
corpus callosum (CC), microcephaly, ventriculomegaly, a

small cerebellum, and a variety of other malformations
caused by neuronal and glial migration errors [Clarren,
1981; Clarren et al., 1978; Coulter et al., 1993; Jones and
Smith, 1973; Kinney et al., 1980; Peiffer et al., 1979; Wis-
niewski et al., 1983]. Fifty-two structural MRI studies have
been published on individuals with PAE, typically using a
T1-weighted (T1w) protocol, including 22 studies on total
brain volume [e.g., Chen et al., 2012; De Guio et al., 2014;
Meintes et al., 2014; Rajaprakash et al., 2014], 5 studies on
cerebral volume [Archibald et al., 2001; Mattson et al.,
1992, 1994, 1996; de Zeeuw et al., 2012], and 11 studies on
cerebellar volume [e.g., Astley et al., 2009; Spottiswoode
et al., 2011; de Zeeuw et al., 2012]. Consistent with the
autopsy studies, MRI has shown decreased brain volumes
in FASD subjects compared to healthy controls.

A growing body of evidence suggests that white matter
(WM) tissue is a specific target of alcohol teratogenesis.
Reductions in the total WM volume have been found in
individuals with FASD [Archibald et al., 2001; Bjorkquist
et al., 2010; De Guio et al., 2014; Lebel et al., 2008; Nardelli
et al., 2011; Roussotte et al., 2012; Sowell et al., 2001a; Treit
et al., 2013; Yang et al., 2012; de Zeeuw et al., 2012].
Smaller WM volumes have also been reported in the fron-
tal lobe [Astley et al., 2009; Sowell et al., 2002], parietal
lobe [Archibald et al., 2001; Sowell et al., 2002], temporal
lobe [Sowell et al., 2002], and cerebellum [Spottiswoode
et al., 2011], though many of these differences were not
significant after correcting for whole-brain volume. Further
investigation of regional WM alterations in individuals
with FASD is necessary to better understand the effects of
PAE on WM integrity and the complex relations between
behavior, cognition, and brain structure.

Diffusion tensor imaging (DTI) has been shown to pro-
vide useful quantitative information regarding brain anat-
omy and particularly WM fiber pathways [Basser et al.,
1994]. This MRI-based method measures water diffusion
in brain tissue, which tends to be highly anisotropic (i.e.,
varying with orientation) in WM and strongly isotropic
(i.e., homogenous in all orientations) in gray matter and
cerebrospinal fluid. The diffusion tensor can be repre-
sented geometrically as an ellipsoid surface with semi-axes
whose lengths are described by the eigenvalues, L1, L2,
and L3; L1 is often called parallel or axial diffusivity (AD),
while the average of L2 and L3 is termed perpendicular or
radial diffusivity (RD). The average of the three eigenval-
ues is the mean diffusivity (MD), which quantifies the
average random motion within a voxel, and their normal-
ized standard deviation is the fractional anisotropy (FA),
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which represents the degree to which water diffuses pref-
erentially parallel to the axonal axis rather than perpendic-
ular to it.

To date, 14 DTI studies have been performed on individ-
uals with FASD, often focusing on the CC as a region of
interest (ROI), since it is relatively easy to delineate and
crucial for interhemispheric communication. These studies
have employed a variety of techniques, including manual
tracing [Ma et al., 2005; Wozniak et al., 2006, 2009], tractog-
raphy [Colby et al., 2012; Green et al., 2013; Lebel et al.,
2008; Taylor et al., 2015; Treit et al., 2013], tract-based spa-
tial statistics (TBSS) [Fryer et al., 2009; Li et al., 2009], and
voxelwise analysis [Fan et al., 2015; Lebel et al., 2010;
Sowell et al., 2008; Spottiswoode et al., 2011]. Microstruc-
tural abnormalities of the CC have been reported in FASD
in the splenium [Lebel et al., 2008; Ma et al., 2005, Sowell
et al., 2008; Wozniak et al., 2009], isthmus [Li et al., 2009;
Wozniak et al., 2006, 2009], genu [Lebel et al., 2008; Ma
et al., 2005; Treit et al., 2013] and body of the CC [Fryer
et al., 2009; Wozniak et al., 2009]. WM deficits have also
been reported in the inferior [Colby et al., 2012; Lebel et al.,
2008; Sowell et al., 2008] and superior longitudinal fasciculi
[Fryer et al., 2009; Lebel et al., 2008; Treit et al., 2013].

Eyeblink conditioning is a Pavlovian learning paradigm
that involves contingent temporal pairing of a conditioned
stimulus (tone) with an unconditioned stimulus (air puff
to the eye that elicits a reflexive blink). Typically develop-
ing children learn to blink in anticipation of the air puff
after hearing the tone. In our Cape Town longitudinal
FASD cohort, at 5 years, we found that not a single child
with full FAS met criterion for conditioning, compared
with about one-third of the PFAS and HE groups and 75%
of controls [Jacobson et al., 2008]. We found a similar pat-
tern of eyeblink conditioning deficits in a separate group
of Cape Town school-age children with FASD [Jacobson
et al., 2011]; poorer delay conditioning was also reported
in a U.S. school-age sample of alcohol exposed children
[Coffin et al., 2005]. The cerebellar peduncles are large
bundles of myelinated nerve fibers that connect the cere-
bellum to the brainstem and constitute the principal WM
element of the EBC circuit. Using path analytic models,
DTI studies of the two Cape Town samples found that the
effect of PAE on EBC was partially mediated by lower FA
and higher MD in the left middle cerebellar peduncle [Fan
et al., 2015; Spottiswoode et al., 2011] and lower FA in the
superior peduncles [Fan et al., 2015]. We found increased
RD in these regions, suggesting that these effects are due
to poorer myelination and/or axon packing density. Thus
these WM deficits may account, in part, for the heightened
risk for impairment in EBC performance in children with
PAE.

Our finding that the adverse effects of PAE on EBC are
partially attributable to microstructural deficits in the cere-
bellar peduncles led us to explore the degree to which
WM deficits in cerebral cortex might mediate effects on IQ
and other aspects of cognitive function. Whole-brain DTI

was acquired from each study participant. One strength of
this study is that, because the participating mothers and
children are part of a longitudinal cohort recruited during
pregnancy, detailed prospectively obtained information is
available about maternal drinking during pregnancy
[Jacobson et al., 2008]. This study thus provided a unique
opportunity to study cerebral WM abnormalities in rela-
tion to degree of alcohol exposure in a well-characterized
cohort of children. We hypothesized that (1) PAE will
adversely impact cortical WM and that effects will vary
with clinical diagnosis, (2) the extent of WM alterations (in
terms of volume and numbers of regions) will be related
to the degree of alcohol exposure (i.e., the amount or fre-
quency of drinking), (3) PAE-related deficits in cortical
WM integrity will be related to poorer child performance
on IQ, learning and memory, and EBC, and (4) these
effects will be mediated primarily by increased RD, sug-
gesting poorer myelination.

MATERIALS AND METHODS

Participants

Pregnant women were recruited into the Cape Town
Longitudinal Cohort from an antenatal clinic of a midwife
obstetrical unit in a predominantly Cape Coloured neigh-
borhood in the Western Cape, South Africa [Jacobson
et al., 2008]. The Cape Coloured community is comprised
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 circumstan-
ces and historical practices of compensating farm laborers
with wine, which have contributed to a tradition of heavy
recreational weekend binge drinking [May et al., 2007].
Exclusionary criteria included: age <18 years, diabetes,
epilepsy, or cardiac problems requiring treatment.

Timeline follow-back interviews were conducted to
determine incidence and amount of alcohol consumed on
a day-by-day basis during a typical 2-week period, both at
time of conception and time of recruitment [Jacobson
et al., 2002]. The timeline follow-back interview was
repeated in mid-pregnancy and again at 1 month postpar-
tum to obtain information on drinking during the third tri-
mester. Drinking was quantified in ounces (oz) of absolute
alcohol (AA; 1 oz AA � 2 standard drinks), and maternal
consumption was recorded using three measures: oz AA
consumed per day across pregnancy (AA/day), oz AA
consumed per occasion (AA/occasion), and number of
drinking days per week. Two groups of women were
invited to participate in the study: (1) any woman report-
ing a minimum of 14 drinks per week (1.0 oz AA/day) or
at least two incidents of binge drinking (�5 drinks per
occasion) during the first trimester of pregnancy and (2)
controls who abstained from drinking or drank no more
than minimally during pregnancy. Smoking during
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pregnancy was reported in terms of cigarettes smoked per
day; drug use, days/month. The mother’s age at delivery
and years of education were also recorded.

Procedures

DTI and behavioral data were obtained from 54 right-
handed children from the cohort. Each child was exam-
ined for growth and FAS dysmorphology by two dysmor-
phologists (HE Hoyme, MD, LK Robinson, MD) using the
Revised Institute of Medicine criteria [Hoyme et al., 2005]
at an FAS diagnostic clinic held in 2005; one child, who
could not attend the clinic was later examined at our Uni-
versity of Cape Town (UCT) laboratory by a third dysmor-
phologist (N Khaole, MD) using the same criteria [see
Jacobson et al., 2008]. There was substantial interexaminer
agreement on the assessment of the principal fetal alcohol-
related dysmorphic features among the three expert dys-
morphologists. Following a case conference, each of the
alcohol-exposed children was assigned to one of the three
diagnostic groups: FAS, PFAS, or nonsyndromal heavily
exposed (HE). It should be noted that the children in the
HE group did not meet diagnostic criteria for syndromal
FAS or PFAS but were born to mothers recruited prospec-
tively based on their heavy alcohol consumption during
pregnancy. The sample for this study comprised 7 children
with FAS, 19 with PFAS, 15 HE, and 13 controls.

For behavioral assessments, both mother and child were
transported to our UCT Child Development Research Lab-
oratory. The Wechsler Intelligence Scale for Children-IV
(WISC-IV), which generates full scale IQ and four indices
(verbal comprehension, perceptual reasoning, working
memory, and processing speed), was administered at
mean age 9.4 6 0.5 years. The WISC-IV scores obtained for
this sample were strongly correlated (r 5 0.76, 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. The children were also
administered the California Verbal Learning Test-
Children’s Version (CVLT-C) [Lewis et al., 2015] and delay
EBC, measured as at least 40% conditioned responses
within 3 EBC sessions (50 trials each; Jacobson et al., 2008].
Postnatal lead exposure was obtained from a venous blood
sample at mean age 5.1 6 0.2 years because lead levels in
this population are within the range in which effects on
cognitive function have been documented [Chiodo et al.,
2004; Lanphear et al., 2000].

Approval for human research was obtained from the
Wayne State University and UCT ethics committees.
Informed consent was obtained from mothers at recruit-
ment and at the child assessment visits; assent was
obtained from the child. Children received a small
gift, and mothers received a photo of their child and
compensation consistent with guidelines from the UCT
ethics committee.

Neuroimaging Protocol

Each child was transported to the Cape Universities
Brain Imaging Centre (CUBIC) together with his/her
mother at mean age 10.1 6 1.0 years. After familiarization
with the scanning procedures on a mock scanner, data
were acquired using two DTI acquisitions with alternating
phase encoding directions (i.e., anterior–posterior and pos-
terior–anterior (AP-PA)) on a 3 T Allegra MRI (Siemens,
Erlangen, Germany). For each acquisition, the following
parameters were used: 4 reference images with b 5 0 s/
mm2 and 30 diffusion-weighted images (DWIs) with
b 5 1000 s/mm2; 72 slices; field of view (FOV) 5

230 3 230 3 130 mm3; slice thickness 1.8 mm; 1.8 3 1.8 mm2

in-plane resolution; TR 10,000 ms; TE 88 ms. A 3D echo
planar imaging (EPI) navigated [Tisdall et al., 2009] multi-
echo magnetization prepared rapid gradient echo (MEM-
PRAGE) [van der Kouwe et al., 2008] structural image
(resolution 1.3 3 1.3 3 1.0 mm3, FOV 5 256 3 256 3

167 mm3, 128 slices, TR 2530 ms, TI 1100ms, TEs 1.53/
3.21/4.89/6.57 ms, flip angle 78) was also acquired for
each subject.

Preprocessing

Preprocessing included motion correction using FSL-flirt
[Smith et al., 2004] and susceptibility correction in Matlab
applied to the AP-PA acquisitions [Andersson et al., 2003].
The DTI data were initially inspected visually for the pres-
ence of dropout slices. Any subjects with dropout slices in
any of their DTI acquisitions were excluded from all fur-
ther analyses. After exclusions, for each volume we com-
puted the resultant displacement relative to the first
unweighted (B0) volume using the three translation
parameters from mcflirt in FSL. The resultant displace-
ments for all volumes were below 2.0 mm for all subjects
included in the analyses, maximum resultant displacement
did not differ between diagnostic groups. Rotations in any
direction were <1.38 in all subjects. To compute z-scores,
we calculated the mean and standard deviation based only
on values between the 25 and 75 percentile limits and gen-
erated z-score maps for each acquisition; any data points
more than 3 standard deviations (SDs) beyond the mean
of the z-score map were discarded. The diffusion tensors
(DTs) were estimated, and the relevant maps of DTI scalar
parameters (FA, MD, etc.) were generated.

A mean standard space and WM mask for this study
were created as follows: for each subject, the B0 volumes
were co-registered to his/her own T1w structural image
using nonlinear algorithms in FSL. T1w images of controls
were coregistered to a single control image and then aver-
aged to create a mean T1w image. Each subject’s T1w and
DTI parameter images were transformed to this mean T1w
space. As a final step, coregistered FA maps of all subjects
were averaged, after which individual DTI parameter
maps were coregistered to the mean FA image. The cere-
brum was extracted using an MNI 1 3 1 3 1 mm3 template
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and thresholded at an average FA> 0.2 to ensure that only
WM was included in the analysis [Mori and van Zijl,
2002]. For presentation and reporting of cluster locations,
final clusters were mapped to a 1 mm3 MNI pediatric
standard image [Fonov et al., 2011].

Statistical Analyses

Differences in DTI parameters were investigated
between the control group and each of two FASD groups:
(1) a combined FAS and PFAS group (FAS/PFAS) and (2)
an HE group, composed of heavily exposed children who
did not meet criteria for a clinical diagnosis of FAS or
PFAS. In each group comparison voxelwise, two sample
(unpaired) t-tests were performed using permutation tests
(with FSL-randomise) to identify clusters showing signifi-
cant differences between groups. To control for Type I
error, Monte Carlo simulations [Forman et al., 1995] were
performed using AFNI-AlphaSim [Cox, 1996], which indi-
cated that activation clusters of at least 168 mm3 in the
mean template space were significant at p< 0.01.

To examine dose dependence in regions where diagnos-
tic groups revealed WM differences, we extracted each
subject’s average FA (or MD), AD, and RD in a
2 3 2 3 2 mm3 region-of-interest (ROI) around the peak
coordinates of each cluster. We computed group means
and examined in each cluster the association of DTI
measures with the three PAE parameters (AA/day,

AA/occasion, and days/week). These statistical analyses
were performed using SPSS (version 21). The AA/day val-
ues were log transformed to correct for skewness (using
the natural log of one plus the value). Alcohol days/week,
maternal smoking during pregnancy, and postnatal lead
exposure each had a single outlier (>3 SD above the
mean) that was recoded to 1 point higher than the next
highest observed value [Winer et al., 1971]. Missing demo-
graphic data were estimated as the median for their diag-
nostic group (as noted in Table I); in each case,
correlations were also examined while excluding subjects
with missing data, without any significant alteration of
results.

Seven control variables were considered as potential
confounders: four child characteristics (sex, age at scan,
postnatal lead exposure, and maximum resultant displace-
ment during DTI), and three maternal characteristics (age
at delivery, years of education, and mean number of ciga-
rettes smoked/day during pregnancy). Model selection of
potential confounders was determined as follows: each
potential control variable that was even weakly related (at
p< 0.10) to the average FA or MD in the cluster was
included in the final model. Analysis of covariance was
used to determine whether group differences persisted
after controlling for potential confounders; linear regres-
sion, to examine whether associations with the alcohol
exposure measures remained significant after control for
confounders.

TABLE I. Sample characteristics (N 5 54)

FAS/PFAS HE Ctl F or v2

N 26 15 13
Maternal characteristics

Maternal age at delivery 28.8 (7.5) 25.2 (5.0) 26.0 (3.3) 2.04
Education (years)a 7.8 (2.2) 9.5 (2.2) 10.3 (1.4) 7.46***
Absolute alcohol consumed per day across pregnancy (oz)b 1.3 (1.4) 0.5 (0.5) 0.0 (0.0) 7.26**
Absolute alcohol consumed per occasion across pregnancy (oz)b 4.1 (1.8) 2.9 (1.4) 0.1 (0.3) 31.75***
Drinking days per week across pregnancyb,c 2.1 (1.3) 1.1 (0.8) 0.0 (0.0) 17.75***
Cigarettes smoked per day during pregnancyd 8.2 (5.7) 8.0 (7.2) 4.2 (10.9) 1.32
Child characteristics

Sex (% male) 50 53 54 0.03
Age at cognitive assessments (years) 9.3 (0.3) 9.6 (0.5) 9.4 (0.4) 2.04
Age at DTI scan (years) 10.4 (0.5) 10.5 (0.3) 10.4 (0.4) 0.63
Maximum resultant displacement during scan (mm) 1.0 (0.5) 1.1 (0.5) 0.9 (0.5) 0.39
Lead exposurec,e 11.9 (5.5) 9.7 (3.7) 8.1 (3.3) 3.24*
WISC-IV full-scale IQ 64.3 (9.7) 73.1 (8.0) 74.9 (9.0) 7.70***

Values are mean (SD); *p< 0.05, **p< 0.01, ***p< 0.001.
FAS/PFAS 5 combined fetal alcohol syndrome (FAS) and partial FAS (PFAS) group; HE 5 nonsyndromal heavily exposed group;
Ctl 5 control group; WISC-IV 5 Wechsler Intelligence Scale for Children, 4th Edition.
aMissing values estimated at group median for 2 children with FAS/PFAS.
bMissing values estimated at group median for 2 children with FAS/PFAS, 1 HE.
cOne outlier in the FAS/PFAS group was winsorized (value >3 SD above the mean recoded to 1 point higher than highest observed
nonoutlier) [Winer et al., 1971].
dOne outlier in the Ctl group was winsorized [Winer et al., 1971].
eMissing values estimated at group median for 2 children with FAS/PFAS, 1 HE.
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Figure 1.

Clusters in which the mean FA is lower (red; A–C) or the mean

MD is higher (blue; D–J) in children with FAS/PFAS compared to

controls. Volumes are shown in MNI pediatric standard space.

See Table II for associated cluster information. The locations of

the FA- and MD-derived clusters which directly overlapped are

also highlighted (K,L), as well as one set which was found within

the same WM structure (M). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


The mothers of three children (1 with FAS, 2 with
PFAS) reported using marijuana during pregnancy, and
the mother of one child with PFAS reported using cocaine.
Because prenatal exposure to these drugs was too rare for
statistical adjustment, associations with PAE were rerun
omitting the children exposed to these drugs to see if the
alcohol-related effects persisted.

Pearson correlations were used to examine the relation of
DTI measures in the ROIs related to PAE after control for
confounders with behavioral measures from three domains
known to be affected in FASD—WISC-IV IQ (Full Scale and
each of the four index scores), CVLT (short- and long-delay

free recall), and EBC. Given the extensive overlap in the
ROIs in which group differences were seen in FA with
those generated from the MD maps, these correlations were
examined only for the MD values. The hypothesis that MD
in each of these ROIs mediates the effect of PAE on these
behavioral outcomes was tested using hierarchical multiple
regression analysis. AA/day during pregnancy was entered
in the first step of the regression; MD in the ROI was
entered in the second step. Mediation was inferred if the
addition of MD substantially reduced the magnitude of the
regression coefficient for AA/day [Baron and Kenny, 1986].
The Difference in Coefficients Test [Clogg et al., 1992] was

TABLE II. Size and peak coordinates (in MNI pediatric standard space) of regions where lower FA (top) or higher

MD (bottom) were seen in children with FAS/PFAS compared to controls. Average FA (or MD), AD, and RD were

extracted for each child in 8mm3 ROIs around the peak coordinates of each region. We report group averages of

FA or MD as well as relations of continuous alcohol exposure measures to DTI measures in the ROIs.

Region

MNI coordinates (mm)
Size

(mm3)

Mean FA or MD in ROIs
Correlations with DTI

measures in ROIs

FAS/PFAS (26) HE (15) Ctl (13) AA/day AA/occasion days/week

FA

L inferior longitudinal fasciculusa

243, 23, 230 282 0.30 (0.04) 0.30 (0.03) 0.35 (0.04) FA

AD

RD

20.39**
20.10

0.33*

20.35**
20.02

0.33*

20.35**
20.12

0.28*
R inferior longitudinal fasciculus

37, 2, 230 198 0.30 (0.04) 0.32 (0.04) 0.35 (0.04) FA

AD

RD

20.35**
0.07
0.48***

20.32*
0.03
0.40**

20.39**
0.01
0.45***

Splenium of corpus callosumb

28, 239, 18 217 0.39 (0.05) 0.42 (0.08) 0.46 (0.05) FA

AD

RD

20.35**
20.08

0.45***

20.33*
20.16

0.40**

20.36**
20.11

0.43**
Isthmus of corpus callosum

24, 225, 21 208 0.33 (0.05) 0.35 (0.04) 0.40 (0.04) FA

AD

RD

20.49***
20.36**

0.30*

20.35**
20.24

0.23

20.48***
20.33*

0.30*
MD

L inferior longitudinal fasciculusc

239, 25, 225 1057 0.80 (0.03) 0.78 (0.04) 0.76 (0.03) MD

AD

RD

0.44***
0.29*
0.37**

0.58***
0.46***
0.41**

0.37**
0.25
0.30*

R inferior longitudinal fasciculus

42, 229, 212 434 0.83 (0.04) 0.81 (0.02) 0.77 (0.04) MD

AD

RD

0.39**
0.31*
0.20

0.37**
0.35**
0.14

0.39**
0.27*
0.23

Splenium of corpus callosumd,e

210, 236, 18 222 0.82 (0.04) 0.81 (0.05) 0.76 (0.04) MD

AD

RD

0.41**
0.34*
0.22

0.31*
0.17
0.24

0.41**
0.35**
0.21

Isthmus of corpus callosumf

24, 230, 18 307 0.85 (0.06) 0.85 (0.06) 0.79 (0.04) MD

AD

RD

0.53***
0.42**
0.39**

0.36**
0.25
0.30*

0.50***
0.40**
0.37**

R superior longitudinal fasciculus

21, 242, 45 234 0.76 (0.02) 0.75 (0.03) 0.73 (0.02) MD

AD

RD

0.35**
0.20
0.13

0.34**
0.28*
0.04

0.35**
0.19
0.14
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used to assess whether the reduction in the magnitude of
the regression coefficient was statistically significant. The
Clogg Test was selected because in a Monte Carlo study
comparing 14 methods to test the statistical significance of
mediation hypotheses, MacKinnon et al [2002] found that it
was one of the two with the greatest power.

RESULTS

Sample Characteristics

The sample characteristics are summarized in Table I.
The children came from a socioeconomically disadvan-
taged population. As in previous studies [Jacobson et al.,
2004; May and Gossage, 2011], mothers of more severely
affected children were older than those of the other
exposed children and had completed fewer years of edu-
cation. As expected, there were significant differences in
alcohol use across groups, with the highest average values
in the FAS/PFAS group. Mothers of exposed children con-
centrated their drinking, resulting in consumption of an
average of 5.8–8.2 standard drinks/occasion on 1–2 days/
week. Twelve of the 13 mothers in the control group
(92.3%) abstained from alcohol use during pregnancy,
while one consumed 2 drinks on 3 occasions. Drug use

other than alcohol and smoking during pregnancy was
rare: three women (4.8%) reported using marijuana (1–3
days/month), one used cocaine, and none used methaqu-
alone (“mandrax”). There were no significant between-
group differences in child sex, age at scan, maximum dis-
placement during DTI, maternal age at delivery, or smok-
ing during pregnancy. Lead exposure was significantly
higher in the FAS/PFAS group compared to controls
(p< 0.05). As expected, children with FAS/PFAS had
lower IQs than either of the other groups (ps< 0.001).

FA Comparisons

Voxelwise group comparisons revealed significant dif-
ferences in FA between children with FAS/PFAS and con-
trols in four (suprathresholded) clusters, located in the left
and right inferior longitudinal fasciculi (L- and R-ILF,
respectively) and the splenium and isthmus of the corpus
callosum (SCC and ICC, respectively) (Fig. 1A–C). Table II
(top) shows the cluster sizes, peak coordinates, and group
averages of the mean FA extracted for each child in ROIs
defined around the peak coordinates of each cluster. A
separate pairwise voxelwise analysis revealed three clus-
ters where HE children had lower FA than the controls—
one in the L-ILF and two in the SCC. Each of these

TABLE II. (continued).

Region
MNI coordinates (mm)

Size
(mm3)

Mean FA or MD in ROIs
Correlations with DTI

measures in ROIs

FAS/PFAS (26) HE (15) Ctl (13) AA/day AA/occasion days/week

L corticospinal tract

223, 228, 20 207 0.76 (0.02) 0.78 (0.04) 0.74 (0.03) MD

AD

RD

0.34*
0.25
0.26

0.35**
0.21
0.31*

0.31*
0.23
0.23

R corticospinal tractg

22, 211, 26 526 0.70 (0.02) 0.70 (0.02) 0.68 (0.02) MD

AD

RD

0.29*
0.14
0.18

0.41**
0.28*
0.18

0.27*
0.09
0.18

Values are mean (SD); L 5 left, R 5 right; *p< 0.05, **p< 0.01, ***p< 0.001.
FAS/PFAS 5 combined fetal alcohol syndrome (FAS) and partial FAS (PFAS) group; HE 5 nonsyndromal heavily exposed group;
Ctl 5 control group.
FA 5 fractional anisotropy; MD 5 mean diffusivity (1023 mm2/s); AD 5 axial diffusivity (1023 mm2/s); RD 5 radial diffusivity (1023

mm2/s).
AA/day 5 ounces absolute alcohol consumed per day across pregnancy; AA/occasion 5 ounces absolute alcohol consumed per occa-
sion; days/week 5 drinking days per week across pregnancy.
aHE children had lower FA compared to controls in an overlapping region (peak coordinates: 239, 210, 219; size 342 mm3).
bHE children had lower FA compared to controls in two clusters that overlap with this region (peak coordinates: 218, 242, 9 and 214,
233, 23; sizes 247 and 243 mm3).
cHE children had greater MD than controls in an overlapping region (peak coordinates: 243, 213, 218; size: 250 mm3).
dAnother smaller region (197 mm3) in the same tract with peak coordinates (26, 233, 21) survived in the FAS/PFAS>Ctl group
comparison.
eA similar region (288 mm3) with peak coordinates (213, 236, 11) survived in the HE>Ctl group comparison.
fTwo similar regions (329 and 203 mm3) with peak coordinates (211, 232, 24) and (26, 232, 20) survived in the HE>Ctl group
comparison.
gA similar region (291 mm3) with peak coordinates (22, 28, 25) survived in the HE>Ctl group comparison.
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clusters overlapped with the clusters derived from the
FAS/PFAS versus control comparison, and they are, there-
fore, not reported separately in Table II and were not used
to examine dose dependence. Columns on the right in
Table II show the correlations of mean FA, AD, and RD
extracted for each child in ROIs around peak coordinates
of regions showing differences between FAS/PFAS and
control groups with the three continuous measures of alco-
hol exposure. Examples of the correlations of DTI and con-
tinuous alcohol measures are shown in Figure 2. In each
of the ROIs, increasing alcohol exposure was associated
with lower FA, effects that appear to be attributable to
greater RD. In addition, increased alcohol exposure was
associated with decreased AD in the ICC.

MD Comparisons

Voxelwise group comparisons of MD maps produced
seven regions (Fig. 1D–J), where children with FAS/PFAS
had significantly higher MD than controls (Table II). Three
of these clusters overlapped with those derived in the vox-
elwise FA analysis described above; namely, the L-ILF,
SCC, and ICC (Fig. 1K–M). However, in the R-ILF, the
MD-derived cluster (MNI peak coordinate: 42, 229, 212)

was found at a different location than the FA-derived one
(MNI peak coordinate: 37, 2, 230) (Fig. 1N). Greater MD
was also observed in the FAS/PFAS group compared to
controls in the right superior longitudinal fasciculus (R-
SLF) and in the left and right corticospinal tracts (L- and
R-CSTs). All the regions are well-removed from the ven-
tricles, excepting the latter two, which may be affected by
partial voluming. Comparing the HE group with controls
separately, higher MD was found in the HE children in 5
clusters within 4 WM pathways, all of which overlapped
with MD clusters derived from the FAS/PFAS versus con-
trols comparisons. Two clusters were located in the ICC; a
single cluster, in each of the following: L-ILF, SCC, and R-
CST. Since the HE versus control comparison did not yield
any additional clusters, these regions are not reportedly
separately in Table II and were not used to examine dose
dependence. Group averages of mean MD in ROIs around
the peak coordinates of regions showing differences
between the FAS/PFAS group and controls are presented
in Table II, as well as associations with extent of PAE. In
each of the seven clusters, the mean MD values in the
peak ROIs were positively associated with each of the 3
continuous measures of alcohol exposure. Increased AD
was associated with higher PAE in the L- and R-IFL, SCC,

Figure 2.

Relations of mean FA (top row) and RD (31023 mm2/s; bottom

row) with the continuous alcohol measure AA/day (absolute alco-

hol consumed per day across pregnancy, log transformed) for each

FA-derived ROI in Table II. L- and R-ILF 5 left and right inferior

longitudinal fasciculus; SCC 5 splenium of corpus callosum;

ICC 5 isthmus of the corpus callosum. FAS/PFAS 5 combined fetal

alcohol syndrome (FAS) and partial FAS (PFAS) group;

HE 5 nonsyndromal heavily exposed group; Ctl 5 control group.

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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and ICC; increased RD, with higher PAE in L-ILF and
ICC.

After controlling for confounders, group differences
remained significant in all regions (all ps� 0.05). AA/day
remained significantly associated with FA in L-ILF, SCC,
and ICC and with MD in L- and R-ILF, SCC, and ICC
(ps< 0.05) (Table III). The FA and MD findings were essen-
tially unchanged when the analyses were rerun omitting
the three children whose mothers used marijuana and the
one who reported using cocaine.

Mediation of Effects of PAE on Behavioral

Outcomes

The effect of AA/day on MD in each of the four princi-
pal ROIs associated with PAE after control for confound-
ers was examined in relation to three sets of PAE-related
behavioral outcomes (Table IV). Higher MD in the L-ILF
was associated with poorer performance on all five IQ
measures and to short-delay free recall on the CVLT.
Higher MD in the SCC and ICC was associated with lower
Full Scale IQ, slower processing speed, and poorer EBC.
Higher MD in the SCC was also associated with poorer
WISC-IV Verbal Comprehension and CVLT short-delay
free recall. Mediation of the effect of AA/day on each of
the behavioral measures by MD was tested statistically
using multiple regression analysis. As shown in Table V,

the standardized regression coefficient for AA/day in rela-
tion to WISC-IV Processing Speed decreased from 20.29 to
20.08 when MD in the SCC was entered into the regres-
sion, a decrease that was statistically significant. This
mediation of the effect of AA/day on WISC-IV Processing
Speed by higher MD in the SCC is illustrated in Figure 3.
The regression coefficients for AA/day in relation to EBC
also decreased significantly when MD in the splenium and
the isthmus were added to their respective regression
analyses (Table V).

DISCUSSION

This voxel-based DTI study of effects of PAE on cortical
WM identified microstructural deficits in several brain
regions reported to be affected in previous studies of
FASD. This study extended these findings by examining
DTI effects in both syndromal and nonsyndromal heavily
exposed children and by assessing the degree to which
these deficits are also seen in relation to continuous PAE
measures derived from detailed maternal drinking inter-
views conducted prospectively during pregnancy. This
study also examined these deficits in relation to a range of
cognitive outcomes and is the first to test statistically the
degree to which they mediate the well-documented associ-
ations between PAE and these outcomes.

TABLE III. Associations of AA/day with FA and MD in the regions of interest after controlling

for potential confounders. AA/day values were log transformed to correct for skewness.

Potential confounders

AA/day

With all subjects Omitting 4 subjectsa

r b r b

FA

L inferior longitudinal fasciculus None 20.39** 20.39** 20.37** 20.37**
R inferior longitudinal fasciculus Maternal education, lead exposure 20.35** 20.22 20.34* 20.22
Splenium of corpus callosum None 20.35** 20.35** 20.34* 20.34*
Isthmus of corpus callosum Maternal education, smoking,

lead exposure
20.49*** 20.39** 20.53*** 20.40**

MD

L inferior longitudinal fasciculus Maternal age, maternal education,
smoking, lead exposure

0.44*** 0.27* 0.43** 0.28*

R inferior longitudinal fasciculus Maternal education, smoking,
lead exposure

0.39** 0.29* 0.37** 0.33*

Splenium of corpus callosum Smoking 0.41** 0.40** 0.41** 0.41**
Isthmus of corpus callosum Smoking 0.53*** 0.47*** 0.53*** 0.47***
R superior longitudinal fasciculus Maternal education, smoking 0.35** 0.23† 0.33** 0.24†

L corticospinal tract Smoking 0.34* 0.14 0.35* 0.14
R corticospinal tract Maternal age, smoking 0.29* 0.07 0.30* 0.10

aOmitting the three children whose mothers used marijuana and the one who reported using cocaine.
b 5 correlation of DTI measures and AA/day after controlling for potential confounders.
L 5 left, R 5 right; †p< 0.10, *p< 0.05, **p< 0.01, ***p< 0.001.
FA 5 fractional anisotropy; MD 5 mean diffusivity.
AA/day 5 ounces absolute alcohol consumed per day across pregnancy.
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Voxelwise group comparisons showed decreased FA in
four WM regions and increased MD in seven regions in
children with FAS/PFAS compared to non- or minimally
exposed controls. Three regions derived from the FA
group differences (L-ILF, SCC, and ICC) overlapped with
the MD-derived clusters, and the fourth FA-derived clus-
ter was located in a different location of the same fiber
bundle (R-ILF) as an MD cluster. The additional MD clus-
ters were in the R-SLF and bilaterally in the CSTs. The
nonsyndromal alcohol-exposed children (HE) showed
lower FA only in the L-ILF and SCC, as well as higher
MD in L-ILF, SCC, ICC, and R-CST. For each DTI parame-
ter, the HE-derived clusters formed a subset of those
derived from the comparison with the more severely
affected FAS/PFAS group.

Table VI provides the summary of previous studies that
found WM alterations in regions similar to the FA and
MD clusters reported here. Abnormalities in the corpus
callosum in individuals with FASD have been observed
previously by autopsy, structural MRI, and DTI [e.g., Clar-
ren and Smith, 1978; Coulter et al., 1993; Jones and Smith,
1973; Taylor et al., 2015]. The splenium appears to be par-
ticularly vulnerable to PAE [Autti-R€am€o et al., 2002; Riley
et al., 1995; Sowell et al., 2001b], and the locations of peak
DTI differences (FA [28, 239, 18] and MD [210, 236, 18])
between the FAS/PFAS and control groups in the SCC in
this study were similar to those seen in the Sowell et al
[2008] study (MNI coordinates: [214, 250, 15] and [24,
243, 18]). Decreased FA in the SCC in FASD has also been
reported in one semiautomated DTI tractography study
[Lebel et al., 2008] and two manually defined DTI-
tractography studies [Ma et al., 2005; Wozniak et al., 2009],
one of which also found increased MD in this region [Ma
et al., 2005]. Our findings of PAE-related abnormalities in
the ICC are consistent with reports from previous studies
using manually defined tractography [Wozniak et al.,

TABLE IV. Correlation of behavioral measurements with MD in the four FA-derived ROIs described in Table II

L-ILF R-ILF SCC ICC

WISC-IV Full-scale IQ 20.39** 20.19 20.38** 20.29*
WISC-IV Verbal Comprehension Indexa 20.27* 20.06 20.32* 20.16
WISC-IV Perceptual Reasoning Index 20.35** 20.22 20.22 20.19
WISC-IV Working Memory Indexb 20.32* 20.14 20.24 20.20
WISC-IV Processing Speed Indexc 20.35** 20.08 20.43** 20.30*
CVLT short-delay recalld 20.17 20.20 20.29* 20.25
CVLT long-delay recalld 20.32** 20.17 20.20 20.18
Eyeblink conditioninge 20.16 20.22 20.39** 20.42**

L 5 left, R 5 right; *p< 0.05, **p< 0.01, ***p< 0.001.
ILF 5 inferior longitudinal fasciculus; SCC 5 splenium of corpus callosum; ICC 5 isthmus of corpus callosum.
CVLT 5 California Verbal Learning Test-Children’s Version.
aMissing values for 1 child with FAS/PFAS.
bMissing values for 1 child with HE.
cMissing values for 2 children with FAS/PFAS, 1 HE.
dMissing values for 3 children with FAS/PFAS, 3HE, 1 Ctl.
eMissing values for 2 children with FAS/PFAS, 2 HE, 2 Ctl.

TABLE V. Mediation of the effect of prenatal alcohol

exposure on WISC-IV processing speed and eyeblink

conditioning by MD in three ROIs

Behavioral outcomes and ROIs b1 b2 pa

WISC-IV Processing Speed Index

L inferior longitudinal fasciculus 20.29* 20.17 21.76†

Splenium of corpus callosum 20.29* 20.08 22.49*
Eyeblink conditioning

Splenium of corpus callosum 20.32* 20.18 21.99*
Isthmus of corpus callosum 20.32* 20.15 22.22*

L 5 left; †p< 0.10, *p< 0.05.
b1 5 Standardized correlation coefficient for AA/day before con-
trolling for the mediating variable; b2 5 Standardized correlation
coefficient for AA/day after controlling for MD in the ROI listed
in the first column.
aSignificance of the reduction in b following the addition of the
mediator to the model, based on the difference in coefficients
method [Clogg et al., 1992].

Figure 3.

Path model illustrating mediation of the effect of AA/day by MD

in the splenium of corpus callosum on WISC-IV Processing

Speed.
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2006, 2009] and voxel-wise TBSS [Fryer et al., 2009; Li
et al., 2009]. Although higher MD in the genu of the cor-
pus callosum has been previously reported in individuals
with FASD [Lebel et al., 2008; Ma et al., 2005; Treit et al.,
2013], this region (peak MNI coordinates: [211, 27, 6]) did
not survive cluster size correction at p< 0.01 in our study.

Our findings of lower FA and higher MD bilaterally in
the ILF in children with FASD are consistent with results
from a semiautomated DTI tractography study by Lebel
et al. [2008]. The coordinates where MD differences were
maximal in the R-ILF (MNI coordinates: [42, 229, 212]) in
our study overlapped with the region where Sowell et al
[2008] found lower FA in children with FASD (MNI
coordinates: [45, 223, 215]). Lower FA has been reported
in children with FASD in the SLF both on the right [Fryer

et al., 2009] and bilaterally [Lebel et al., 2008], and higher
MD in the R-CST [Lebel et al., 2008].

Since detailed maternal drinking histories were collected
during pregnancy, a novel aspect of the current study was
the ability to quantitatively relate extent of alcohol expo-
sure to WM alterations. All three continuous measures of
PAE (AA/day, AA/occasion and days/week) were signifi-
cantly associated with reduced FA in the L- and R-ILF,
SCC, and ICC and with increased MD in the L- and R-ILF,
SCC, ICC, R-SLF, L- and R-CST. The associations of the
DTI parameters with continuous measures of alcohol expo-
sure indicate that the degree of microstructural alterations
in these regions is dose dependent. It is noteworthy that
the majority of the mothers in the FAS/PFAS and HE
groups engaged in weekend binge drinking, with the

TABLE VI. Summary of previous DTI studies that have reported white matter alterations in FASD in regions simi-

lar to those found in this study

FAS/PFAS HE Previous studies

Region FA MD FA MD References
Subjects’

age (years) Methods Results

L-ILF # " # " Lebel et al., 2008 5–12 Semiautomated
tractography

FA#

R-ILF # " Lebel et al., 2008 5–12 Semiautomated
tractography

FA#,MD"

Sowell et al., 2008a 7–15 Voxelwise FA#
SCC # " # " Sowell et al., 2008b 7–15 Voxelwise FA#

Lebel et al., 2008 5–12 Semiautomated
tractography

FA#

Ma et al., 2005 18–25 Manually
defined
tractography

FA#,MD"

Wozniak et al., 2009 10–17 Manually
defined
tractography

FA#

ICC # " " Wozniak et al., 2006 10–19 Manually
defined
tractography

MD"

Wozniak et al., 2009 10–17 Manually
defined
tractography

FA#

Li et al., 2009 8–18 TBSS FA#
Fryer et al., 2009 19–27 TBSS FA#

R-SLF " Lebel et al., 2008 5–12 Semiautomated
tractography

FA#

Fryer et al., 2009 19–27 TBSS FA#
L-CST " Lebel et al., 2010 5–13 Voxelwise FA#
R-CST " " Lebel et al., 2008 5–12 Semiautomated

tractography
MD"

L 5 left, R 5 right; FA 5 fractional anisotropy; MD 5 mean diffusivity.
FAS/PFAS 5 combined fetal alcohol syndrome (FAS) and partial FAS (PFAS) group; HE 5 nonsyndromal heavily exposed group.
ILF 5 inferior longitudinal fasciculus; SCC 5 splenium of corpus callosum; ICC 5 isthmus of corpus callosum; SLF 5 superior longitudi-
nal fasciculus; CST 5 corticospinal tract.
aThe coordinate where the maximum MD difference (42, 229, 212) in the R-ILF occurred in the FAS/PFAS vs Ctl comparison over-
lapped with the maximum FA difference (45, 222, 215) seen in the Sowell et al. [2008] study.
bCoordinates where the peak FA (28, 239, 18) and MD (210, 236, 18) differences occurred in the SCC in the FAS/PFAS vs Ctl compar-
ison were close to the SCC regions (MNI coordinates: (214, 250, 15) and (24, 243, 18)) seen in the Sowell et al. [2008] study.
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mothers of the more severely affected children with FAS
or PFAS concentrating their drinking on roughly 2 days/
week, and the mothers of the nonsyndromal HE children
drinking on average only 1 day/week. After controlling
for potential confounders, AA/day remained significantly
correlated with both the FA and MD measures only in the
L-ILF, SCC, and ICC, as well as with MD in the R-ILF.
Associations of AA/day with MD were no longer signifi-
cant in the R-SLF and L- and R-CST, where MD was
related to maternal smoking during pregnancy (p< 0.10).
In the L-CST, smoking was significantly related (p< 0.05)
to MD after controlling for alcohol, which may provide
additional evidence of neurobehavioral deficits related to
maternal smoking in children with PAE [Cornelius et al.,
2001; Gusella and Fried, 1984; Martin et al., 1977].

Decreases in FA with increasing alcohol exposure were
largely attributable to increased RD, rather than to
decreased AD. Although the biological interpretation of
the MD constituents RD and AD is not straightforward,
this pattern of increased RD has previously been associ-
ated with myelination deficits or reduced axonal packing
and density in animal studies [Beaulieu, 2002] and is con-
sistent with results from our previous studies of effects on
the cerebellar peduncles [Fan et al., 2015; Spottiswoode
et al., 2011]. Other DTI studies of children within the same
age range have shown similar patterns. One other DTI
study of children with FASD, math achievement test
scores were associated with higher RD in left anterior WM
tracts in the middle cerebellar peduncles [Lebel et al.,
2010]. Several studies have shown that alcohol exposure
may result in the impairment of oligodendrocytes, which
produce the myelin sheaths [Ozer et al., 1999; Phillips and
Krueger, 1992].

Several previous DTI studies have reported correlations
between DTI measures and cognitive performance. In this
study, higher MD in three of the four ROIs in which sig-
nificant WM deficits were detected—left ILF, splenium,
and isthmus—showed significant associations with poorer
performance in IQ, memory recall, and EBC. Moreover,
when we tested directly whether mediation of the effect of
PAE on behavior by MD was statistically significant, we
found that the effect on processing speed was significantly
mediated by MD in the SCC and the effect on EBC was
significantly mediated by MD in the splenium and isth-
mus. It is perhaps not surprising that the mediation of
behavioral deficits by WM impairment was most clearly
evident in relation to effects on processing speed and EBC,
outcomes that are particularly dependent on rapid trans-
mission of neural signals for successful performance.
These data are consistent with our previous finding that
the effect of PAE on EBC is partially mediated by lower
FA and higher MD in the left middle penduncle, a WM
structure known to be critical to EBC performance [Fan
et al., 2015; Spottiswoode et al., 2011]. They are also
consistent with numerous behavioral studies linking PAE
to slower information processing in infancy [Jacobson

et al., 1993, 1994; Kable and Coles, 2004] and childhood
[e.g., Burden et al., 2005; Ma et al., 2005; Streissguth et al.,
1984, 1986, 1994; Willford et al., 2010].

One limitation of our study is that, using a voxel-based
approach, we found only a limited number of discrete
clusters of impairment in the WM tracts. A tractography-
based approach might reveal WM deficits in more exten-
sive regions along the tracts. Moreover, although care was
taken to ensure good coregistration, any voxelwise analy-
sis is limited by potential misregistration errors due to the
low resolution of DTI acquisitions. To control for Type 1
error, Monte Carlo simulations [Forman et al., 1995] were
applied to determine the minimum size of clusters for sig-
nificance. In this study, clusters had to be 168 mm3 or
larger to be deemed significant. This approach makes it
difficult to identify small regions with WM abnormalities,
which may explain why some regions reported in other
studies were not found here. One approach to overcome
this limitation in future studies may be to use regions
where functional deficits have previously been detected as
seed regions for tractography studies, thus limiting the
numbers of voxels being compared to those within partic-
ular WM tracts. Although it is never possible in a correla-
tional study to assess all extraneous variables that might
provide alternative explanations for observed effects, we
controlled for seven important variables, including biologi-
cal (age, sex), environmental (lead exposure), sociological
(maternal education, which is highly associated with socio-
economic status), and modality-related (subject motion
while scanning) factors. With respect to interpretation of
the findings, it should be noted that it is difficult to trans-
late DTI parameters to a single, direct biological phenom-
enon, and studies using additional methodologies would,
therefore, be warranted to further investigate the effects
observed here.

CONCLUSIONS

This study examined the effects of PAE on cortical WM
in 10-year-old children using both FASD diagnosis and
prospectively obtained continuous measures of extent of
PAE. Voxelwise group comparisons revealed four regions
with FA alterations and seven with MD alterations in chil-
dren with FAS or PFAS, a subset of which were also found
in HE children. The mean FA and MD values in the ROIs
were significantly associated with all three continuous
measures of alcohol exposure (AA/day, AA/occasion and
days/week). After controlling for confounders, associa-
tions of PAE with FA and MD remained significant in the
L-ILF, SCC, and ICC, and with MD in the R-ILF, suggest-
ing dose-dependent impairments in these regions. Lower
FA in the ROIs was attributable primarily to increased RD
rather than decreased AD, suggesting poorer axon packing
density and/or myelination. Mediation of behavioral defi-
cits by WM impairment was most clearly observed in
effects of PAE on processing speed and eyeblink
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conditioning, which may be related to the fact that these
outcomes are particularly dependent on rapid transmis-
sion of neural signals. This finding is consistent with
numerous behavioral studies linking PAE to slower infor-
mation processing in infancy and childhood. Further study
examining both DTI and resting-state fMRI to examine the
relation between brain structural and functional connectiv-
ity in the same population may provide greater insight
into mechanisms underlying PAE-related neurocognitive
deficits.
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