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Abstract
Background—Prenatal alcohol exposure, which is associated with macrostructural brain
abnormalities, neurocognitive deficits, and behavioral disturbances, is characterized as fetal alcohol
syndrome (FAS) in severe cases. The only published study thus far using diffusion tensor imaging
(DTI) showed microstructural abnormalities in patients with FAS. The current study investigated
whether similar abnormalities are present in less severely affected, prenatally exposed patients who
did not display all of the typical FAS physical stigmata.

Methods—Subjects included 14 children, ages 10 to 13, with fetal alcohol spectrum disorders
(FASD) and 13 matched controls. Cases with full-criteria FAS, mental retardation, or microcephaly
were excluded. Subjects underwent MRI scans including DTI.

Results—Although cases with microcephaly were excluded, there was a trend toward smaller total
cerebral volume in the FASD group (p = 0.057, Cohen’s d effect size = 0.73). Subjects with FASD
had greater mean diffusivity (MD) in the isthmus of the corpus callosum than controls (p = 0.013,
effect size = 1.05), suggesting microstructural abnormalities in this region. There were no group
differences in 5 other regions of the corpus callosum. Correlations between MD in the isthmus and
facial dysmorphology were nonsignificant.

Conclusions—These results suggest that even relatively mild forms of fetal alcohol exposure may
be associated with microstructural abnormalities in the posterior corpus callosum that are detectable
with DTI.
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Fetal alcohol syndrome (FAS) is associated with intellectual deficits, mental retardation
(Streissguth, 1986; Streissguth et al., 1991a, 1991b), and other neurocognitive deficits
including attention (Coles et al., 1997; Olson et al., 1998), learning and memory (Kerns et al.,
1997; Laforce et al., 2001; Mattson and Riley, 1999; Mattson et al., 1998), language (Korkman
et al., 2003), executive functioning (Connor et al., 2000; Mattson et al., 1999), and motor skills
(Wass et al., 2002). These cognitive effects are also seen in non-FAS, alcohol-exposed
individuals without the full FAS phenotype (Burden et al., 2005; Howell et al., 2006; Mattson
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et al., 1997; Mattson et al., 1998; Mattson et al., 1999; Sampson et al., 2000; Schonfeld et al.,
2001). As a result, the term fetal alcohol spectrum disorders (FASD) is now commonly used
to describe affected individuals (Barr and Streissguth, 2001; Centers for Disease Control and
Prevention, 2005; Sokol et al., 2003). The goal of the current study was to use diffusion tensor
imaging (DTI) to examine white matter microstructure in prenatally exposed FASD children
without full-criteria FAS.

Neuropathological studies of FAS have revealed significant structural brain abnormalities
including microcephaly, cerebellar malformations, and neuronal migration errors (Clarren and
Smith, 1978; Jones et al., 1973). Swayze et al. (1997) reported frequent midline anomalies in
FAS including corpus callosum malformations and cavum septi pellucidi in addition to
ventricular enlargement and microcephaly. Magnetic resonance imaging has demonstrated
macrostructural effects associated with all levels of alcohol exposure (Riley et al., 2004). Small
brain size has been consistently reported (Archibald et al., 2001; Mattson et al., 1992; Mattson
et al., 1994; Riikonen et al., 1999; Riikonen et al., 2005) as have regional volume differences
(Archibald et al., 2001). Studies using voxelbased morphometry show abnormalities in
perisylvian regions, temporal lobes, and parietal lobes (Sowell et al., 2001). Surface mapping
techniques show decreased growth in the inferior parietal, perisylvian, and frontal cortex in
heavy prenatal exposure (Sowell et al., 2002a).

Prenatal alcohol exposure disproportionately affects midline craniofacial and brain structures.
Magnetic resonance imaging studies show a variety of abnormalities in the corpus callosum
including complete and partial agenesis (Clark et al., 2000; Riley et al., 1995; Swayze et al.,
1997). Riley et al. (1995) showed smaller callosal volumes, even after correcting for smaller
brain size. Sowell et al. (2002b) reported no callosal volume differences after adjusting for
brain size, but did report alterations in callosal shape, especially in posterior regions (isthmus
and splenium). Other studies have reported similar findings in both FAS and fetal alcohol
effects (FAE) (Bookstein et al., 2001; 2002a; 2002b; Roebuck et al., 2002).

Diffusion tensor imaging provides a measure of tissue microstructural integrity that is useful
in characterizing white matter (Le Bihan, 1995). Diffusion tensor imaging contrast depends on
the diffusion of water molecules; in white matter, diffusion occurs more freely parallel to, rather
than perpendicular to, axons because of restriction by cell membranes and myelin (Moseley et
al., 1990). Collecting a set of diffusion-weighted images and, subsequently, computing the
diffusion tensor matrix quantifies water diffusion in 3 dimensions (Basser et al., 1994; Basser
and Pierpaoli, 1998). The scalar measure fractional anisotropy (FA) represents the directional
portion of the diffusion. Fractional anisotropy is the highest in organized white matter such as
the corpus callosum. Mean diffusivity (MD) represents average diffusion in all directions. It
is low in tissues that restrict diffusion, such as organized white matter. Conditions that affect
axon development or damage axons (e.g., demyelination) are reflected in lower FA and higher
MD (Neil et al., 2002). Both measures reflect microstructural changes occuring normally
during development and aging (Neil et al., 1998; Schmithorst et al., 2002; Sullivan et al.,
2001; Sullivan and Pfefferbaum, 2003). Mean diffusivity and FA are inversely related to one
another, but developmental and pathological factors can result in more significant changes in
one versus the other.

Diffusion tensor imaging may be useful in studying neurodevelopmental disorders, including
FASD, because it is sensitive to abnormalities against the “background” changes of normal
development (see Wozniak and Lim, 2006, for a review). Diffusion tensor imaging
microstructural abnormalities are seen in neurological and neuropsychiatric conditions
including neuro-HIV, multiple sclerosis, epilepsy, schizophrenia, and depression (Ciccarelli
et al., 2003; Gupta et al., 2005; Lim and Helpern, 2002), as well as in alcohol and other drug
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abuse (Lim et al., 2002; Pfefferbaum and Sullivan, 2005), even in the absence of
macrostructural changes (Pfefferbaum and Sullivan, 2002; Pfefferbaum et al., 2006).

One published study used DTI to examine brain integrity in FASD (Ma et al., 2005). This study
examined the corpus callosum in adults who met criteria for FAS with the exception of growth
deficiency. The subjects had intellectual impairment (IQ range: 44–74). Lower FA and higher
MD were observed in splenium and genu of the corpus callosum in the alcohol-exposed group
versus controls. No associations were found between the DTI measures and dysmorphia score,
IQ, or processing speed.

The current study used a similar methodology, but examined children rather than adults and
studied a less severely affected group by excluding subjects with full-criteria FAS and those
with mental retardation. Full-criteria FAS likely represents a minority of cases of individuals
impacted by prenatal alcohol exposure. The main hypotheses were that children with FASD
would show lower FA and higher MD than control subjects in the corpus callosum and that
measures of microstructural integrity would correlate with facial dysmorphology.

MATERIALS AND METHODS
Subjects

Subjects were ages 10 to 13. Fifteen subjects with FASD were selected from a database of
patients seen for evaluations at a university FASD clinic. Patients were seen by a pediatric
psychologist and pediatrician with formal training and experience with Astley and Clarren’s
4-Digit Diagnostic System (Astley and Clarren, 2000). The demographic, developmental, and
medical data were collected during the clinic evaluation and reviewed with the care-giver at
the time of MRI.

Diagnoses were made by Astley and Clarren’s 4-Digit Diagnostic system (2000), which
assesses 4 criteria: (1) growth deficiency, (2) facial phenotype (palpebral fissure length, lip
flattening, philtrum definition), (3) brain status (including cognitive dysfunction), and (4)
alcohol exposure. Patients with full-critera FAS, growth deficiency (<3rd percentile height or
weight), microcephaly, or mental retardation were excluded. Table 1 contains the diagnoses.
Partial FAS consists of most FAS features, but not full criteria (typically, facial stigmata, and
significant cognitive deficit are present). Astley and Clarren’s definition of “significant
cognitive deficit” as performance 2 or more standard deviations below average on 3
psychometric measures was used. Static encephalopathy (alcoholexposed) consists of
significant cognitive deficit with or without facial features. Neurobehavioral disorder (alcohol-
exposed) consists of mild cognitive deficit with or without facial features. Patients with
“neurobehavioral disorder” have cognitive deficits on testing, but not “significant cognitive
deficit” (< 2 SD on 3 measures) as described. These diagnostic distinctions are for descriptive
purposes only. Because the sample size did not allow for separate analyses, all 3 are included
in the FASD group.

All FASD subjects had documentation of alcohol exposure, either by the biological parent or
by adoption/social service records. In 11 of 14 cases, exposure was high (Astley and Clarren
rating = 4). Alcohol use was heavy, extensive, involved frequent intoxication, and often
persisted throughout pregnancy. Alcohol exposure was confirmed for the remaining 3 cases,
but the level was lower or not specified (Astley and Clarren rating = 3). In one case,
consumption was “3 to 4 beers per day, 3 or 4 times per week” until the mother became aware
of pregnancy. In another case, the adoptive parents had observed the biological mother using
alcohol to intoxication during pregnancy, but could not specify her frequency of use. Based on
detailed histories collected during clinical evaluation, subjects with reported prenatal exposure
to any other drugs of abuse, except for tobacco, were excluded.

Wozniak et al. Page 3

Alcohol Clin Exp Res. Author manuscript; available in PMC 2010 July 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fifteen age-matched, gender-matched, controls were recruited through advertising in low-
income, ethnically diverse, urban neighborhoods in which many of the FASD subjects reside.
Parents completed a medical history and interview, including prenatal drug and alcohol
questions. No controls had prenatal alcohol exposure. Controls were excluded if even minimal
alcohol consumption was reported any time during pregnancy. Controls received the same
procedures as FASD subjects, except for the facial examination.

Exclusion criteria for both groups included neurological disease or injury, major psychiatric
condition (Major Depression, Anxiety Disorder, Schizophrenia, Bipolar Disorder, Obsessive-
Compulsive Disorder, etc.), and MRI contraindications (such as metal implants). Fetal alcohol
spectrum disorders subjects were not excluded for attention-deficit hyperactivity disorder,
oppositional defiant disorder, or learning disabilities, as these are very common comorbid
disorders. Controls were excluded for any psychiatric condition, as determined by a screening
diagnostic interview.

One FASD subject and 2 controls were excluded for MRI motion. The final sample included
14 FASD subjects and 13 controls. The FASD group was 64% White, 29% Native American,
and 7% Black. Controls were 62% White, 15% Native American, 15% Black, and 8% Asian.

Procedure
Subjects were administered the Wechsler Intelligence Scale for Children (WISC-III; Wechsler,
1991 or WISC-IV; Wechsler, 2003) as part of their visit to the FASD clinic.

MR Image Acquisition
The MRI, completed within 12 months of the clinic visit, was performed on a 3-T Trio scanner
(Siemens, Erlangen, Germany) using an 8-channel array head coil. A 3-plane localizer
sequence was acquired to position subsequent scans. Scans with T1 and PD contrasts were
collected for tissue segmentation. T1 images were acquired coronally, using a 3D MPRAGE
sequence (TR = 2,530 ms, TE = 3.65 ms, TI = 1,100 ms, 240 slices, 1 mm isotropic voxels,
flip angle = 7°, FOV = 256 mm, acquisition matrix of 256×256). Proton density (PD)-weighted
images were acquired axially using a hyperecho turbo spin echo (TSE) sequence (TR = 8,550
ms, TE = 14 ms, 80 slices, voxel size = 1.0× 1.0×2.0 mm, flip angle = 120, FOV = 256 mm,
acquisition matrix = 256×256). Field maps were acquired and used to correct the DTI data for
geometric distortion (TR = 700 ms, TE = 4.62 ms/7.08 ms, flip angle = 90°, 64 slices, 2 mm
isotropic voxels, 0 skip, FOV = 256 mm, matrix = 128×128 matrix, magnitude and phase
difference contrasts). Diffusion tensor imaging data were acquired axially, aligned with the
TSE images, using a dual spin echo, single shot, pulsed gradient, echo planar imaging sequence
(TR = 8,000 ms, TE = 83 ms, 64 slices, voxel size = 2.5×2.5×2.0 mm, 0 skip, FOV= 320 mm,
matrix = 128× 128, 3 averages, 6/8 partial Fourier, GRAPPA with acceleration factor = 2, b
value = 1,000 s/mm2). Thirteen unique volumes were collected to compute the tensor: a b = 0
s/mm2 image and 12 images with diffusion gradients applied in 12 noncollinear directions:
(Gx, Gy, Gz) = [1.0, 0.0, 0.5], [0.0, 0.5, 1.0], [0.5, 1.0, 0.0], [1.0, 0.5, 0.0], [0.0, 1.0, 0.5], [0.5,
0.0, 1.0], [1.0, 0.0, −0.5], [0.0, −0.5, 1.0], [−0.5, 1.0, 0.0], [1.0, −0.5, 0.0], [0.0, 1.0, −0.5],
[−0.5, 0.0, 1.0].

Anatomical Image Processing
The brain was extracted from the T1 and PD acquisitions using the Brain Extraction Tool
(BET), which is part of the FMRIB Software Library (http://www.fmrib.ox.ac.uk/). The PD
brain was aligned to the T1 brain using the FMRIB Linear Registration Tool (FLIRT), allowing
for translations and rotations but no scaling or shear [6 degrees of freedom (df) fit]. Dual-
channel segmentation was performed on T1 and aligned PD brains using FMRIB’s Automated
Segmentation Tool (FAST), producing 4 tissue classes (CSF, white, gray, and blood). The
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cerebrum mask was created by first registering the T1 brain to the FSL template brain using a
12 df. The inverse transform from the T1 to template registration was computed, and the FSL
template segmentation mask was transformed back to the subject T1 brain. The cerebrum mask
was the transformed segmentation mask, modified by hand to fully exclude the cerebellum and
the brainstem.

DTI Processing
Diffusion tensor imaging data were processed with FMRIB’s Diffusion Toolbox (FDT).
Warping was applied to the diffusion-weighted images to correct for eddy current distortions
(Haselgrove and Moore, 1996), and the apparent diffusion coefficient (ADC) maps were
computed. Twelve eddy current–corrected images were used to compute the diffusion tensor.
Mean Diffusivity (mean of the 3 eigenvalues) and FA were derived. Fractional Anisotropy,
the anisotropic component of the tensor (Basser, 1995), ranges between 0 (perfectly isotropic)
and 1 (hypothetical cylinder, infinitely long and thin).

Fractional anisotropy and MD maps were aligned to the AC-PC plane in the following manner.
FMRIB Linear Registration Tool was used to align the PD brain to the FSL template brain (6
df fit). The dewarped DTI b =0 image was aligned to the PD image using FLIRT and was
aligned into the FSL template brain by applying the transform that aligned the PD brain to the
FSL template. Mean diffusivity and FA maps were aligned to the template brain by applying
the transformations determined from aligning the DTI b = 0 to PD image and aligning the PD
image to the template image.

Regions of Interest
Circular regions of interest (ROIs) (13-mm2 area) were manually defined on reconstructed
sagittal DTI b = 0 images by a trained technician (R.L.M.), who was blind to subject group.
Regions of interest were applied to FA and MD maps using a custom IDL program. Six regions
of the corpus callosum were identified: genu, rostral body, anterior midbody, posterior
midbody, isthmus, and splenium (Witelson, 1989) (Fig. 1). Regions of interest were placed
within the bulk of callosal white matter, avoiding edges. The Reliability of this ROI placement
method has been examined in our laboratory in another sample (n = 20) and found to be high
(r = 0.867).

RESULTS
Intellectual Findings

An ANOVA tested for group differences (FASD vs Control) on the IQ measure. The ANOVA
was significant [F(1,25) = 9.317, p = 0.005]. Control subjects had significantly higher IQ scores
(mean = 108, SD = 15.3) than FASD subjects (mean = 88.6, SD = 17.5).

Volumetric Findings
Planned volumetric analyses were carried out using segmentation results for gray matter, white
matter, CSF, and blood. Total cerebral volume (sum of all 4 tissue types) was compared. An
ANOVA [F(1, 25) = 3.97, p = 0.057] indicated a trend toward smaller cerebral volume in the
FASD group (Cohen’s d effect size = 0.73). Separate comparisons were carried out for gray
matter, white matter, and CSF. ANOVAs revealed that the FASD group had significantly
smaller gray matter volume than controls [F(1,25) = 5.08, p = 0.033] (effect size = 0.81) but
there was no significant group difference in white matter volume [F(1, 25) = 0.82, p = 0.375].
CSF volume was also significantly lower in the FASD group [F(1,25) = 4.30, p = 0.049] (effect
size= 0.75). After adjusting gray and white matter volumes for cerebral volume, there was only
a trend-level difference in gray matter volume between groups [F(1,25) = 3.19, p = 0.086].
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DTI Findings
The DTI data set from 1 FASD subject was unusable because of artifact, reducing the sample
size to 13 FASD and 13 controls. Diffusion tensor imaging data from 6 corpus callosum ROIs
were compared using 2 planned MANOVAs. The first showed no significant group differences
in FA in any region [Wilks’ λ = 0.785, F(6,19) = 0.868, p = 0.536]. The largest FA effect (effect
size = 0.42) was in the isthmus (Table 2). A second MANOVA, testing MD in 6 ROIs, was
significant [Wilks’ λ = 0.530, F(6,19) = 2.81, p = 0.040]. Univariate tests showed a significant
difference only in isthmus, with FASD subjects showing higher MD (effect size = 1.05) (Fig.
2).

Dysmorphology
The association between facial dysmorphology and cerebral volume was examined using a
planned nonparametric correlational analysis. The metric of facial dysmorphology was the
ordinal scale described by Astley and Clarren (2000), which is a composite of palpebral fissure
length and ratings of philtrum and upper lip. The scale is: 1 = None; 2 = Mild; 3 = Moderate;
and 4 = Severe. Total cerebral volume was not correlated with facial score (Spearman’s ρ =
0.13, p = 0.66). Because of the group difference in isthmus MD, a post hoc correlational analysis
was performed with facial dysmorphology. This was nonsignificant (ρ = 0.176, p = 0.55).

DISCUSSION
Diffusion tensor imaging was used to investigate the microstructural integrity of the corpus
callosum in children with prenatal alcohol exposure. Children with partial FAS,
neurobehavioral disorder, and static encephalopathy were studied because previous data
suggest that structural abnormalities may be present and because these diagnostic groups
represent a large proportion of the overall FASD population.

A key finding was evidence of microstructural abnormality in the isthmus of the corpus
callosum in FASD. Mean diffusivity is normally low in the corpus callosum compared with
other brain structures because of the highly organized, parallel fibers. A higher MD suggests
an alteration of tissue in that region in FASD. This finding in a posterior region of the callosum
is consistent with previous macrostructural findings, including evidence of callosal
displacement in the isthmus and splenium (Sowell et al., 2002b). It should be noted that the
current study utilized small ROIs, placed by hand in the bulk of the corpus callosum, reducing
the probability of biased results due to callosal displacement or other macrostructural
abnormality that could contribute to partial voluming (capturing both white matter and
surrounding tissue in the same voxels).

Contrary to Ma et al. (2005), this study did not find group differences in genu or splenium.
The current data differ in several respects from that study: (1) the subjects in this study were
all children, whereas the Ma et al. study examined adults; (2) the subjects in this study did not
have full-criteria FAS; and (3) the subjects in this study were less cognitively impaired (mean
FSIQ = 88.6 vs 58.3 in the Ma et al. study). Despite the differences, these 2 studies together
suggest that corpus callosum microstructural abnormalities may be associated with prenatal
alcohol exposure.

The data did not reveal a relationship between MD in the isthmus and facial dysmorphology.
Although both of these “markers” of prenatal alcohol exposure may be related to severity, they
may change independently with age and development. In fact, FASD facial features become
less apparent in adolescence and adulthood (Lemoine and Lemoine, 1992; Loser et al., 1999),
suggesting that the relationship between facial and brain abnormalities may be more apparent
in younger children.
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The current finding of a microstructural abnormality in one region of the callosum, as opposed
to the whole structure, highlights the fact that the callosum is a complex, heterogeneous
structure. The various portions of the callosum project to distinct cortical regions, and its
topography corresponds to functionally specialized cortical regions (Innocenti, 1986). The
microstructure of the callosum also varies significantly, with proportionally more high-density,
small-diameter fibers in the genu and more large-diameter fibers in the midbody, as seen by
light microscopy (Aboitiz et al., 1992). This regional variance was, in fact, reflected in the
current data in high FA/low MD in the genu and relatively lower FA/higher MD in the midbody.

Several limitations to the current study must be acknowledged. The results show a group
difference in only one region (isthmus) and one measure (MD but not FA). The lack of an FA
finding may be related to the small sample size, but clearly the current findings should be
viewed as preliminary and in need of replication. Second, because a narrow age range was
included (10–13 years), the generalizability to other ages is unknown. The corpus callosum
develops primarily during the prenatal period, but clearly continues to change throughout
childhood and into adulthood (Giedd et al., 1996; Giedd et al., 1999; Pujol et al., 1993; Rauch
and Jinkins, 1994). Diffusion tensor imaging may be differentially sensitive to abnormalities
in collosal integrity at different points in development. A related limitation of this study is the
lack of specificity of the measure. The observed DTI differences could be related to differences
in axon size, density, distribution, to integrity or to variations in myelination. Although the
finding of a higher MD in FASD may suggest lower density of axons, at least 1 study of
nonhuman primates has shown that prenatal alcohol exposure is associated with an
overabundance of axons in the corpus callosum, perhaps because of disruption in the pruning
process (Miller et al., 1999). Clearly, there is much to be learned about the microstructural-
level changes involved in FASD. Lastly, the inclusion of a group of children with full-criteria
FAS would have helped place the current findings in a larger context. These data are currently
being collected.

In conclusion, the current data suggest that there may be specific regional callosal abnormalities
in FASD. The findings suggest that DTI may provide useful markers for the study of prenatal
alcohol exposure and may help advance understanding of the neurodevelopmental
underpinnings of FASD. Future studies using this methodology across a wider age range and
a broader diagnostic group (including FAS) will be especially important in systematically
documenting the downstream effects of prenatal alcohol exposure at critical points in brain
development.
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Fig. 1.
Locations of 6 regions of interest placed in corpus callosum illustrated on a T1-weighted
anatomical image.
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Fig. 2.
Mean diffusivity in the isthmus of the corpus callosum in controls and patients with fetal alcohol
spectrum disorder.
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Table 1

Subject Characteristics for FASD and Control Groups

N(%) or mean ± SD FASD (n = 14) Control (n = 13)
Statistical test

(N = 27)

Age at MRI scan 12.3 ± 0.97 years 12.4 ± 1.2 years t = 0.034, p = 0.97

Gender

  Male 7 (50%) 6 (46.2%) χ2 = 0.040, p = 0.84

  Female 7 (50%) 7 (53.8%)

Growth measures

  Gestation (wk) 39.1 ± 2.3 39.2 ± 1.6 t = 0.162, p = 0.873

  Birth weight (pounds) 6.0 ± 1.4 7.2 ± 0.83 t = 2.57, p = 0.057

  Birth length (in) 18.5 ± 4.9 20.6 ± 0.70 t = 1.50, p = 0.153

  Current weight (%ile) 59.3 ± 29.4 75.0 ± 20.0 t = 1.56, p = 0.132

  Current height %ile 47.9 ± 32.0 71.54 ± 31.8 t = 1.93, p = 0.065

Craniofacial measures (FASD only)

  Current head circumference (cm) 52.84 ± 2.1 – –

  Current head circumference (%ile) 47.5 ± 32.4 – –

  Palpebral tissue length (mm) 25.4 ± 0.20 – –

  Palpebral tissue length (%ile) 5.2 ± 5.3 – –

  Facial phenotype features – –

    None 5 (35.8%) – –

    Mild 3 (21.4%) – –

    Moderate 3 (21.4%) – –

    Severe 3 (21.4%) – –

Diagnosis (FASD only) – –

  Partial fetal alcohol syndrome 5 (35.8%) – –

  Neurobehavioral disorder 4 (28.4%) – –

  Static encephalopathy 5 (35.8%) – –

FASD, fetal alcohol spectrum disorder.
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