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Abstract

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopic imaging (MRSI) offer unique, noninvasive methods of measuring,
respectively, in vivo quantitative neuroanatomy and neurochemistry. The main purpose of the present study was to identify and compare the
neuroanatomical and neurochemical abnormalities that are associated with prenatal exposure to alcohol in both fetal alcohol syndrome (FAS)-
diagnosed children and those diagnosed with fetal alcohol effects (FAE). MR data of three age-, gender- and race-balanced groups of children,
FAS-diagnosed, FAE-diagnosed and non-exposed controls, were compared. Effects of prenatal alcohol exposure, regardless of diagnosis, were
found in the caudate nucleus. Specifically, a significantly smaller caudate nucleus was found for the FAS and FAE participants compared to the
controls. In addition, the metabolite ratio of N-acetyl-aspartate to creatine (NAA/Cr), an indicator of neuronal function, in left caudate nucleus of
both the FAS and FAE participants was elevated compared to the control group. Analysis of absolute concentrations revealed that the increase in
the ratio of NAA/Cr was due to an increase in NAA alone. Although its exact function in the CNS is unknown, NAA is believed to be a neuronal
marker due to its exclusive localization to neurons. Some also speculate a role for NAA in myelination. Elevated NAA in the prenatal alcohol-
exposed participants could indicate a lack of normal program cell death, dendritic pruning and/or myelination during development. The present
study demonstrates that prenatal alcohol-exposed children, with or without facial dysmorphology, have abnormal brain anatomy and chemistry.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Brain anomalies may be the defining feature of the effects of
prenatal alcohol exposure given that many children exposed to
prenatal alcohol have central nervous system (CNS) anomalies
and deficits but not necessarily the characteristic facial features of
fetal alcohol syndrome (FAS) [5,10,66]. For example, a recent
study reported that even children without the characteristic FAS
face demonstrate prenatal alcohol-associated neurodevelopmental
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damage, including IQ deficits [33,44]. The dysmorphic facial
features appear to arise only when high peak blood alcohol levels
(BALs) occur during a relatively short, early period of embryonic
maturation [71]. Even when the face is involved after prenatal
alcohol exposure, the defining features become less distinct and
the overall “gestalt” becomes unclear as the affected children pass
through adolescence [68]. In contrast, CNS malformations and
dysfunctions can arise from alcohol exposure occurring through-
out gestation [38] and are arguably of much greater life-long con-
sequence than facial dysmorphology. In fact, it has long been
recognized that the CNS dysfunctions caused by alcohol's tera-
togenic impact on brain are likely themost devastating sequelae of
prenatal alcohol exposure [10,55,69].

mailto:j.hannigan@wayne.edu
http://dx.doi.org/10.1016/j.ntt.2006.08.002


Table 1
Participant characteristics

Subject Diagnosis Sex Age (in years) PSIQ SES Sedation (during scan) MRI (volumetric data) MRS (spectroscopic data)

1 FAS F 9.8 70 35.0 N X X
2 FAS M 11.2 65 17.0 N X X
3 FAS M 9.6 66 25.0 Y Removed except for correlation X
4 FAS M 12.3 70 14.0 N X X
5 FAS F 11.8 79 30.5 N X X
6 FAS M 11.9 76 33.0 N X X
7 FAS F 12.0 72 38.0 N X X
8 FAE M 12.7 79 30.0 N X Poor quality
9 FAE M 11.2 61 32.0 N Incomplete X
10 FAE M 11.2 78 25.0 Y Removed except for correlation X
11 FAE F 11.3 80 19.0 N X Incomplete
12 CNTRL M 11.4 91 19.0 N X X
13 CNTRL F 12.2 101 22.0 N X X
14 CNTRL M 11.2 98 51.0 N X X
15 CNTRL F 12.0 84 30.0 N X X

FAS: fetal alcohol syndrome, FAE: fetal alcohol effects, CNTRL: healthy controls, PSIQ: performance scale IQ, SES: Hollingshead Index.
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The “FAS characteristic face” may fail as a screening tool
because it can yield a high rate of false negatives [59] in
identifying fetal alcohol-affected individuals. Even though the
pattern of craniofacial alterations is fairly specific to alcohol
[11,26], the anomalies cannot, of course, be used to identify
prenatal alcohol-affected individuals who do not present with the
characteristic FAS face. Many have confirmed the association
between maternal drinking and persistent, complex neurobeha-
vioral deficits in children in the absence of altered facial features,
including difficulty with abstract reasoning, planning, attention,
working memory and slower cognitive processing speed (e.g.,
[29,31,40,49,70]). This suggests that, compared to facial
features, neurobiological outcomes may more effectively
characterize and categorize fetal alcohol-affected individuals.
Neurobiological characterization of CNS involvement is critical
for three reasons: to better understand the core deficits, not only
in FAS, but across the fetal alcohol spectrum disorders (FASDs),
to objectively diagnose these effects, and ultimately to assess
treatment effectiveness for the life-long CNS dysfunctions.

Magnetic resonance imaging (MRI) and magnetic resonance
spectroscopic imaging (MRSI) provide unique, noninvasive
methods of measuring in vivo, quantitative neuroanatomy and
neurochemistry, respectively. MR imaging has the capability to
identify biological indices of compromised CNS development
resulting from prenatal alcohol exposure for a wide range of
affected individuals. For example, the earliest clinical reports of
the teratogenic effects of alcohol on the developing brain came
from autopsy studies [10,73]. These studies only reported on
children who were highly exposed and the most severely
affected by prenatal alcohol, to the point of death. Since imaging
techniques allow non-invasive in vivo access to the brain,
researchers can describe neuroanatomical and neurochemical
abnormalities of living subjects exposed to a much wider range
of prenatal alcohol exposures than are represented at autopsy. In
addition, the range of neuroanatomical and neurochemical
effects of this exposure can also be studied on a continuum,
meaning that relatively less affected subjects can be assessed.
Imaging techniques can also provide more sophisticated
analyses than are possible with gross post-mortem autopsy.
This means that early, detailed identification of structural or
functional anomalies may yield not only biomarkers necessary
for a confirmed diagnosis of FAS, but also the sensitivity needed
to discriminate FAS from among the other FASDs. To date, a
number of quantitative MRI studies have reported significant
effects of prenatal exposure to alcohol in corpus callosum,
caudate nucleus and cerebellum among other cortical and
subcortical brain regions. See two excellent recent reviews by
Riley et al. [52,54]. Specific effects include reduced overall brain
size (i.e., intra-cerebral volume), dysgenesis or partial to
complete agenesis of the corpus callosum [53], reduced volume
of the caudate nucleus [43] and cerebellar abnormalities
including decreased volume with a disproportionate reduction
in the region of the anterior vermis [65]. Some aspects of altered
brain shape originally identified with MR have been reported
also using ultrasound imaging of prenatal alcohol-exposed
infants [7,72]. Although these imaging studies have provided
important information on the impact of prenatal exposure to
alcohol on brain structure, functional imaging studies are also of
great importance, as differences in brain size and/or shape may
not directly identify functional deficits.

The objectives of the present preliminary study were to
establish the feasibility of MRSI in prenatal alcohol-exposed
children and to identify CNS neurochemical indices associated
with prenatal alcohol exposure. These neurobiological mea-
sures, along with more traditional neuropsychological tests,
may be used together to allow an early definitive diagnosis of
FASDs such as FAS and alcohol-related neurodevelopmental
disorder (ARND). This possibility is especially important for
individuals who do not exhibit the characteristic FAS facial
“phenotype” but still have functional disabilities due to prenatal
alcohol-induced effects on CNS development.

2. Methods

2.1. Participants

Three small groups of children were enrolled in the present
study, selected largely from two prospectively recruited cohorts of



Fig. 1. Tracings of intracranial volume (left) and head of the caudate nucleus
(right) used for regional volume calculations.

Fig. 2. Illustration of the processed neurochemical data acquired for the left
caudate nucleus.
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prenatal alcohol-exposed infants born in a large inner-city
maternity hospital in the late 1980s and early 1990s [15,28,32].
The groupswere defined on the basis of prenatal alcohol exposure
and facial dysmorphology. Group 1 (FAS-diagnosed) consisted of
seven children with facial dysmorphology that were exposed to
moderate to high levels of prenatal alcohol. Diagnosis was
confirmed by a pediatric genetics physician trained specifically in
diagnosis of FAS. Group 2 (n=4) also hadmoderate to high levels
of prenatal alcohol exposure, but did not meet the criteria for FAS
due to a lack of facial dysmorphology, and was therefore labeled
FAE. Based on maternal self-report, the control participants
(group 3, n=4) were not believed to have been exposed to
prenatal alcohol and had no dysmorphic features. As much as
possible, the children in group 2 and group 3 were selected to
match group 1 for gender and age. The specific characteristics of
these children are presented in Table 1.

The prospective recruitment of the original two cohorts, the
assessment of maternal self-report of alcohol consumption
throughout pregnancy and descriptions of the cohorts' characte-
ristics were detailed by Drs. Jacobson [28,32] and Delaney-Black
[13] and in many subsequent publications from these laboratories
(e.g., [3,14,15,29,30]). Briefly, a structured interview designed
initially by Sokol et al. [62] to assess alcohol use in pregnancy was
adapted and administered to all women seeking prenatal care du-
ring their first visit to the antenatal clinic of a large, inner-city
women's hospital serving primarily African–American women
(92%). During this interview, the Michigan Alcoholism Screening
Test [60] and the T-ACE or TWEAK problem drinking screens
[56,57,63] were administered along with specific questions
concerning day-to-day drinking around the time of conception
and during the 2 weeks prior to each visit to the clinic. Moderate
and heavy drinking women were over-represented in the two
cohorts, and a pseudo-random sample of an equal number of
lower-level drinkers and abstainers was also invited to participate
[13,28,32]. Other key data collected from the women in both
cohorts included personal (e.g., SES, education, age, etc.), medical
and environmental information, and other drug use/abuse during
pregnancy, especially cigarette smoking and cocaine use [13].

2.2. Procedure

Participants ranging in age from 9 to 12 years at the time of
testing were brought to the MRI Scanning Facility located at the
Children's Hospital ofMichigan, Detroit Medical Center. All MR
exams were performed using a 1.5-T clinical scanner (GE Signa,
Horizon hardware, 5.7 Software). Participants were placed in the
scanner with their head positioned and stabilized in the quadrature
radio frequency head coil (GE Medical Systems). Each parti-
cipant was made as comfortable as possible by using earplugs and
headphones to reduce noise, adjusting light and airflow through
the magnet, having a familiar person present in the room, and
using amirror system to allow the participant a view outside of the
magnet. In addition, participants were providedwith an audio link
to an MR nurse who gave guidance and support. Each scanning
session lasted between 60 and 90 min. All procedures had prior
approval of the Wayne State University Human Investigation
Committee. Written, informed consent of the parent or legal
guardian and verbal assent of the child was obtained in each case.

2.2.1. MRI acquisition and analysis
For volumetric data acquisition, a three-dimensional “spoiled”

gradient echo sequence (SPGR) was used. This sequence yielded
124 contiguous slices (1.5 mm thick) of anatomical data in the
coronal plane (TE 5 ms, TR 25 ms, acquisition matrix 256×256,
field of view=24 cm, flip angle=10°). All MRI scans were first
visually inspected and excluded if judged by a trained technician
to be of poor quality with either evidence of magnetic field inho-
mogeneities and/or significant motion artifact. Imaging data were
transferred to a workstation and the National Institute of Health
(NIH) IMAGE software (version 1.61) was used to compute all
neuroanatomical measurements. This method required circum-
scribing the structure of interest over successive brain slices using
a stylus-controlled cursor (Fig. 1). A semi-automated threshold
technique based on signal intensity was used to define gray and
white matter and CSF [34]. Volumes of gray and white matter
were then individually estimated and added to compute total vol-
ume. All measurements were performed by a single, trained rater
(inter-rater reliability=0.96–0.99) blind to any identifying subject
information. Intra-class correlations of intra-rater reliability
ranged from 0.98 to 0.99. The following brain measurements
were traced and calculated as described below.

2.2.1.1. Intracranial volume (ICV). The entire brain, exclud-
ing cerebellum and brainstem, was traced on all odd slices,
numbering approximately 62. Area measurements were com-
puted for each tracing, added together and multiplied by twice
the slice thickness to estimate intracranial volume. Gray and
white matter volumes, excluding cerebral spinal fluid (CSF) in
the ventricles and sulcal spaces, were calculated separately and
then added for a measure of total ICV.
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2.2.1.2. Caudate nucleus. The left and right caudate nuclei
(gray matter) were measured separately by outlining approxi-
mately 30 successive, contiguous slices through this area. The
following boundaries were used to trace the caudate nucleus:
The medial border was the lateral ventricle, while the caudate
was laterally separated from the globus pallidus and putamen by
white matter tracts (internal capsule). The superior border of the
caudate nucleus was the body of the corpus callosum, which
merges inferiorly with the nucleus accumbens and putamen.

2.2.2. MR spectroscopic image acquisition and analysis
Proton magnetic resonance spectroscopic imaging (1H-MRSI)

uses the same basic instrument and principles as conventional
MRI but differs in that it uses gradient radiofrequency pulse
sequences to suppress the water signal and acquire select,
localizedmetabolic profiles as spectroscopic images of brain [45].
Clinical research studies using 1H-MRSI measure the concentra-
tions of choline compounds (Cho), creatine/phosphocreatine (Cr)
and N-acetyl compounds, predominately the neuron-specific N-
acetyl-aspartate (NAA), among others that are indicative of
neurological pathology [12].

First, T1-weighted MR images (15 mm thick, TE 20 ms, TR
400 ms) were recorded at the same four axial slice locations as
the neurochemical data set: The first slice was chosen at the
level of the third ventricle, the second slice showed the lateral
ventricles, the third slice contained the centrum semiovale, and
the fourth slice consisted exclusively of cortical gray matter.
These images were used for anatomical localization of the
caudate prior to being analyzed neurochemically by MRSI. The
MRSI procedure used to acquire the neurochemical data is
detailed elsewhere [19]. Briefly, a chemical shift-selective
(CHESS) saturation pulse was used for water suppression, and
an outer-volume-saturation sequence (OVS) was used for
suppression of signals originating from lipids in the skull and
scalp. Section selection was made using a spin-echo sequence.
Specifically, four 15-mm-thick slices with an inter-slice gap of
2.5 mm were obtained (TE 280 ms, TR 2300 ms). The field of
view was 24 cm×24 cm, which yielded a nominal voxel size of
15×8×8 mm (0.8 cm3).

Imaging data were transferred to a workstation running
Solaris 2.7 for quantitative spectral analyses using a semi-auto-
mated, non-linear, least squares curve fitting procedure (IMAX
and CSX software, Dr. P. Barker, Johns Hopkins University).
The caudate nucleus was located from the MR locator image
and analyzed (Fig. 2). Once selected, the corresponding neuro-
chemical spectra were displayed, showing the peaks of Cho, Cr
and NAA pertaining to that region. Each biochemical was
identified using the prominent NAA peak as a reference and
picked according to their resonant frequencies (e.g., Cho=
3.23 ppm, Cr=3.02 ppm and NAA=2.02 ppm). The curve-
fitting procedure provided quantitative area-under-the-peak
measurements that corresponded directly to the concentration
of each chemical within the caudate nucleus.

In the present study, absolute concentrations of chemicals
were calculated using a “phantom replacement” method [61].
Briefly, a 2-L polypropylene ball was made containing a
solution of 50 mM Cr, 56 mM NaCl, 50 mM potassium
phosphate buffer (KH2PO4 and K2HPO4) and 2.1 ml gadolin-
ium (Gd), a contrast agent, in double-distilled water (DDH2O).
This phantom was placed in the scanner and imaged using the
same methodology for MRSI discussed above, to generate a
standard peak for the known concentration of Cr. All in vivo
neurochemical concentrations were estimated from the known
Cr standard.

3. Results

3.1. Clinical data: neuroanatomical study

When comparing brain volume among groups and, in the
absence of sufficient numbers of participants to assess gender
effects, it was important for this preliminary study that the
groups were balanced on gender as overall brain size and most
sub-cortical structures are bigger for males than for females
[18]. The caudate nucleus is one of the few brain regions that is
similar in absolute size for both males and females and is
therefore normally considered “disproportionately” large in
females when overall brain size is taken into account [8]. This
was one reason for selecting similar male-to-female ratios
among the control, FAS and FAE groups for these neuroana-
tomical analyses (Table 1). In addition to group matching on
gender, Filipek advocates adequately matching on other
important subject variables including age, ethnicity, IQ and
SES in developmental neuro-imaging research [21]. Specifi-
cally, the control group (group 3) consisted of 4 (50% male)
children not exposed prenatally to alcohol with a mean age of
11.7 years (range=11.2–12.2 years). All of the children in the
group 3 controls successfully completed the MR examination
without sedation. Furthermore, all of the MR data from this
group were of good quality.

Similar to the controls, all of the FAS-diagnosed participants
(group 1) successfully completed the MR examination without
sedation, and all of the MR data from this group 1 were of good
quality. Due to recruitment difficulties, however, the two al-
cohol-exposed groups were not balanced on gender as was the
control group. To balance group 1 (FAS) by gender, the ana-
tomical data from one of the male FAS participants, chosen
according to age to maintain the match with control, were re-
moved from this analysis. The FAS group for the anatomical
analyses, therefore, consisted of six FAS-diagnosed children
with a mean age of 11.5 years (range=9.8–12.3 years); three of
the six (50%) were male.

Unlike any participants from the FAS and control groups,
one FAE-diagnosed participant (group 2) experienced a claus-
trophobia-like reaction and asked to be removed from the
scanner before the anatomical data could be collected. The
anatomical data from a male FAE participant, also chosen ac-
cording to age, were removed to maintain the gender balance
among the groups. For the neuroanatomical analyses, the FAE
group was limited to two children (one male) with a mean age of
12.0 years (range=11.3–12.7 years).

Independent t-tests were used to assess differences in the neu-
roanatomy and neurochemistry of the prenatal alcohol-exposed
groups compared to the controls. With the limited sample sizes in



Fig. 5. Significant negative correlation (r=−0.578, p=0.03) between the
alcohol exposure variable AAD0 (ounces of absolute alcohol/day at the time of
conception) and total volume of caudate nucleus (collapsed on side). Individual
participants are depicted (symbols) together with the overall regression line.

Fig. 3. Non-significant decreases in intracranial volume (ICV) in the FAS and
FAE participants compared to the controls. Individual participants are depicted
(symbols) together with the group means (bars). The controls are filled circles
(•), the individuals in the FAE groups are open triangles (▵), and the FAS
children are depicted with open circles (○).
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this preliminary, exploratory investigation, and to decrease the risk
of making a type II error, a less conservative approach was utilized
for statistical analysis. Therefore, in addition to using t-tests versus
ANOVA, the Bonferroni correction was not applied and a p-value
of ≤0.05 was used.

3.2. MR data: neuroanatomical study

One-tailed independent ‘t’-tests revealed a marginally
significant smaller (13%) overall brain volume (ICV) for the
FAS-diagnosed group (t(df=8)=1.86, p=0.099) and a non-
significant, 12% smaller ICV for the FAE-diagnosed group,
both compared to the controls (Fig. 3). Statistically significant
smaller volume for both the left (15%) and right (13%) caudate
nuclei (t(df=8)=3.46, p=0.009; t(df=8)=2.34, p=0.047, respec-
tively) were found in the FAS group compared to the control
group using one-tailed independent ‘t’-tests (Fig. 4). A
significant reduction in total ICV indicates that individual
brain areas within the ICVare also likely to be smaller. To limit
redundant representation of significant effects and to assess if
Fig. 4. Significant decreases in the left and right caudate nucleus of FAS and
FAE participants compared to the controls. Individual participants are depicted
(symbols) together with the group means (bars). The * indicates significant
difference from respective control group at pb0.05.
individual areas may be disproportionately affected by alcohol,
we also controlled for differences in total ICV, as has been done
in previous studies (e.g., [42,43]). When the effect of prenatal
alcohol exposure on overall brain size was taken into account
with a covariate analysis, the volumes of the left and right
caudate nucleus were no longer significantly smaller than the
controls. For the most part, the smaller caudate nucleus volumes
demonstrated in the FAE group compared to the controls were
less than the reductions found in the FAS group and not
statistically different from controls (Figs. 3 and 4) except that
the left caudate was significantly smaller for the FAE group
compared to the control group (t(df=8)=3.27, p=0.015).

Prospective quantitative information on prenatal maternal
alcohol consumption allowed the assessment of the dose-
dependency of the significant decreases in the size of the
caudate nucleus. Among all of the prenatal alcohol-exposed
(n=10, 7 FAS, 3 FAE) and the non-exposed participants (n=4)
who had good quality volumetric data, there was a significant
negative correlation between the reported amount of absolute
Fig. 6. Significant increases in peak area ratio of NAA/Cr in the left and right
caudate nucleus of FAS and FAE participants compared to the controls. Individual
participants are depicted (symbols) together with the group means (bars). The
* indicates significant difference from respective control group at pb0.05.
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alcohol consumed around the time of conception and total
caudate nucleus volume (r=−0.578, p=0.03; Fig. 5).

3.3. Clinical data: neurochemical study

Previous studies have shown no significant effects of gender
on the MR-measured neurochemicals in the caudate nucleus, in
particular for the ratio of NAA/Cr in basal ganglia [9,35,51].
Therefore, the decision was made to include all available data
for the neurochemical analyses, regardless of the gender of the
participants. The prenatal alcohol-exposed groups and the
control group were comprised as follows (Table 1).

The six FAS participants who were used in the neuroanatomical
study plus one additional FAS participant were included in the
neurochemical study so that the final FAS group consisted of
seven FAS-diagnosed children with a mean age of 11.2 years
(range=9.6–12.3 years); four of the seven (57.1%) were male. The
two FAE participants who participated in the neuroanatomical
study did not have usable neurochemical data due to excessive
movement artifact for one child and missing data for another who
ended the MR session early due to a claustrophobic-like response.
Therefore, the final FAE group was comprised of two FAE-
diagnosed children that were both 11.2 years old; both were male
and one was sedated during the MR examination. The same four
control participants thatwere used for the neuroanatomical analyses
were used and provided good-quality neurochemical data for the
analyses: four non-prenatal alcohol-exposed children (50% male)
with a mean age of 11.7 years (range=11.7–12.2 years).

3.4. MR data neurochemical study

Neurochemical analysis revealed significant elevations in the
ratio of NAA/Cr in the left and right caudate nucleus of the FAS
group compared to the control group (t(df =9)=2.37, p=0.04 and
t(df =9)=2.53, p=0.03; Fig. 6). There were no marked differences
in the Cho/Cr ratio. Absolute quantification of neurochemicals
revealed no differences in Cho or Cr levels between the FAS
Fig. 7. Significant increases in absolute values of NAA in the left and right
caudate nucleus of FAS and FAE participants compared to the controls.
Individual participants are depicted (symbols) together with the group means
(bars). The * indicates significant difference from respective control group at
pb0.05.
participants and the controls. However, there were higher levels
of NAA in both the left and right caudate of the FAS group
compared to the controls. Two-tailed independent t-tests
revealed that this elevation in the left caudate nucleus was
statistically significant (t(df=9)=3.06, p=0.01; Fig. 7). Similar to
the FAS group, the two FAE participants had a large, statistically
significant elevation in the ratio of NAA/Cr in the left caudate
nucleus (t(df=4)=3.28, p=0.03) compared to the control group.

4. Discussion

The results of the present study demonstrate that MRI and
MRSI scans can be conducted effectively in prenatal alcohol-
exposed children, and almost all without sedation. This successful
scanning in children with FASDs is significant because prenatal
alcohol-exposed children commonly present with other co-
morbid psychiatric diagnoses including hyperactivity, anxiety
and conduct disorders [50], any of which may preclude these
children from MR studies due to the demands of the imaging
process. Although increasingly sophisticated structural MR ima-
ging in prenatal alcohol-exposed children has been done before
[1,41–43,48,55], the present study is the first to acquire MRSI
neurochemical data in this population. This is significant because
the MRSI sequence alone used in the present study required
participants to remain still for a full 30 min, whereas other MR
anatomical scanning sequences often average only 7 to 10 min.
Successful scanning with the present protocols suggest that other
MR imaging procedures requiring unsedated, alert and mentally
active participants (especially fMRI) may be possible in prenatal
alcohol-exposed children.

Volumetric analysis of the children diagnosed with FAS re-
vealed an overall 13% smaller brain size compared to the brains of
an age-and gender-balanced group of controls. Furthermore, the
two FAE participants demonstrated a similar (12%) smaller over-
all brain size. These results parallel those previously published in
both laboratory animal [37,39] and human autopsy studies
[10,36]. These results are also remarkably similar to another MR
study that reported an approximate 11% reduction in the gray and
white matter of the cerebral (i.e., supratentorial) vault in the FAS-
diagnosed participants, and about a 6% reduction in their prenatal
exposure to alcohol group (PEA) compared to age-appropriate
healthy controls [1].

A disproportionate smaller size of the basal ganglia was
among the first reported findings with structural MRI in prenatal
alcohol-exposed individuals [41–43]. A significantly smaller
caudate nucleus was found in the two alcohol-exposed groups
in the present study compared to the non-exposed controls.
Specifically, the left and right caudate nuclei in the FAS par-
ticipants compared to the controls were 15% and 13% smaller,
respectively, a reduction similar to the 13% found for overall
brain volume. Therefore, when overall brain size was taken into
account in this particular small sample, this effect was no longer
significant.

Neurochemical analyses revealed a significantly elevated
NAA/Cr ratio in the left and right caudate nucleus of both the FAE
and FAS groups compared to the non-exposed group, and the
absolute quantification of NAA levels showed a significant
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elevation in the left caudate in the FAS participants. NAA is a
highly abundant amino acid in CNS, second only to glutamate,
and accounts for the most prominent peak in a 1H-MRS spectrum
from brain, although the exact role of NAA in the CNS is un-
known.Many have speculated on its function and some argue that
NAA may be involved in the regulation of neuronal protein syn-
thesis, may serve as metabolic and/or storage forms of the neu-
romodulator/neurotransmitters N-acetyl-aspartyl-glutamate
(NAAG) and/or aspartate [47], or may have a role in lipid
synthesis for the production of myelin [6]. Another source sug-
gests that NAA may act as a “molecular water pump” for myeli-
nated neurons in the CNS and removes the large quantities of
water produced by the oxygen metabolism of the brain [4]. Re-
gardless of its exact function in the CNS, NAA is considered to be
a valid neuronal marker because it is located in very high con-
centration within neurons and precursor cells, but not mature glia,
cerebral spinal fluid (CSF) or blood [45]. NAA is also considered
to be a reliable although non-specific indicator of neuronal dys-
function because its levels are often reduced in pathology (e.g.,
traumatic brain injury, stroke and demyelination disorders).

While neuronal dysfunction has traditionally been associated
with a decrease in absolute concentration of NAA, the increase in
NAA reported in the present study could also signify functional
abnormalities and cognitive deficits. For example, Russell et al.
[58] reported a significant 21% increase of NAA in the left
DLPFC of medication-naïve, pediatric patients with obsessive-
compulsive disorder that can be interpreted to represent a com-
pensatory response to decreased neuronal functioning, reflected
in decreased NAA levels, in other brain areas such as right medial
thalamus [23] and/or anterior cingulate cortex [20].

The Cho resonance reflects both phosphorylcholine and
glycerphosphorylcholine, chemicals important for lipid synthesis
and cell membrane integrity [45]. Since Cho is found in much
higher concentrations in glia, an increase in Cho could indicate
gliosis, an overgrowth of astrocytes indicative of brain damage or
tumor. Elevated Cho levels could also be symptomatic of a neu-
rodegenerative state that results in membrane breakdown and the
release of the normally immobile, membrane-bound phosphati-
dylcholine into a free Cho pool [46]. Since Cho levels in the brain
dramatically decrease during the first 2 years of life [12], one
possible reason for finding elevated choline in the brain could be a
developmental delay. For example, in a study of children (ages 3–
10 years) with mild developmental delays, the frontal and pa-
rietal–occipital, sub-cortical white matter ratio of Cho/Cr was
higher compared to age-matched, “non-delayed” controls [22].
The authors noted that the proton MR spectra of the develop-
mentally delayed groupweremore consistentwith that of children
younger than 2 years of age.

The Cr resonance reflects both creatine and phosphocreatine,
chemicals necessary in themaintenance of high energy-dependent
systems. It has been proposed, but not verified, that Cr is
unaffected by brain pathology or pharmacological treatments and,
despite this unconfirmed assumption, Cr is widely used as a
standard for assessing changes in NAA and Cho levels [45].
For example, an elevated Cho/Cr ratio is understood to indicate
a neurodegenerative disease state [12], while a lower NAA/Cr
ratio is usually interpreted as increased neuronal death and/or
dysfunction in a particular brain area [6,45]. A drawback to the
use of Cr as essentially an internal reference standard for other
neurochemicals in the brain is that the ratios (e.g., NAA/Cr or
Cho/Cr) provide a relative, rather than absolute measure of either
NAA or Cho concentration.

Although many studies report changes in neurochemicals and/
or neurotransmitters due to prenatal alcohol exposure in animal
models [16,17,25], there is only one published MRS neurochem-
ical imaging study of which we are aware that assessed brains
exposed to prenatal alcohol [2]. That study assessed the effects of
prenatal alcohol exposure in non-human primates (macaca nemes-
trina) using both MRI and MRS [2]. The authors reported no
MRI-detected gross morphological abnormalities of thalamus,
basal ganglia, internal capsule and adjacent white matter in either
the prenatal alcohol-exposed or control animals. MRS imaging
results, however, revealed a significantly elevated Cho/Cr ratio in
the prenatal alcohol-exposed group compared to the non-exposed
controls, an effect which was attributed to an alcohol-induced
increase in Cho levels in this group, although this was not speci-
fically measured. Furthermore, there was a trend showing that, as
the duration of prenatal alcohol exposure increased, the Cho/Cr
ratio increased [2]. Given the MRS-measured neurochemical
changes that occur in the normal brain before age 2, those results
are consistent with an hypothesis of delayed brain maturation, in
general, or myelination, in particular.

In the present preliminary study, both ratios and absolute con-
centrations of the selected neurochemicals were acquired with the
multi-voxel, MRSI technique that allowed for simultaneous
acquisition of resonance signals from multiple regions of the
brain. The advantages of this scanning sequence, compared to the
single-voxel MRS paradigm used in the non-human primate
study, include more precise spatial resolution, acquisition of data
over the entire brain, and not being limited to a pre-selected single
volume of interest. Furthermore, data acquired from a large, single
voxel that encompasses several different brain tissues/regions, as
in the non-human primate study [2], are subject to “partial volu-
ming” effects. Partial voluming effects are less of a concern with
the relatively smaller voxels used with the current MRSI tech-
nique and therefore would be of limited value for this study.

The goals of the present investigation were to determine the
feasibility of MR spectroscopic imaging in prenatal alcohol-ex-
posed children, to examine the neural structural and, particularly,
chemical effects associated with this exposure, and to assess si-
milarities and differences in the patterns of anomalies between the
FAS and FAE participants. Even though there were only two FAE
cases included in each of the structural MRI and the MRSI
analyses in this initial study, the preliminary results in volume of
the caudate nucleus demonstrate that MR imaging is sensitive to
the effects of prenatal alcohol exposure in both FAS and FAE
participants, similar to previous findings [1,43]. These effects of
prenatal alcohol exposure on the neurochemistry of the left
caudate nucleus are also comparable for children diagnosed either
with FAS or FAE. Evidence from previous studies indicates that
children with or without the facial features associated with
prenatal alcohol exposure are susceptible to alcohol's effects on
behavior, a proven sensitive, but not necessarily specific, measure
of prenatal alcohol exposure [27,64]. In general, issues of
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sensitivity and selectivity are very important to diagnoses of
FASDs. The characteristic FAS facial dysmorphology has high
selectivity but appears to lack sensitivity to alcohol exposures that
are known to produce significant neural and behavioral effects [5].
Neurobehavioral or neuropsychological assessments can be very
sensitive in detecting developmental delays produced by alcohol,
but despite growing consensus about common outcomes [44,67],
there is debate about the selectivity of behavioralmeasures used to
diagnose FAS and other FASDs [24]. At this stage, it is not known
how selective and sensitive MR spectroscopy may be in iden-
tifying prenatal alcohol-affected children.

The present results are preliminary support for MR-measured
neuroanatomical effects of prenatal alcohol exposure in the
absence of dysmorphic facial features. Children with and
without prenatal alcohol-associated facial dysmorphology
demonstrated similar patterns of change in brain anatomy and
chemistry in the present study. These results suggest that
exposure to prenatal alcohol, regardless of diagnosis based on
facial dysmorphology, affects MR-sensitive CNS anatomy and
chemistry alike. The current preliminary results suggest that MR
metabolite profiles in brain may prove to be both highly sensitive
and selective in themselves, and may aid in defining more
selective or focused neurobehavioral assessments, as well.
Furthermore, even though the volume of the caudate nucleus was
not disproportionately reduced relative to total ICVas in previous
studies [41–43], therewere significant changes inNAA suggesting
that MRSI may be more sensitive to the functional effects of
prenatal alcohol exposure than anatomical measures. Although
prenatal alcohol-associated facial dysmorphology provides a
relatively easy, specific and definitive diagnosis of FAS, the
present results support the growing belief that the emphasis placed
on facial features as a diagnostic tool may be inadequate for
individuals elsewhere along the continuum of FASDs and that
neurobiological indices may serve.
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