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Abstract: Surface deformation-based analysis was used to assess local shape variations in the hippo-
campi and caudate nuclei of children with fetal alcohol spectrum disorders. High-resolution structural
magnetic resonance imaging images were acquired for 31 children (19 controls and 12 children diag-
nosed with fetal alcohol syndrome/partial FAS). Hippocampi and caudate nuclei were manually seg-
mented, and surface meshes were reconstructed. An iterative closest point algorithm was used to
register the template of one control subject to all other shapes in order to capture the true geometry of
the shape with a fixed number of landmark points. A point distribution model was used to quantify
the shape variations in terms of a change in co-ordinate positions. Using the localized Hotelling T2

method, regions of significant shape variations between the control and exposed subjects were identi-
fied and mapped onto the mean shapes. Binary masks of hippocampi and caudate nuclei were gener-
ated from the segmented volumes of each brain. These were used to compute the volumes and for
further statistical analysis. The Mann–Whitney test was performed to predict volume differences
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between the groups. Although the exposed and control subjects did not differ significantly in their vol-
umes, the shape analysis showed the hippocampus to be more deformed at the head and tail regions
in the alcohol-exposed children. Between-group differences in caudate nucleus morphology were dis-
persed across the tail and head regions. Correlation analysis showed associations between the degree
of compression and the level of alcohol exposure. These findings demonstrate that shape analysis using
three-dimensional surface measures is sensitive to fetal alcohol exposure and provides additional informa-
tion than volumetric measures alone. Hum Brain Mapp 35:659–672, 2014. VC 2012 Wiley Periodicals, Inc.

Key words: surface deformation; shape analysis; fetal alcohol syndrome; hippocampus; caudate
nucleus
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INTRODUCTION

Fetal alcohol syndrome (FAS) is the most severe of the
fetal alcohol spectrum disorders (FASD) and is caused by
chronic high-level maternal alcohol consumption during
pregnancy. It is estimated to be the most common noninher-
ited cause of learning disability worldwide. Diagnosis is
based on the presence of a characteristic facial dysmorphol-
ogy, small head circumference, and prenatal and/or post-
natal growth retardation [Manning and Hoyme, 2007]. The

term FASD was introduced to depict the full spectrum of
outcomes observed among individuals with prenatal alco-

hol exposure [Astley, 2004]. FASD is a significant world-
wide health problem and a particularly critical public health
issue in South Africa. In affected communities, there is an

unusually high incidence of alcohol abuse among women
of child-bearing age [Jacobson et al., 2008] and one of the
highest incidences of FAS in the world [May et al., 2000,

2007]. Magnetic resonance imaging (MRI) offers non-
invasive methods for in vivo assessment of morphometric

abnormalities that may be associated with FAS [Bookstein
et al., 2002; Mattson et al., 1996; Sowell et al., 2001b].

MRI studies of children and adults with FASD have
demonstrated disproportionately smaller cerebellum, pari-
etal lobe, caudate nucleus, and corpus callosum. Abnor-
malities of white-matter volumes have also been observed
in subjects with FASD [Archibald et al., 2001]. Shape
abnormalities have been noted in white-matter structures,
such as the corpus callosum [Bookstein et al., 2001; Sowell
et al., 2001a]. In subjects with severe alcohol exposure,
computed tomography and MRI studies have shown
reduced gray and white-matter volumes, with marked
losses in the frontal lobes, medial temporal regions, parie-
tal cortices, subcortical structures (thalamus, caudate, and
lenticular nuclei), and in the cerebellar cortex [Sullivan
et al., 2003]. Thinning of the corpus callosum [Pfefferbaum
et al., 1996], reduced volume of the pons [Sullivan et al.,
2003], and the cerebellar vermis [Sullivan et al., 2000] have
also been reported. A better understanding of the neural
manifestations of prenatal alcohol exposure may inform
future interventions targeted toward particular neural sys-
tems, allowing for a better understanding of the behavioral
patterns observed in affected children, and potentially aid
in diagnosis.

In the recent years, a number of unbiased, objective
techniques have been developed to characterize neuroana-
tomical differences in vivo using structural magnetic reso-
nance images. In addition to volumetric studies, these
techniques can be broadly classified into those that deal
with macroscopic differences in brain shape and those that
examine the local composition of brain tissue after macro-
scopic differences such as brain size have been discounted.
The former, which includes deformation-based morphome-
try, characterizes the neuroanatomy of any individual
brain in terms of deformation fields that map each brain
to a standard reference. The latter, which includes voxel-
based morphometry, compares different brains on a voxel-
by-voxel basis after the deformation fields have been used
to spatially normalize the images [Wright et al., 1995].

Several prior studies have used computational
approaches to identify subtle changes in the shape of cere-
bral (sub)structures linked with disease progression. For
example, a surface deformation-based approach using nor-
mal distances from a center line to the hippocampal (HC)
surface was used as a compact representation to compare
three-dimensional (3D) shapes in subjects with schizophre-
nia by Narr et al. [2000] and a similar approach to quan-
tify structural alterations of the corpus callosum. For a
group of HC surfaces, medial models may not have the
same topology because of their sensitivity to small varia-
tions on the surface. Because of the variability of HC
surfaces, no consensus has been reached on the topology
of the medial model that perfectly represents the HC sur-
face [Yonggang et al., 2007]. Statistical deformation model-
ing [Rueckert et al., 2003] is a closely related method, in
which voxel-wise comparisons are made using deforma-
tion fields. A number of additional shape descriptors have
been proposed for use in medical image analysis. They
can be classified into several broad families, such as land-
marks [Bookstein, 1997], dense surface meshes [Kelemen
et al., 1997], skeleton-based representations [Golland et al.,
1999], deformation fields that define a warping of a stand-
ard template to a particular input shape [Machado and
Gee, 1998], and distance transforms that embed the outline
of the object in a higher dimensional distance function
over the image [Golland et al., 2000].

Shape analysis has gained importance in the neuroimag-
ing community due to its potential to precisely locate
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regions where morphological differences exist between
healthy and pathological structures [Styner et al., 2004].
There is increasing evidence that shape analysis of brain
structure provides new information that is not available
through conventional volumetric measurements [Gerig
et al., 2001]. A point distribution model (PDM) describes
shape variability across a set of training structures by
quantifying variations in the positions of sets of corre-
sponding landmark points [Cootes et al., 1995]. The modes
of variation are obtained through principal component
analysis of the covariance matrix of landmark coordinates.
Since their introduction, PDMs have been applied to vari-
ous anatomical structures like the vertebrae [Kaus et al.,
2003], femur [Fleute et al., 1999], and brain structures
[Duta and Sonka, 1997].

Shen et al. [2004] used a surface-based approach for the
classification of 3D neuroanatomical structures, which has
the following advantages: first, compared to the image-
based approaches, surface-based approaches can be
applied in more general situations where a surface is not
embedded in an image but defined in another way such
as segmented boundaries or triangulations; second, for a
3D volumetric object, its boundary or surface actually
defines the shape, and so surface-based representation
may be more appropriate to study the shape unless the
appearance or tissue inside the object is also the focus of
interest; third, some noisy steps like resampling in the voxel-
based analysis can be avoided [Shen et al., 2004]. To accu-
rately model structural shapes and their possible variations,
statistical shape analysis using a surface-based approach has
become a major research topic in computer vision in the
recent years. Because these methods have rarely been applied
to the study of FAS and may reveal unique aspects of neuro-
pathology, surface-based deformation techniques were used
in the present study to analyze the shape variations of man-
ually segmented MRI brain structures, specifically the hippo-
campus and caudate nucleus, which have been previously
implicated in studies of FASD.

METHODS

Subjects

A total of 31 right-handed children (21 girls and 10
boys, mean age 11.6 � 1.2 years, 19 controls and 12 with
FAS or partial FAS) were recruited from the Cape Col-
oured (mixed ancestry) community in Cape Town, South
Africa, and were of similar socioeconomic status [Meintjes
et al., 2010]. The mother of each child was interviewed
regarding her alcohol consumption using a timeline fol-
low-back approach to determine incidence and amount of
drinking on a day-by-day basis during a typical 2-week
period in pregnancy [Jacobson et al., 2011]. All children
were assessed on an extensive neurobehavioral battery, so
that the performance measures on these tasks, IQ, and
alcohol exposure were available. All parents/guardians
provided written informed consent and their children pro-

vided oral assent. Protocols were approved by the Human
Investigation Committee of Wayne State University and
the Faculty of Health Sciences Human Research Ethics
Committee at the University of Cape Town, South Africa.

MR Imaging Acquisition Protocol

All children were scanned with a 3T Allegra MRI scan-
ner (Siemens, Erlangen, Germany) at the Cape Universities
Brain Imaging Centre with a single-channel head coil
for signal intensity amplification. Stability of a high-signal-
to-noise ratio was ensured through a daily automated
quality-control procedure. High-resolution anatomical T1-
weighted 3D structural images were acquired in the sagit-
tal plane using a magnetization-prepared rapid gradient
echo sequence with the following parameters: TR ¼ 2,300
ms, TE ¼ 3.93 ms, TI ¼ 1,100 ms, 160 slices, flip angle ¼
12�, voxel size ¼ 1.3 � 1.0 � 1.0 mm3, and scan time ¼
6:03 min.

MR Image Preprocessing and Segmentation

After acquisition, the isovoxeled MRI data were rotated
into the AC–PC plane using Brain Voyager. The hippo-
campi and caudate nuclei were manually delineated using
MultiTracer [Woods, 2003] software by an expert neuroa-
natomist (CW). Contours were drawn initially in the sagit-
tal plane, where the hippocampus is most clearly visible.
Using this as a reference, boundaries of the hippocampus
were subsequently traced on coronal MR images according
to a standard neuroanatomic atlas of the hippocampus
[Juergen et al., 2007]. The delineation of the hippocampus
included the cornu ammonis and the portion posterior to
the crus of the fornix. The subiculum was excluded. For
caudate nuclei, the boundaries were delineated on the cor-
onal slices. The inferior boundary of the head of the cau-
date nuclei was defined by a line drawn from the inferior
tip of the lateral ventricle to the inferior border of the in-
ternal capsule. Thus, the ventral striatum was not included
in the measurement. At the posterior end, the tail becomes
ill-defined as it curves inferiorly next to the crus of the
fornix. Anatomic landmarks were labeled and linked in all
three orthogonal viewing planes using MultiTracer soft-
ware. Tracings were drawn on magnification level four.
This process took �1 h per scan (for left and right hippo-
campi and caudate nuclei). Intrarater reliability analyses
were performed by retracing a random selection of 10
samples at a later date. To determine reliability, we calcu-
lated intraclass correlation coefficients (ICC) for the abso-
lute agreement of the two volume measurements. The ICC
values were found to be greater than 0.97 for both the hip-
pocampi and caudate nuclei. The correlations between the
volumes determined manually and automated segmenta-
tion using Free Surfer were found to be 0.84 for right and
left hippocampus and 0.89 for both the hemispherical vol-
umes of caudate nucleus [Jacobson et al., 2010]. The dice
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coefficients were estimated between repeated tracings of
the same structures. The average dice coefficient was
found to be 0.87 for hippocampus and 0.90 for caudate
nucleus.

Volume Estimation and Statistical Analysis

Binary masks of hippocampi and caudate nuclei were
generated from the segmented volumes of each brain.
These were used to compute the volumes and for further
statistical analysis. The Mann–Whitney (MW) test was
used to examine volume differences between diagnostic
groups (FAS/pFAS, control) for each hemisphere. The
MW test was preferred to the traditional Student’s t-test,
because the spacing between the adjacent values was not
constant, and the MW test is less affected by the presence
of outliers than the t-test. Furthermore, the robustness of
the MW test makes it more appropriate than the t-test.

Surface-Based Mesh Modeling

The binary masks representing the 3D shapes of the hip-
pocampi and caudate nuclei were subsequently used to
reconstruct surface meshes using the Iso2mesh model.
Iso2mesh is a free mesh generation toolbox capable of
producing high-quality surface and volumetric meshes

directly from 3D binary or gray scale images [Fang and
Boas, 2009]. The resultant mesh model is made up of trian-
gular elements that contain the faces and vertices of the
binary mask. The vertices provide landmark points. The
number of vertices and faces varies with the size and
shape of the hippocampus or caudate nucleus.

3D mesh models generated from 2D coronal traces of
the right and left hippocampi and right and left caudate
nuclei, and their corresponding landmark points are dis-
played for a single subject in Figures 1 and 2, respectively.
The 3D mesh model represents the true geometry of the
hippocampus using vertices and faces. The mesh models
chosen for the right and left hippocampus contain 2,368
and 2,214 landmark points, respectively, and for the cau-
date nucleus, they contain 3,054 and 3,086 landmark points
for right and left, respectively.

Surface-Based Measures Using a Statistical Shape

Model

A statistical shape model describes the shape variability
across a set of shapes through variations in the positions
of a set of corresponding landmark points. A shape can be
described by its shape vector, which contains all the land-
mark co-ordinates in three dimensions:

Figure 1.

A: Superior view of a three-dimensional mesh model of the right hippocampus and its corre-

sponding landmark points for a single subject. B: Superior view of a three-dimensional mesh

model of the left hippocampus and its corresponding landmark points for a single subject. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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X ¼ ðX1;Y1;Z1;X2;Y2;Z2; : : :Xn;Yn;ZnÞT

To build a statistical shape model and to match surface
anatomy across subjects, a uniform set of corresponding
landmark points is required. To achieve this across different
samples, the reconstructed mesh model of a single control
child was used as a template and was coregistered to all the
remaining mesh models. This template to target registration
of 3D point clouds was performed using an iterative closest
point algorithm (ICP). The ICP is an independent method
for the accurate and computationally efficient registration of
3D shapes including free-form curves and surfaces. This
method handles the full six degrees of freedom and requires
only a procedure to find the closest point on a geometric en-
tity to a given point. The ICP algorithm always converges
monotonically to the nearest local minimum of a mean
square distance metric, and experience shows that the rate
of convergence is rapid during the first few iterations.
Therefore, given an adequate set of initial rotations and
translations for a particular class of objects with a certain
level of shape complexity, one can globally minimize the
mean square distance metric over all six degrees of freedom
by testing each initial registration.

For example, if a data shape P is best aligned with
model shape X, the distance metric d between this individ-
ual data point P and the model shape X is given by

dð~p;XÞ ¼ min
~x2X
jj~x�~Pjj

The mean squared error eK of the correspondence is
given by

eK ¼
1

Np
R
Np

i¼1
jj~YiK�~PiKjj2

in which Np is the number of points for the data shape, Y

is the new point set, and P is the old point set of the 3D
point cloud. The ICP algorithm aims to find the transfor-
mation between a cloud of points and the reference sur-
face (or another cloud of points) by minimizing the square
errors between corresponding points. The registration
error is directly minimized using general purpose nonlin-
ear optimization (the Levenberg–Marquardt algorithm)
[Besl and McKay, 1992].

To compare the corresponding landmarks of different
shapes, they must be aligned in the same way with respect
to the set of axes. This scaling normalization provides a
measure of shape variations due only to shape and not
size. This is achieved first by rigid-body Procrustes align-
ment. Once the set of shapes are aligned, the mean shape
is computed for both the healthy and pathological models,
and their group mean difference was computed using the

Figure 2.

A: Lateral view of three-dimensional mesh model of the right caudate nucleus and its corre-

sponding landmark points for a single subject. B: Lateral view of three-dimensional mesh model

of the left caudate nucleus and its corresponding landmark points for a single subject. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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multivariate Hotelling T2 two-sample metric. The multi-
variate test looks for differences in the displacement
vectors in the three principal xyz directions, which charac-
terize the shift between the two groups. These compari-
sons were performed locally for the set of landmark points
[Styner et al., 2006] in order to generate a deformation
map. For visualization purposes, three distinct threshold
values were chosen to map the degree of deformation.

RESULTS

The volumes of the hippocampi and caudate nuclei
were estimated within the manually traced regions of in-
terest. The sample characteristics and the group mean vol-
umes and their standard deviations for the controls and
the children with FAS/pFAS are shown in Table I. Groups
were well-matched on maternal age at delivery, SES, child
sex, age at scan, and parity. As expected, there were sig-
nificant differences regarding quantity and frequency of
alcohol consumed by mothers of children in the FAS/
pFAS group and smoking during pregnancy. Mothers of
children with FAS/pFAS reported drinking on average
13.4 standard drinks/occasion on 2–3 days/week, gener-
ally weekends. The lower child IQ scores for children with
FAS/pFAS were also expected. Group differences in vol-
ume were assessed using the MW test. Right hippocampus

is greater than the left (P < 0.001 for controls, P � 0.1 for
FAS/pFAS). Left HC and bilateral caudate volumes of the
FAS/pFAS children tend to be smaller than that of the
control children (all P’s � 0.1). The group differences were
not significant after normalizing for differences in total
intracranial volumes. We did not control for demographics
such as age, sex, and ethnicity, because the groups were
well-matched in these domains.

The average shapes for the hippocampus in both hemi-
spheres computed from the set of registered images for the
control children (left) and children with FASD (right) are
shown in Figure 3. These average shapes were normalized
to compensate for the volume variations within the groups.

Using localized Hotelling T2 methods, the shape variations
between the control and exposed groups were determined,
and the deformation maps were plotted on the average con-
trol shape. In the localized Hotelling method, a set of three
landmarks corresponding to a specific face was chosen in

each group, their deformations were estimated, and the

comparison extended to other faces. Different thresholds

were applied based on the estimated false-discovery rate

(FDR) corrected P values to illustrate the different degrees

of deformation and are plotted in Figures 4 and 5 for hippo-

campus and Figures 6 and 7 for caudate nucleus.
Figure 4 shows statistical maps of deformation overlaid

on the mean shape of the right hippocampus. The superior

TABLE I. Sample characteristics, hippocampus and caudate nucleus volumes for

controls and children with FASD

Control
(n ¼ 19)

FAS/pFAS
(n ¼ 12) F or v2 or U

Maternal characteristics M (SD) M (SD)
Age at delivery 27.6 (4.7) 25.9 (5.2) 0.87
Socioeconomic statusa 20.7 (9.9) 17.2 (7.2) 1.11
Child characteristics
Gender (% male) 36.8 25.0 0.47
Age at scan 11.5 (1.1) 11.8 (1.2) 0.57
Parity 2.6 (1.4) 2.3 (1.1) 0.61
WISC IQb 75.6 (10.9) 63.5 (9.4) 10.13*
Prenatal exposures
Oz absolute alcohol (AA)

during pregnancyc

Oz AA/day 0.002 (0.01) 2.8 (2.4) 27.12**
Oz AA/occasion 0.1 (0.3) 6.7 (3.4) 72.10**
Frequency (days/week) 0.02 (0.01) 2.8 (1.4) 77.77**
Cigarettes/day 2.2 (3.9) 8.8 (8.3) 9.34*

Right hippocampal volume (mm3) 2926 (474) 2875 (494) 99
Left hippocampal volume (mm3) 2862 (394) 2602 (463) 72y

Right caudate nucleus volume (mm3) 4265 (624) 3840 (704) 72y

Left caudate nucleus volume (mm3) 4066 (605) 3771 (737) 73y

aBased on Hollingshead Scale (1975).
bEstimated from 8 of 10 Wechsler Intelligence Scale for Children subtests (Jacobson et al., 2011).
c1 oz AA � 2 standard drinks.
*P < 0.01; **P < 0.001; yP � 0.10.
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view shows maximum deformation in superior and lateral
regions of the body (in the vicinity of CA3) of the right
hippocampus and weak deformation in the tail regions.
The inferior view shows significant deformations on most
parts of the head (in the vicinity of CA1; Fig. 4B). The cor-
relation map shows local relationships between the degree
of deformation and prenatal alcohol exposure. This map
has been estimated by generating the deformation index
(Hotellings T2 value) at every vertex for individual sub-
jects in the FAS/pFAS group relative to the mean of the
control shape. In this way, we computed the correlation
between the deformation index and amount of prenatal
alcohol exposure at every vertex. In Figure 4C,D, the de-
formation index is strongly related to the degree of prena-
tal alcohol exposure in regions colored in blue and red.
Positive correlations (blue) correspond to regions of com-
pression in the alcohol-exposed subjects, while negative
correlations (red) are regions of expansion. Figure 4E,F
(p-maps) shows regions where the associations are signifi-
cant. Regions that are significantly affected are shown in
red (P � 0.05) and trends in yellow (0.05 < P � 0.1). For
the right hippocampus, greater alcohol exposure was asso-
ciated with significant contraction in the anterior region of
the head (Fig. 4C–F). Small isolated regions in the body
and tail also show significant contraction with alcohol
exposure.

For the left hippocampus, significant deformations were
observed spreading from the body to tail region in the

superior view (Fig. 5A) and from the head to the tail
region in the inferior view (Fig. 5B). Greater alcohol expo-
sure was significantly associated with contraction only in
small isolated regions in the head, body, and tail of the
left hippocampus (Fig. 5C–F).

Figure 6A,B represents statistical maps of deformation
for lateral and medial views of the right caudate nucleus.
Only in the tail region of the right caudate was greater
alcohol exposure significantly associated with contraction
(Fig. 6E,F). The left caudate nucleus shows deformation in
the body and tail regions in the lateral view (Fig. 7A). In
contrast to the right caudate, only a few isolated regions
distributed over the entire left caudate show significant
association between contraction and degree of alcohol
exposure (Fig. 7E,F).

Validation of the Present Method

We compared the results obtained using our 3D Surface
Deformation Based Shape Analysis tool to the LONI (Lab-
oratory of Neuro Imaging, UCLA) shape analysis tools.
The methods implemented for the LONI shape tools have
been described in detail previously [Narr et al., 2004]. The
radial distance maps obtained for the same set of data for
both the right and left hippocampus are shown in Figures
4G,H and 5G,H, respectively.

Figure 3.

A: Average shape for control children (left) and children with FASD (right) of right hippocampus.

B: Average shape for control children (left) and children with FASD (right) of left hippocampus.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The radial distance map measures the radial distances
from the medial core to the surface boundary at thou-
sands of points along the surface. The resulting radial

distance maps detect nonuniform surface changes of a
structure on a very local scale. Distance fields thus
index local expansions or contractions/depressions in

Figure 4.

Statistical maps showing superior (left column) and inferior (right column) views of the right hip-

pocampus indicating (A, B) significant deformations between groups, (C, D) correlations

between surface deformations and degree of prenatal alcohol exposure, the (E, F) correspond-

ing significance maps, and (G, H) statistical maps of group differences for the right hippocampus

obtained using the radial distance method.
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HC surface morphology and may be compared statisti-
cally between groups at equivalent HC surface points in
3D. The statistical map shows regions of significant var-
iations in radial distance for the right (Fig. 4G,H) and

left (Fig. 5G,H) hippocampus, respectively. These results
are in very good agreement, although less pronounced,
than the results of the surface-based method presented
here.

Figure 5.

Statistical maps showing superior (left column) and inferior (right column) views of the left hip-

pocampus indicating (A, B) significant deformations between groups, (C, D) correlations

between surface deformations and degree of prenatal alcohol exposure, the (E, F) correspond-

ing significance maps, and (G, H) statistical maps of group differences for the left hippocampus

obtained using the radial distance method.
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DISCUSSION

This study sought to assess whether the size and shape
of the hippocampus and caudate nucleus differ between
children exposed to prenatal alcohol exposure and demo-
graphically similar community comparison subjects. In
addition, we examined the degree to which differences in
structure shape/deformation are dependent on the quan-
tity of alcohol consumed by the mother during pregnancy.
Although volumes of these brain structures were not
found to differ significantly between groups, regionally
specific changes in the morphology of both structures
were observed in FASD and were related to the degree of
prenatal alcohol exposure.

Although a larger right HC volume than left has been
reported [Basso et al., 2006; Sullivan et al., 2005], not all
investigators have found this [Raz et al., 2004], and many

of the effects on the hippocampus appear subtle. The vol-
ume estimates for controls using manual tracing for the
right and left hippocampus in the present study are
consistent with the finding in the literature of increased
right hemisphere volume [Gonzalo et al., 2010]. In one
study, a disproportionate volume reduction was observed
for caudate nucleus and with disproportionate sparing of

hippocampus in FAS participants [Archibald et al., 2001].

Although the average volumes of the control group were

greater than those of the alcohol-exposed children for both

the hippocampi and the caudate nuclei in the current

study, these volumetric differences were not statistically

significant. The standard deviation was found to be

greater in children with FASD compared to controls in

both hemispheres for both hippocampus and caudate

nucleus.

Figure 6.

Statistical maps showing the lateral (left column) and medial (right column) views of the right

caudate indicating (A, B) significant group deformations, (C, D) correlations between structure

deformation and degree of prenatal alcohol exposure, and (E, F) the significance map corre-

sponding to the correlation map mentioned earlier.
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Using volumetric measures alone, it is difficult to fully
investigate the variation in tissue structures, nor is it possi-
ble to discern whether some regions of the structure are
preferentially impacted. In this study, a surface-based
approach was adopted to predict precisely the location of
shape variations in 3D space. The surface meshes of the
right and left hippocampi and caudate nuclei were recon-
structed for the control and FASD groups using the
Iso2mesh toolbox. Reconstructed mesh models give greater
insight into the true geometry of the shapes under investi-
gation. Landmark points were extracted from these surface
meshes and used for shape analysis using PDMs. Point
cloud registration between a template and the target was
used to normalize the number of landmark points. Regis-
tration errors between the different shapes were reduced
using an ICP algorithm. The average shape was then esti-

mated for the control and FAS/pFAS groups using a PDM
after compensating for group differences in volume. The
Hotelling T2 method was used to localize shape variations
between the groups. Unlike methods used previously [Sty-
ner et al., 2006] that compare vertices between groups, we
used the mesh polygon faces and their corresponding ver-
tices to estimate the deformations. Shape analysis using
face-based methods provides better prediction of the
regions with significant shape variations. Initially, we gen-
erated our results based on vertex-based methods and
found the results using vertex-based methods to be very
scattered, with islands of high deformation. Using face-
based methods, we are analyzing the variations across the
three vertices of corresponding faces. Face-based methods
yielded smoother transitions and more realistic-looking
results.

Figure 7.

Statistical maps showing the lateral (left column) and medial (right column) views of the left cau-

date indicating (A, B) significant group deformations, (C, D) correlations between structure de-

formation and degree of prenatal alcohol, and (E, F) the significance map corresponding to the

correlation map mentioned earlier.
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Shape abnormalities of the two-dimensional outline of
the corpus callosum on a mid-sagittal slice have been
reported previously in subjects with prenatal alcohol expo-
sure [Bookstein et al., 2001; Sowell et al., 2001a]. Callosal
dysmorphology was found to be a powerful discriminator
of exposed from unexposed [Bookstein et al., 2001] and
predicted impairment in verbal learning ability [Sowell
et al., 2001a], providing justification for further work in
this area.

Results of shape analysis using the PDM demonstrate
significant shape variations in both hippocampi and cau-
date nuclei between the controls and the FAS/pFAS
group. In addition to the presence of shape variations,
details regarding the locations where significant deforma-
tions exist are provided by the deformation maps. The pat-
tern of shape abnormality shows a change in the body and
tail region on the superior surface and in the head on the
inferior surface of the right hippocampus. For left hippo-
campus, deformations are observed in the body and tail
regions on the superior surface and in the head and body
on the inferior surface. Deformations occur in the head
and tail of the right caudate and across the entire left cau-
date nucleus.

In addition to deformation, correlation maps were esti-
mated to identify regions where deformation is signifi-
cantly related to degree of prenatal alcohol exposure.
Greater alcohol exposure was associated with significant
contraction in the anterior region of the head of the right
hippocampus and in small isolated regions distributed
over the entire left hippocampus. Greater alcohol exposure
was significantly associated with contraction in the tail of
the right caudate nucleus.

With LONI shape tools, 3D parametric surface models
of each individual’s hippocampi were skeletonized. That
is, for each HC surface model, a 3D medial curve along
the anterior–posterior axis of the hippocampus was
derived in stereotaxic coordinate space and the distance
measured from each spatially uniform HC surface point to
this central curve. Each HC surface point was thus
assigned a distance measure (radial length) from the cen-
tral core of the hippocampus to the HC surface boundary.
Because the derived medial curve represents the center of
mass, if one side of the hippocampus is deformed inward,
the medial axis shifts slightly to accommodate this surface
depression. Therefore, radial distance measures reflect
changes on all sides of the hippocampus with the
depressed region showing the greatest changes.

In our surface-based method, we generated average
mesh models that contain triangulated faces of the struc-
ture under investigation for both controls and the patient
group. These average mesh models were normalized to
compensate for volume variations and the distances com-
puted between corresponding faces between the two aver-
ages. Because they contain same number of faces,
variations in position represent shape differences between
the groups. Unlike the LONI method where distances
from the central core to the surface points are analyzed,

we compute differences between group surface meshes.
Furthermore, instead of analyzing surface points, we ana-
lyze differences between the faces of the triangulated
mesh models, which provide a very uniform measure of
surface variations.

We generated FDR-corrected P values to estimate the
regions of significant shape variations in hippocampi and
caudate nuclei. We compared our results to those gener-
ated by the LONI shape tools and found good agreement
on the head, body, and tail for left and right hippocampi.

Our results clearly demonstrate the existence of shape
alterations in the hippocampi and caudate nuclei in chil-
dren with heavy prenatal alcohol exposure. Combined
with manual segmentation, the current method makes it
possible to determine the locations of compression/expan-
sion of a structure of interest and can be easily extended
to other subcortical structures, such as the putamen and
corpus callosum.

Although the methods presented here were validated
using the LONI shape analysis pipeline, it would be valua-
ble to reproduce the findings in an independent cohort.

It should be emphasized that the validity of these meth-
ods will depend heavily on the normalization procedure,
number of landmark points, and statistical method used to
assess the shape variations. The effects of age and gender
were not considered in this study as the groups were well-
matched in these domains.

In conclusion, our results suggest that prenatal alcohol
exposure affects the shape of the hippocampus and cau-
date nucleus in both hemispheres. Surface-based methods
provide higher sensitivity in the assessment of the effects
of prenatal alcohol exposure than volume measures alone.
With the surface-based methods presented here, it is possi-
ble to assess the shape variations of all the subcortical
structures that may not exhibit volume differences. Fur-
thermore, the computational complexity is greatly reduced
by using the present surface-based approach presented
here, while preserving the true geometry of the structure
under investigation.
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