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Statistical Shape Analysis
CEMIL COLAK,1* ILKER ERCAN,2 METIN DOGAN,3 SENEM TURAN OZDEMIR,4

SERPIL SENER,5 AND ALPAY ALKAN3

1Department of Biostatistics, Faculty of Medicine, Inonu University, Malatya, Turkey
2Department of Biostatistics, Faculty of Medicine, Uludag University, Bursa, Turkey
3Department of Radiology, Faculty of Medicine, Inonu University, Malatya, Turkey
4Department of Anatomy, Faculty of Medicine, Uludag University, Bursa, Turkey

5Department of Dermatology, Faculty of Medicine, Inonu University, Malatya, Turkey

ABSTRACT
The aim of this study was to assess the shape differences of the cor-

pus callosum (CC) in patients with Behçet’s disease using statistical
shape analysis (SSA). Additionally, an attempt was made to investigate
the changes in CC size according to disease duration. Twenty-five adults
with clinically diagnosed Behçet’s disease and 25 age- and gender-
matched controls were examined by high-resolution structural magnetic
resonance imaging. The data obtained from the coordinate of landmarks
were analyzed with Euclidean distance matrix analysis and a thin-plate
spline analysis. SSA and growth curve models were performed to investi-
gate group differences and to fit the curves. A significant difference was
determined between CC shape of Behçet patients and controls (P ¼
0.006). Based on the analysis, a decrease occurred in the CC size of the
Behçet patients as the duration of disease increased. Maximum deforma-
tions were determined in the landmarks of interior notch of the splenium,
inferior tip of the splenium, posterior-most point of the CC, and topmost
point of the CC. Similarly, the landmark of anterior-most point of the CC
was identified as having the minimum deformation. Behçet patients had
significantly different CC shapes from control subjects. The results sug-
gest that SSA is a promising tool for distinguishing Behçet patients from
normal subjects, and that it can give useful information to assist clini-
cians. Additionally, SSA might be applied to detect shape differences in
anatomical structures that are affected by a broad range of neurological
diseases. Anat Rec, 294:870–874, 2011. VVC 2011 Wiley-Liss, Inc.
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Behçet’s disease is a multisystem inflammatory condi-
tion with the classic triad of aphthous stomatitis, uvei-
tis, and urogenital ulcerations. Behçet’s disease is a
chronic, relapse-remitting, occlusive vasculitis affecting
multiple organ systems in the body. It is common in the
Mediterranean basin countries, the Middle East, and
eastern Asia (Serdaroglu, 1998; Davatchi et al., 2010).
The prevalence of Behçet’s disease is known to be
particularly high in Japan and Turkey (5.3%–7.6%)
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(Serdaroglu, 1998). Neurological involvement is well
defined in Behçet’s disease, the prevalence of which was
reported to be between 2.2% and 50% (Al-Fahad and Al-
Araji, 1999). Brain stem or corticospinal way syndromes
are often reported as neurological involvement depending
on venous sinus thrombosis or aseptic meningitis due to
increased intracranial pressure (Koçer et al., 1999).

Many studies indicate that the corpus callosum (CC)
size and shape are related to gender, age, and neurode-
generative diseases, among other factors (Ozdemir et al.,
2007). In addition, a study identified significant shape
differences of the CC in patients with autism and control
subjects between the landmark configurations in terms
of the deformation from the overall mean configuration
(He et al., 2010). The shape differences of the CC in
patients with Behçet’s disease have not been investi-
gated by a landmark-based method. To our knowledge,
this study evaluates the shape differences of CC for Beh-
çet patients for the first time using a landmark-based
geometrical morphometric method, statistical shape
analysis (SSA).

SSA compares body forms by using specific landmarks
determined by anatomical prominences. Geometric
morphometrics is a landmark-based method that was
developed to analyze form and thus morphological
changes (Ozdemir et al., 2010). The quantitative mor-
phological assessment of individual brain structures is
often based on global volume and area measurements,
which are intuitive features that may explain atrophy or
dilation due to illness. On the other hand, structural
changes at specific locations are not sufficiently reflected
in volume and area measurements. Shape analysis has
thus become of increasing interest to the neuroimaging
community (Bookstein, 1991; Richtsmeier et al., 1992;
Franklin et al., 2005). Many studies have measured ana-
tomical brain structures quantitatively in terms of vol-
ume, area, width, and length, but only a few have
performed a shape analysis using anatomical landmarks
(Ozdemir et al., 2007).

In this study, the aim was to assess the shape differ-
ences of the CC in patients with Behçet’s disease using
SSA. Additionally, an attempt was made to investigate
the changes in the size of the CC according to disease
duration.

MATERIALS AND METHODS
Subjects

The study was conducted on magnetic resonance imag-
ing (MRI) scans of 25 Behçet patients [age: 43.4 � 9.3
year old (29–59); mean � SD (min–max)] and 25 control
subjects matched by gender and age. MRI scans of con-
secutive Behçet patients who were admitted to the
Department of Radiology, Faculty of Medicine, Inonu
University, were taken retrospectively between May and
June 2010. Behçet patients satisfied the criteria for Beh-
çet disease recommended by the International Study
Group (ISG) (ISG for Behçet’s disease, 1990). Patients
who had neurological disorders, diabetes mellitus, hyper-
tension, and so forth were excluded from the study. This
retrospective study was approved by the institutional
review board, and all participants gave informed consent
before the start of the study. The mean duration of
Behçet’s disease was 7.6 � 3.9 years (2–16) [mean � SD
(min–max)].

MRI Examinations

With regard to the MRI examinations, all MRI scans
were achieved at 1.5 T (Philips Gyroscan Intera., Best,
The Netherlands) as sagittal T2-weighted turbo spin
echo images (repetition time, 4,366 msec; echo time, 120
msec, excitations: 1). The thickness of the slice was 6
mm, with a skip of 1 mm between slices and a 256 �
256 matrix.

Collection of Two-Dimensional CC Landmarks

The midsagittal section that most clearly displayed
the cerebral aqueduct, CC and superior colliculus was
manually selected from the sagittal planes. The anterior
to posterior commissure line and interhemispheric fis-
sure were determined and used to align the brains of all
subjects to a standard position. In this image, nine land-
marks on the CC were defined (Fig. 1): 1, anterior-most
point of the CC; 2, CC-fornix junction; 3, interior notch
of the splenium; 4, inferior tip of the splenium; 5, poste-
rior-most point of the CC; 6, topmost point of the sple-
nium, 7, topmost point of CC; 8, posterior angle of the
genu; and 9, posterior tip of the genu. Table 1 lists the
explanation of the anatomical landmarks. The studied
landmarks were signed on the digital images by using
TPSDIG 2.04 software. The points of these landmarks
fall within the criteria outlined in Bookstein (1991) as
well as include extreme points, terminals and maxima of
curvature, and other local shape processes. The compu-
tation is proceeded in four steps. We first identified land-
marks from the series of homologous MRI scans and
then determined landmark coordinates. Afterward, we
clarified the mean landmark configurations of Behçet
patients and control subjects and appraised general and
local shape differences. In the last step, we determined
the shape deformations of Behçet patients compared to

Fig. 1. The landmarks that were utilized in the statistical shape
analysis.
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the controls through the thin-plate spline (TPS) method,
using average shapes obtained by Procrustes analysis.
The shape deformations of the patients relative to the
controls were expressed by utilizing expansion and con-
traction grids.

Statistical Analysis

A generalized Procrustes analysis was used for evalu-
ating shapes. The homogeneity of variance–covariance
matrices was examined using the Box-M test (Dryden
and Mardia, 1998). Since the variance–covariance matri-
ces were not homogeneous (P ¼ 0.006), James FJ test
was used for comparing the shapes (Dryden, 2009;
Brombin and Salmaso, 2009).

The shape deformations of the CC were evaluated
using a TPS analysis. Procrustes mean shapes were
computed for TPS. In accordance with the TPS analysis,
the points exhibiting the most enlargements or
decreases were labeled as deformations.

To obtain overall measures of shape variability for the
Behçet and control subjects, the root mean squares of
Kendall’s Riemannian distance (q) to the mean shape
were computed (Dryden, 2009).

The relationships between the centroid sizes and the
durations of Behçet’s disease in patients with Behçet’s
disease were examined by the growth curve models of
Richards, Logistic, Gompertz, Michaelis–Menten, Bleas-
dale-Nelder, Monumolecular, and Holliday (Seber and
Wild, 1989; Gürcan et al., 2010). Assessing the fit of the
models was carried out based on the coefficient of deter-
mination (R2) and root mean squared error (RMSE).

Landmark Reliability

We calculated the intrarater reliability coefficient for a
two-facet crossed design (landmark pairs-by-rater-by-
subject, l � r � s) based on the generalizability theory
(GT) (Ercan et al., 2008). In GT, the reliability for rela-
tive (norm referenced) interpretations is referred to as
the generalizability (G) coefficient (Dimitrov, 2006).

In this study, a single rater marked the anatomical
landmarks. The reliability of the rater was judged using
repeated landmarks on groups. Specifically, nine land-
marks were marked by the same investigator, and after
a month, the same investigator marked the same land-
marks on all of the images again. The analysis of the
rating indicated good repeatability (G ¼ 0.9968).

RESULTS

Out of 25 Behçet patients in the study, 11 (44%) were
female, and the remaining 14 patients (56%) were male.
A significant difference was determined between CC
shape of Behçet patients and controls (P ¼ 0.006)
(Fig. 2). Shape deformations were observed from the con-
trols to the patients (Fig. 3). Maximum deformations
were determined in the landmarks of interior notch of
the splenium, inferior tip of the splenium, posterior-most
point of the CC, and topmost point of the CC. Similarly,
the landmark of anterior-most point of the CC was iden-
tified as having the minimum deformation. Variabilities
according to the general CC shape in Behçet cases and
controls were 0.067 and 0.072, respectively. Similarities
were observed in terms of shape variability.

Figure 4 demonstrates the relationship between the
centroid sizes and the durations of Behçet’s disease in
Behçet patients. Among the models setting out the stud-
ied relationship, the Michaelis–Menten model was the
most appropriate model based on the coefficient of deter-
mination and RMSE as described in Table 2. From the
results of the modeling, R2 and RMSE were 0.13 and

TABLE 1. The explanation of the anatomical
landmarks of the corpus callosum

Landmark Landmark definition

1 Anterior-most point of the CC
2 CC–fornix junction
3 Interior notch of the splenium
4 Inferior tip of the splenium
5 Posterior-most point of the CC
6 Splenium topmost point
7 Topmost point of the CC
8 Posterior angle of the genu
9 Posterior tip of the genu

CC: corpus callosum.

Fig. 2. Procrustes mean shapes for corpus callosum images of
Behçet patients and controls (Cases: X, Controls: O).

Fig. 3. Thin-plate spline demonstrating average shape deformation
from controls to Behçet cases. Expansion factors at the landmarks
are shown numerically (expansion factors larger than one).
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6.24, respectively. When Fig. 4 is viewed, a decrease
occurs in the CC size of the Behçet patients as the dura-
tion of disease increases.

DISCUSSION

SSA is of increasing interest to the neuroimaging com-
munity because of its potential to locate morphological
changes. Statistical studies of anatomical shape varia-
tions in populations are important for understanding the
anatomical effects of diseases or biological processes
(Polina et al., 2001). Several procedures for obtaining
shape information from landmark data have been pro-
posed (Richtsmeier, 1992; Ozdemir et al., 2007; Ercan
et al., 2008). Local shape analysis has gained more inter-
est recently due to its potential to locate shape morphol-
ogies. Landmark-based methods have been popular in
shape analysis because of the belief that evaluating gen-
eral form differentiation in the shape by using neuroa-
natomical landmarks is most relevant (Ozdemir et al.,
2007). In this study, the landmark-based shape data of
the CC was analyzed in both Behçet patients and
controls. Hence, we implemented a Procrustes analysis
by using homologous anatomical landmarks, which are
most relevant. Thus, to our knowledge, this study is the
first where CC shape differences were evaluated for
Behçet patients using a landmark-based geometrical
morphometric method. We used nine landmarks on the
CC for shape analysis and found differences between the
shape means of the two groups.

Ozdemir et al. (2007) proposed that future studies on
shape alterations of the CC could be associated with
certain medical conditions. Based on this result, we con-
ducted this study to discriminate Behçet patients from

controls on the basis of shape differences. As a result of
our investigations on the shape of CC, we defined signifi-
cant differences between Behçet patients and control
subjects from the results of the SSA. However, the gen-
eral shape variability of the CC in Behçet patients and
control subjects was the same.

The TPS method is sufficient to describe the deforma-
tions that may be encountered in medical scans and used
effectively for modeling coordinate transformations in
image-based applications (Murphy et al., 2010). Recently,
a study identifying the shape differences of the CC
between autism patients and control subjects using a TPS
analysis showed significant group differences between the
landmark configurations in terms of the deformation from
the overall mean configuration (He et al., 2010). In
another study, Ozdemir et al. (2007) identified shape dif-
ferences of the CC between genders and found significant
differences in the distances between some landmarks
with the use of TPS analysis. Similarly, the comparison of
the Fisher-Rao metric, and the TPS was studied by a pair-
wise matching of CC shapes (Peter and Rangarajan,
2006). The acquired results of the TPS analysis in this
study revealed that the maximum deformations were
determined in the landmarks of interior notch of the sple-
nium, inferior tip of the splenium, posterior-most point of
the CC, and topmost point of the CC. Similarly, the land-
mark of anterior-most point of the CC was identified as
having the least deformation. To our knowledge, the only
study published on both Behçet’s disease and the CC
reported that high-signal MRI lesions of the CC in the T2-
weighed MRI image were consistent with the diagnosis of
neuro-Behçet’s disease (Lackmann et al., 2004). However,
the etiology of Behçet’s disease and its influences on the
shape of the CC remain unknown.

The presence of the most prominent global shape vari-
ability in the anterior lower body and posterior bottom
of the CC was observed using similar methods and land-
marks for autistic patients in a reported study. Again,
local shape variability was found in the anterior bottom
(He et al., 2010).

The quality of life of patients (Behçet’s disease
occurred in 15% of patients) is significantly related to
disease duration (Miserocchi et al., 2010). This reported
result is consistent with our results. It is observed that
a decrease occurs in the CC sizes of the Behçet patients
as the duration of the disease increases.

Baysal et al. (2003, 2005) determined differences in
the apparent diffusion coefficient values of Behçet
patients by means of diffusion-weighted MR imaging
and magnetic resonance spectroscopy in the brain
regions when structural changes are absent. According
to their findings, they identified microstructural changes
caused by vasculitis. Also, our study detected a decrease
in the size of the CC in proportion to the duration of the
disease in Behçet’s patients with brains that were

TABLE 2. The modeling of the relationship of CC size with disease duration

The relationship The most appropriate Model* Predicted Equation R2 RMSE

CC size-disease duration in patients Michaelis–Menten
CS ¼ 56:67ð Þ DDð Þ½ �

�0:34ð Þ þ DDð Þ½ �
0.13 6.24

CS, centroid size; DD, duration of disease; CC, corpus callosum; R2, the coefficient of determination; RMSE, root mean
squared error; *P < 0.05.

Fig. 4. The relationship between CC size and the duration of
Behçet’s disease in Behçet patients.
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macroscopically normal in appearance. Similar to the
results of Baysal et al. (2003, 2005), our results may
indicate that the microstructural changes in the CC
could be due to vasculitic injury to interhemispheric,
transcallosal fiber tracks.

To sum up our findings, Behçet patients had signifi-
cantly different CC shapes from control subjects. Based
on the results of the analysis, the CC sizes of the Behçet
patients decreased as the durations of disease increased.
The results obtained suggest that SSA is a promising
tool for distinguishing Behçet patients from normal sub-
jects, and that it can give useful information to assist
clinicians. Additionally, this method might be applied to
detect shape differences in anatomical structures that
are affected by a broad range of neurological diseases.
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