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This paper describes a new method for detecting
tructural brain differences based on the analysis of
eformation fields. Deformations are obtained by an

ntensity-based nonlinear registration routine that
ransforms one brain onto another one. We present a
eneral multivariate statistical approach to analyze
eformation fields in different subjects. This method
as applied to the brains of 85 schizophrenic patients
nd 75 healthy volunteers to examine whether low
requency deformations are sufficiently sensitive to
etect regional deviations in the brains of both groups.
e observed significant changes caused by volume

eduction in brains of schizophrenics bilaterally in the
halamus and in the superior temporal gyrus. On the
eft side, the superior frontal gyrus and precentral
yrus are found to be changed, while on the right side,
he middle frontal gyrus was altered. In addition, there
ere significant changes in the occipital lobe (left

ingual gyrus) and in the left cerebellum. Volume en-
argement in brains of schizophrenics was observed in
he right putamen and in the adjacent white matter of
he thalamic region. Our data suggest a disturbance in
he nodes of a prefrontal–thalamic–cerebellar cir-
uitry. This provides further support for the model of

‘cognitive dysmetria,’’ which postulates a disruption
n these nodes. We have demonstrated the application
f deformation-based morphometry by detecting struc-
ural changes in the whole brain. This technique is
ully automatic, thus allowing for the inclusion of large
amples, with no user bias or a priori-defined regions
f interest. r 1999 Academic Press

Key Words: MRI; brain; morphometry; nonlinear im-
ge registration; statistical parametric map; schizo-
hrenia.

INTRODUCTION

Magnetic resonance imaging (MRI) studies have
emonstrated considerable evidence that schizophre-
ia is associated with alterations in brain structure.

hanges in cerebral structure affect diverse brain s

107
egions for example, the frontal, temporal, and limbic
reas. However, abnormalities have not been consis-
ently demonstrated (Lawrie and Abukmeil, 1998).
here are many potential reasons for these inconsis-

ent findings. The multiple and diverse symptoms of
chizophrenia, issues such as sample size, medication
ffects, and the heterogeneity of the patients may be
ttributed to a number of problems. However, the lack
f a proper definition of examined regions has most
mpact on the inconsistencies. Furthermore, in the

ajority of studies regions of interest (ROI) are seg-
ented in consecutive slices either by hand or semiau-

omatically. This interactive approach introduces not
nly user bias, but is also highly time-consuming. This
eads to the analysis of a limited number of a priori-
efined ROIs and to a restricted number of subjects.
eside these drawbacks, there is a lack of sensitivity to
etect and assess diffuse spatially distributed alter-
tions in regional brain structure.
The present paper demonstrates a novel, alternative

pproach for detecting structural differences in popula-
ions. Our method is a fully automatic intensity-based
lgorithm and can detect regional changes in the whole
rain, not only in particular regions. This allows for
arge samples, with no user bias or a priori-defined
OIs. The new technique is based on the analysis of
eformation fields. Deformations are obtained by a
onlinear registration routine transforming a refer-
nce brain (template) onto another brain (object). The
eformation field is defined by a displacement vector in
ach voxel. These displacement vectors constitute the
ransformations required for the anatomical correspon-
ence between the template and an object brain. After
stimation of this field for each subject, we characterize
ifferences between groups by comparing the associ-
ted deformation fields. We present a general multivar-
ate statistical approach to analyze these deformations.

We apply our method to a large sample of schizo-
hrenic patients and healthy volunteers to address the
ollowing questions: (i) Are low frequency deformations

ensitive enough to detect regional deviations between

1053-8119/99 $30.00
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108 GASER ET AL.
roups? (ii) Can these regional patterns confirm a
isturbance in the nodes of the prefrontal–thalamic–
erebellar circuitry in schizophrenic patients? This
odel of ‘‘cognitive dysmetria’’ as proposed by An-

reasen et al. (1998) attempts to use a single theory of
isruption in a nodal network to explain the diversity of
chizophrenic symptoms. These nodes are located in pre-
rontal regions, the thalamic nuclei, and the cerebellum.

METHODS

Subjects. We studied 85 DSM-IV diagnosed schizo-
hrenic patients (33 females, 52 males) on stable
euroleptic medication with a mean age of 36.2 years
SD 6 10.9). The patients exhibited primarily negative
ymptoms (SANS: 44.95 6 21.5, SAPS: 20.88 6 17.3).
he control group consisted of 75 healthy volunteers

22 females, 53 males) with a mean age of 31.2 years
SD 6 9.0) and a negative history of major psychiatric
isorders. All patients and controls were right-handed,
ree of any neurological disorders, and all gave written
nformed consent.

Scanning procedure. Sagittal T1-weighted MRI
cans were obtained on a 1.5 T Philips Gyroscan ACSII
ystem (Matrix 2563, isotropic voxel size 1 mm3, FOV
56 mm, TR/TE/a 5 13 ms/5 ms/25°).
Normalization. Images were normalized using the

PM 99d spatial normalization routines (J. Ashburner
nd K. Friston, submitted). First, images were smoothed
ith an isotropic Gaussian kernel (full width at half
aximum—FWHM of 8 mm) and an affine transforma-

ion with 12 parameters was applied to all images to
ormalize them to Talairach space (Talairach and
ournoux, 1988). The transformed images were resized

FIG. 1. This scheme describes the process of detecting structural b
rain using intensity-based nonlinear registration routines. As a resu
efines a 3D displacement vector in each voxel. Statistical analysis of

2
n a T -map characterizing regional differences in brain structure.
o a voxelsize of 2 mm and scalp-edited by masking with
probability image of cerebral tissue. In this way,

xtracerebral parts of the brain were excluded to
liminate the confounding effects from scalp differ-
nces. The following nonlinear registration used is
ased on a regularized minimization process of residual
quared difference between an image and a template of
he same modality, assumed to be in Talairach space. A
inear combination of 11 3 13 3 10 three-dimensional
iscrete cosine transform basis functions was esti-
ated to perform this registration (J. Ashburner and K.
riston, submitted).
As a result, we obtained a deformation field for each

ubject with a specific three-dimensional displacement
ector in each voxel. This vector describes the transfor-
ations required to map a voxel of the template brain

nto its corresponding position in the object brain.
General Linear Model. For statistical analysis of

he deformation fields we consider the multivariate
eneral linear model in each voxel (Seber, 1984)

Y 5 X B 1 U,
(n3d ) (n3p) ( p3d ) (n3d )

(1)

here Y is the matrix of n independent observations on
response variables, X contains the n 3 p explanatory

ariables (so-called design matrix), and B is the matrix
f p 3 d unknown parameters. The errors U are
ndependent and identically distributed (i.i.d.) d-
imensional normal random variables with mean 0 and

ispersion matrix S, i.e. U
i.i.d.
, Nd (0, S).

A vast range of experimental designs can be imple-

n changes. A template brain is spatially transformed onto each object
f this registration, we derive a deformation field for each brain which
se deformations through a multivariate general linear model results
rai
lt o
the
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109DETECTING STRUCTURAL CHANGES IN WHOLE BRAIN
ented by proper specification of the design matrix X.
f the X columns contain indicator variables we can
pecify subtractive designs (modeling group differ-
nces) or factorial designs (interaction between fac-
ors). In a parametric design the X matrix consists of
ovariates that might explain the observed variance in Y.

In addition, we can divide the design matrix into
olumns modeling effects of interest and noninterest
confounds). To distinguish between these effects we
artitioned the matrices X 5 (X1, X2) and B 5 (B1, B2).
hus, the general linear model is expressed as

Y 5 X1 B1 1 X2 B2 1 U,
(n3d ) (n3p1) ( p13d ) (n3p2) ( p23d ) (n3d ) (2)

here X1 is a n 3 p1 matrix of rank p1, and X2 is of
imension n 3 p2 with rank p2 consisting of confound-
ng variables modeling the effects of no interest. Col-
mns of X1 and X2 are chosen to be linearly indepen-
ent.
In terms of the model described, we use a simple

ubtractive design with one confounding variable to
ompare groups of schizophrenics and controls. This
pecial case is equivalent to the Hotelling’s T 2-Test for
omparing the means of two populations. Here, X1
onsists of two columns, which indicate whether an
lement of Y is from the first group, taking the value
ne and otherwise zero. X2 is a constant vector model-
ng the effect of equal means.

The least-squares estimates of B and B2 (Eqs. 1 and
) are given by

B̂ 5 (X 8X )21X 8Y and B̂2 5 (X 82 X2)21 X 82Y. (3)

To obtain statistical inference on the effects of inter-
st, we tested the null hypothesis H0: B1 5 0 as follows:
he error sum of squares and products (SSE) is given by
he fitted values Y

SSE 5 (Y 2 XB̂)8(Y 2 XB̂), (4)

here the error sum of squares and products under the
ull hypothesis (SSH) is obtained by

SSH 5 (Y 2 X2B̂2)8(Y 2 X2B̂2). (5)

he degrees of freedom for SSH and SSE are

mH 5 p1 and mE 5 n 2 p1 2 p2 (6)

nd the likelihood ratio statistic gives Wilk’s L

L 5
0SSE 0

. (7)

0SSH 0 a
ince mH 5 1, we can transform L exactly to a
2-statistic

T2 5 mE

1 2 L

L
, (8)

hich is equivalent to the common Hotelling’s T2-Test
or comparing the means of two populations.

Volume change. The resulting T2-map provides infor-
ation only on the significance of regional differences

f deformations. We compute the Jacobian determinant
f the displacement vector in each voxel to specify
hether change in each voxel is due to volume reduc-

ion or enlargement (Davatzikos et al., 1996). Values of
he Jacobian determinant .1 indicate volume enlarge-
ent, whereas values ,1 point to a volume reduction.

f we compute the difference of the mean Jacobian
eterminant between schizophrenics and controls, we
an obtain information on mean volume reduction and
nlargement between both groups.

RESULTS

The resulting voxel-wise T 2-statistic is shown in two
ifferent formats. Figure 3 shows a maximum intensity
rojection, which gives an overview about all signifi-
ant differences. This figure describes the maximum
2-value of all slices in three orthogonal sections.
igure 4 additionally offers the distinction between
ifferences caused by volume reduction (colors ranging
rom yellow to red) or enlargement (blue color) in brains
f schizophrenics. Both T2-maps have a threshold at a
eight of T 2 5 17.31 (P 5 0.001; T 3,156

2 ) and spatial
xtent of k 5 110 voxels.
The most significant result was observed bilaterally

n the thalamus, but more pronounced on the left side.
n the frontal lobe, both hemispheres were affected. On
he left side, the superior frontal gyrus and the precen-
ral gyrus were found to be changed, while on the right
ide of the middle frontal gyrus was altered. In the
emporal lobe, we found differences bilaterally in the
uperior temporal gyrus.
Furthermore, there were significant changes in the

asal ganglia (right putamen), the occipital lobe (left
ingual gyrus), and the left cerebellar hemisphere.

The structural differences between brains of schizo-
hrenics and controls were mainly caused by volume
eduction in the brains of schizophrenics. The only
egions of volume enlargement in the brains of schizo-
hrenics were observed in the right putamen and in the

djacent white matter of the thalamic region (Fig. 4).
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110 GASER ET AL.
DISCUSSION

ethodology

The approach described here demonstrates a new
ethod for detection of regional differences in struc-

ures in the whole brain. The technique relies on the

FIG. 2. This figure illustrates the mean difference in the deforma
onform to Talairach atlas: x 5 210 mm, y 5 210 mm, and z 5 2 mm. T
ontour plot in white. The color-coded overlay visualizes the mean d
egular grid resulting in a distorted grid (magnified by a factor of 4).
educed in the brain compared to the template. Areas with volume en
FIG. 3. Result of the comparison between 85 schizophrenics and 7

agittal, coronal, and transverse planes. The structural differences we
emplate brain onto each object brain. The map has a threshold at a h
olorscale is arbitrary and the space conforms to that of Talairach atla
xamination of deformation fields obtained through an t
ntensity-based nonlinear registration routine. The sta-
istical analysis of these deformations by use of a
ultivariate general linear model results in a T 2-map,
hich characterizes alterations in brain structure in
ifferent subjects.
Modern approaches to computational neuroanatomy

s between brains of schizophrenics and controls. Section coordinates
underlying template brain is shown in three orthogonal sections as a

rence of the deformation fields by applying the transformations to a
olor range from yellow to red is used for regions found to be volume
ement are shown in colors ranging from light blue to blue.
ontrols. The T2-map is displayed as maximum intensity projection in
btained by statistical analysis of deformations required to match the

ht of T2 5 17.31 (P 5 0.001) and spatial extent of k 5 110 voxels. The
tion
he

iffe
A c

larg
5 c
re o
eig
hat aim to identify anatomical differences fall into one
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111DETECTING STRUCTURAL CHANGES IN WHOLE BRAIN
f two classes: The first addresses small volumetric
hanges or regionally specific changes in the amount or
ensity of a particular tissue compartment using high
esolution MRI scans. These analyses allow a voxel by
oxel comparison of regional gray matter density
Wright et al., 1995), image intensity (Andreasen et al.,
994), or probability of segmented structures (Paus et
l., 1996; Penhune et al., 1996).
The second complimentary class of approaches deals
ith the deformations of the nonlinear warping them-

elves and addresses anatomical changes at a larger
patial scale. The parametric form of the deformations
acilitates a quantitative description of local variability
n subjects along with a multivariate statistical analy-
is. This has been referred to as deformation-based
orphometry (Ashburner et al., 1998). Deformation-

ased morphometry itself can be divided into those
pproaches that aim to characterize spatial modes of
natomic variability over the entire deformation field
nd those that seek to identify regionally specific
ifferences in the deformation fields. The approach
escribed in this paper represents the second example
f the latter that employs fully 3D nonlinear deforma-
ion fields. It is incidently also among the first examples
f multivariate statistical parametric mapping and
xtends common Hotelling’s T 2-Test (Cao and Worsley,
998; Thirion et al., 1997; Thompson et al., 1997;
orsley et al., 1996).
The applied nonlinear registration is based on the
inimization of squared intensity differences between

FIG. 4. The same T2-map as presented in Fig. 3 is sectioned in t
ame anatomical space. Section coordinates conform to Talairach atla
ellow are used for voxels found to be volume reduced in the brains o
re shown in blue. Significant differences are visible in the thalamus,
he images. It does not use landmarks or surfaces. w
mooth deformations are described by a linear combina-
ion of low spatial frequency basis functions. Hence,
ifferences in the deformations do not directly provide
nformation about different shapes or sizes of anatomi-
al structures and may only partly coincide with these
eatures. To further characterize these deformation
ifferences, the Jacobian determinant was used as a
ocal measure whether the change is due to volume
nlargement or reduction. This may be helpful to
isualize in an explorative way differences in mean
olume change between both groups and to distinct
etween areas caused mainly by growing or shrinking
f local volume.
Our proposed multivariate general linear model can

e applied to any deformation-based method (for an
verview of nonlinear warping, see Toga and Thomp-
on, 1999). It accommodates most forms of experimen-
al designs such as subtractive, parametric, and facto-
ial designs and is only restricted to the number of the
ovariates of interest. Because the described transfor-
ation to the T 2-distribution (Eq. 8) is valid only for
H 5 1 (if matrix X1 has rank 1), we can use one

ovariate of interest. Thus, we can model the compari-
on of two populations or the relationship to one
ariable in a population. For more complex designs
here mH 5 2, we can transform L to the F-distribu-

ion. But for higher values of mH there exist only
pproximations to F- or x2-distributions.
It should be kept in mind that the estimation of

-values of the structural differences presented in this

e orthogonal planes and superimposed on the template image of the
5 210 mm, y 5 210 mm, and z 5 2 mm. Colors ranging from red to

hizophrenics compared to controls. Voxels with volume enlargement
ht putamen, left superior temporal gyrus, and left lingual gyrus.
hre
s: x
f sc
ork is only valid when combined with an a priori
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112 GASER ET AL.
natomical hypothesis. In our case, we clearly specified
he hypothesis of prefrontal–thalamic–cerebellar cir-
uitry (Andreasen et al., 1998), which is a well-known
ypothesis in schizophrenia research.
Generally, to use our method for an exploratory study

f structural changes without an a priori anatomical
ypothesis, one has to adjust the estimated P-values to
ccount for the multiple comparison problem. Cao and
orsley (1998) have proposed a method to estimate

hese adjusted P-values based on the Euler characteris-
ic of the excursion set of the Hotelling’s T 2-test near
ocal extrema. The application of this technique on a
unction of our assessed deformation fields would yield
djusted P-values for voxel height inference levels.

pplication to Schizophrenia Research

Alterations of brain structures in schizophrenics
ave received particular attention in both neuropatho-

ogical postmortem and in vivo neuroimaging studies.
n spite of the inconsistencies mentioned, the prefron-
al cortex has long been the focus of these investiga-
ions. However, most imaging studies have assessed
nly the volume of the whole frontal lobe or the volume
f gray and white matter. They are incapable to distin-
uish between different subregions or even single gyri.
ence, subtle changes in subregions or diffuse spatial
lterations could not be detected in these studies.
The thalamus, on the other hand, has recently gained

ncreasing interest. Although the relatively indistinct
oundaries in MRI impose difficulties on measure-
ents, MRI studies have reported changes in this

tructure (Andreasen et al., 1994; Buchsbaum et al.,
996). In line with Andreasen’s study, we found not only
olume reduction in the thalamus itself, but also vol-
me increase in the adjacent white matter. This sug-
ests a compensatory process due to reduced thalamic
olume.
Apart from these results, this is the first major

tructural MRI study to include a large sample to
emonstrate systematical morphometric alterations in
he cerebellum of schizophrenics. This is an important
nding, particularly in the light of increasing interest

n cognitive functions of the cerebellum (Leiner et al.,
995).
Taken together, the differences in every single node

f the prefrontal–thalamic–cerebellar circuitry indicate
disturbance in nodes of this network. The spatial

attern of structural abnormalities in our findings
rovides strong additional support to the ‘‘cognitive
ysmetria’’ theory, insofar as the central nodes of the
ostulated network were found to be reduced in schizo-
hrenics (for a detailed discussion of the psychiatric
mpact of these findings, see Volz et al., submitted).

The conclusion of our results are threefold: (i) We

ave demonstrated the application of nonlinear image T
egistration by detecting structural changes in the
hole brain. This technique is fully automatic, thus
llowing for the inclusion of large samples, with no user
ias or a priori-defined ROIs. (ii) The framework of the
ultivariate general linear model covers a vast range

f morphometric designs. Its application to other defor-
ation based techniques is straightforward and facili-

ates voxel based analysis of structural data. (iii) Our
ndings regarding the comparison between schizo-
hrenics and controls indicate a disturbance in the
odes of the prefrontal–thalamic–cerebellar circuitry

n schizophrenic patients.
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