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Abstract

The aim of the study was to investigate whether there is any structural evidence for the model of ‘cognitive
dysmetria’ in schizophrenia if an automatic whole-brain analysis method is used. High-resolution magnetic resonance
scans were obtained for 75 schizophrenic patients and 75 controls. These data were analysed using the recently
developed deformation-based morphometry allowing the assessment of volumetric differences without a priori
definition of regions of interest. When compared with controls, we found reduced volumes in patients with
schizophrenia in the frontal lobe (gyrus frontalis superior, medius and medialis), the temporal lobe (gyrus temporalis
superior and inferior), the thalamus, the left cerebellar hemisphere and the right cerebellar vermis. There was an
increase in volume in the right putamen. To date, this is the first structural magnetic resonance imaging study to
demonstrate that the three key-elements of the model of cognitive dysmetria — frontal lobe, thalamus, and
cerebellum — are reduced in volume in schizophrenic patients. This highlights the importance of this concept for
future investigations. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction are compared with controls. Segmentation studies
found subtle reductions in grey matter volume.

Volumetric investigations have presented con- However, the findings are far from being consis-
siderable evidence of cerebral pathology in schizo- tent, especially with regard to the sulci and the
phrenic patients. In their recently published cortical grey matter regions. Potential reasons for
quantitative review of structural MRI studies, these inconsistencies relate to the heterogeneous
Lawrie and Abukmeil (1998) conclude that, patient samples (e.g. age, sex, diagnostic sub-
besides an overall reduction of the whole brain groups, state of illness) and to the methodology
volume, reductions of both temporal lobes and the employed in volumetric analyses. Usually, the
amygdala–hippocampus-complex, as well as an respective brain structures are segmented by hand
increase in the lateral ventricles, are the most or semi-automatically slice by slice. This approach
robust findings when patients with schizophrenia is very labour-intensive and relies on the definition

of anatomical landmarks. Thus, in most studies* Corresponding author. Tel.: +49-3641-935284;
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hypotheses. It is probably due to the small number The purpose of the present study was to explore
of subjects that can be included in such labour- whether a novel whole-brain approach, which com-
intensive studies and also to the small differences pared high numbers of schizophrenic and control
between patients and controls that only small effect brains without predefined specific regions of inter-
sizes result. These effect sizes can be enhanced by est, would result in similar findings. This might
meta-analyses that were published recently (Raz provide further evidence to support the model of
and Raz, 1990; Ward et al., 1996; Lawrie and ‘cognitive dysmetria’.
Abukmeil, 1998; Nelson et al., 1998).

However, such studies have other methodologi-
cal drawbacks. An attempt to overcome these 2. Methods and materials
limitations is to employ techniques not requiring
prespecified regions of interest (Andreasen et al., 2.1. The sample
1994; Davatzikos et al., 1996; De Quardo et al.,
1996; Paus et al., 1996; Penhune et al., 1996; Haller A total of 75 schizophrenic in- and out-patients
et al., 1997; Iosifescu et al., 1997; Thirion and and 75 normal controls matched for sex and age
Calmon, 1997; Thompson et al., 1997; Wolkin (within a range of 5 years) participated in the
et al., 1998). For example, Andreasen et al. (1994) study. This population is part of a more extensive
used a fully automatic technique for image analysis investigation exploring the methodology of defor-
of magnetic resonance (MR) scans. They gener- mation-field-based volumetry (Gaser et al., 1999).
ated an ‘average brain’ of patients and controls. Diagnoses were made according to DSM-III-R
The two averaged brains were used to compare criteria after an unstructured interview (American
both groups. Using this methodology, the authors Psychiatric Association, 1987) by experienced
observed regional abnormalities in the thalamus research psychiatrists unaware of brain imaging
and the adjacent white matter, and to a minor data. They were confirmed by a careful review of
extent in the frontal, temporal and parietal regions

the patient charts. Psychopathology was deter-of the persons with schizophrenia. On the basis of
mined using the following scales: the brief psychiat-these findings and other results from positron
ric rating scale (BPRS; Overall and Gorham,emission tomography (PET) studies, Andreasen
1962), the scale for the assessment of positiveand coworkers hypothesized that connectivity is
symptoms (SAPS; Andreasen, 1984), and the scaledisturbed among nodes located in the prefrontal
for the assessment of negative symptoms (SANS;regions, the thalamic nuclei and the cerebellum. A
Andreasen, 1983). All subjects were screened thor-disruption in this circuitry might produce ‘cogni-
oughly for internal and neurological symptoms,tive dysmetria’, resulting in difficulties to prioritize,
and excluded if such symptoms existed.to process and to coordinate, as well as to respond
Participants were also excluded if they had ato information (Andreasen et al., 1994, 1996, 1998;
concurrent history of alcohol and/or substanceAndreasen, 1997). This hypothesis is in accordance
abuse, of severe head trauma, a neurological disor-with the suggestion that schizophrenia is not
der, or first-degree relatives with severe neurolog-caused by a single structural brain defect but by
ical disorders. A psychiatric examination was alsoalterations of critical neuronal networks, e.g. a
performed in controls. Subjects who showed anyfronto-striatal or fronto-temporal disturbance (e.g.
symptoms and those with a history of psychiatricBuchsbaum et al., 1992; Frith et al., 1995). This
disturbances were excluded. This was also the caseis inconsistent with ‘monotopical’ approaches of
if first-degree relatives suffered from a major psy-some structural MR imaging (MRI) studies, which
chiatric disorder. The study was approved by theattributed an isolated defect in a certain brain
ethical review board of the University of Jena.region to a single subsyndrome. Thus, hallucina-
After a complete description of the study, writtentions were thought to be linked to disturbances in
informed consent was obtained. The demographictemporal lobe structures, thought disorders to
and clinical characteristics of the patients andhippocampal abnormalities and negative symp-

toms to altered frontal structures. controls are given in Table 1.
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Table 1 effects of scalp differences. The nonlinear registra-
Demographic characteristics of schizophrenic patients and con- tion used afterwards is based on a regularized
trols (abbreviations: BPRS, brief psychiatric rating scale; minimization process of the residual squared signalSANS, scale for the assessment of negative symptoms; SAPS,

intensity difference between an image and a tem-scale for the assessment of positive symptoms)
plate of the same modality, assumed to be in

Variable Patient Controls Talairach-space. A linear combination of 11×
13×10 three-dimensional discrete cosine trans-

Subjects n (males/females) 75 (52/23) 75 (53/22)
form basis functions was estimated to perform thisAge (mean±SD, years) 34.71±10.45 31.2±9.0
registration (Ashburner and Friston, 1999).Illness duration (mean±SD, years) 8.07±7.85 –

As a result of this registration, we obtained aNumber of hospitalizations 3.76±3.62 –
BPRS (mean±SD) 47.77±11.11 – deformation field of each subject that defines a
SAPS (mean±SD) 20.67±17.87 – three-dimensional displacement vector in each
SANS (mean±SD) 45.29±22.10 – voxel. This vector describes the transformations

required to map a voxel of one brain onto its
corresponding position in the template. The statis-2.2. MRI scanning procedures
tical analysis of the deformation fields is based on
a multivariate general linear model. We used aAll MRI scans were performed on a 1.5 T
subtractive design with one confounding variablePhilips Gyroscan ACSII clinical scanner. The
(a constant vector for modelling the effect of equalheads of the participants were positioned in a head
means) to compare the groups of patients withcoil fixation device and were stabilized during the
schizophrenia and controls. The resultingscanning procedure by head supports. Spin–lattice
Hotelling’s T2-map was thresholded at a heightrelaxation time (T1)-weighted sagittal slices at 90°
of T2=17.38 (P=0.001) and a spatial extent ofto the anterior commissure–posterior commissure
k=72 voxels. To specify whether the change inline were obtained with a repetition time (TR)
each voxel was due to volume reduction or enlarge-

pulse sequence of 13.1 ms, an echo time (TE) pulse ment, we calculated the Jacobian determinant of
sequence of 4.6 ms, a 256×256 matrix size, and a the displacement vector (Gurtin, 1987).
256 mm field of view. The slices were 1 mm thick
and contiguous with no gaps.

3. Results
2.3. Data analysis

Significant volume differences in schizophrenic
Data were analysed with a newly developed patients compared with the control sample were

deformation-based morphometric approach detected in the following regions: frontal lobe,
(Gaser et al., 1999). Images were normalized using temporal lobe, basal ganglia, thalamus and cerebel-
the spatial normalization routines of SPM99b lar hemispheres. The following detailed description
(Ashburner and Friston, 1999). First, images were provides anatomical localizations. The respective
smoothed with an isotropic Gaussian kernel [ full Talairach-coordinates are presented in Table 2.
width at half maximum (FWHM) of 8 mm] and In the frontal lobe (Figs. 1 and 3) both hemi-
an affine transformation with 12 parameters was spheres were affected in schizophrenic patients.
applied to all images to normalize them to The gyrus frontalis medius (GFm) and the gyrus
Talairach space (Talairach and Tournoux, 1988). frontalis medialis (GFmed) were reduced on the
Since this transformation step is intensity based, right side, whereas it was the gyrus frontalis supe-
no predefined surface points or landmarks are rior (GFs) on the left side.
necessary (Friston et al., 1995). The transformed In the temporal lobe (Figs. 1–3) the gyrus tem-
images were resized to a voxel size of 2 mm and poralis superior (GTs) was found to be bilaterally
scalp-edited by masking with a probability image reduced in the patient sample. On the left side, the
of cerebral tissue. Thus, extracerebral parts of the insula was also altered, and on the right side the

gyrus temporalis inferior (GTi).brain were excluded to eliminate the confounding
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Table 2
Resulting T2-values of the comparison between 75 schizophrenic patients and 75 controls. Tabular data characterize regions exceeding
a height of T2=17.38 (P=0.001) and spatial extent of 72 voxels. The location of the maximal T2-value in each region is given with
the size of the region and maximal height. Coordinates conform to the Talairach and Tournoux (1988) atlas. The global maxima in
each region are in normal type, whereas the local maxima are in bold type. The footnotea specifies the thresholds and parameters
used relating to this analysis (abbreviations: GFm, gyrus frontalis medius; GFmed, gyrus frontalis medialis; GFs, gyrus frontalis
superior; GTi, gyrus temporalis inferior; GTs, gyrus temporalis superior)

Cluster size k Voxel heightb T2 x (mm) y (mm) z (mm) Anatomical regions

1247 33.73 −22 −4 8 left thalamus, perithalamic white matter
21.41 −46 −6 6 left insula/GTs

330 32.25 −48 −48 −44 left cerebellum
86 29.58 50 −6 −48 right Gti
164 27.79 6 56 −10 right GFmed
387 27.44 −26 36 52 left GFs
159 26.73 2 50 54 right GFmed

25.82 2 38 62 right GFmed
246 25.85 24 4 44 right GFm
134 25.80 44 −8 −10 right GTs
227 25.23 30 10 2 right putamen
363 22.02 16 −12 6 right thalamus

19.44 6 −14 6 right thalamus
80 19.97 4 −62 −50 right cerebellum (vermis)

a Height threshold T2=17.38, P=0.001. Volume S=240 679 voxels. Extent threshold k=72 voxels. Degrees of freedom due to
error: 3.0, 146.0. Smoothness FWHM (mm): 19.7, 20.0, 19.4; (voxels) 9.8, 10.0, 9.7.
b Owing to the application of a multivariate analysis we have listed the voxel height as a T2-value, which is the multivariate

equivalent to the T-value.

The thalamus (Figs. 1 and 2) was the region 75 controls. Volume reductions were found in the
frontal/prefrontal cortex, the GTs, the thalamusexhibiting the greatest differences between controls

and patients with schizophrenia. In patients, a and the cerebellum, and there was an increase of
volume in the putamen. These findings werevolume reduction was present bilaterally, but it

was more pronounced on the left side. obtained by a novel whole-brain analysis method
with no prespecified regions of interest. BeforeInterestingly, in the white matter dorsally adjacent

to the thalamus, a volume increase in patients discussing the potential functional impact of these
results, we would like to make some methodologi-became evident on both sides, but was more pro-

nounced on the left side. cal remarks and to compare our results with prior
findings.Regarding the basal ganglia (Figs. 1 and 2), the

putamen was affected. In patients there was an So far, the ‘gold standard’ for volumetric analy-
sis has been manual ROI segmentation. However,increase in volume on the right side.

In the cerebellum (Figs. 1 and 3), a volume our new approach offers some methodological
advantages. It describes subtle changes within areduction in the left hemisphere, to a smaller

degree also in the right vermis, was apparent in given structure, e.g. parts of the gyrus frontalis
medius or parts of the gyrus temporalis superior.the group with schizophrenia.
These subtle changes are detectable because of the
increased sensitivity and resolution of the deforma-
tion-field-based method compared with manual4. Discussion
segmentation procedures. Using manual segmenta-
tion procedures volume changes can only beThe main findings of the present investigation

are as follows. There were structural brain alter- detected in rather big brain regions, like the frontal
lobe of the dorso-lateral prefrontal cortex (withations in 75 schizophrenic patients compared with
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Fig. 1. Result of the comparison between 75 schizophrenic patients and 75 controls. The T2-map is displayed as maximum intensity
projections in sagittal, coronal and transverse planes. The structural differences were obtained by statistical analysis of deformations
required to match the template brain onto each object brain. The map thresholds at a height of T2=17.38 (P=0.001) and spatial
extent of k=72 voxels. Red/yellow colour was used for voxels found to be volume-reduced in schizophrenic patients. The space
conforms to Talairach and Tournoux (1988).

more or less arbitrarily defined boundaries). validity. In this respect, the alterations described
are both meaningful and understandable in theMoreover, such volume changes will only be

apparent if either the whole brain region concerned light of predescribed results and well-known
theories concerning the etiopathogenesis ofis diffusely volume-reduced or if the volume reduc-

tion of the critical substructure is pronounced schizophrenia.
The increased sensitivity of the transformationenough so as to reduce the whole brain region

concerned. procedures used is directly dependent on the vari-
ance of the deformation. This variance is homoge-Since our method is more sensitive and able to

measure alterations in parts of the structures, its neously distributed within each type of tissue.
Among the different tissues, variance is smallest inresults cannot adequately be compared with those

of manual ROI segmentation. Thus, the problem the white matter, followed by the grey matter. The
highest variance, and thus the smallest sensitivity,of validation can only be solved by using the face
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Fig. 2. The T2-map presented in Fig. 1 is sectioned in three orthogonal planes and is overlaid on the template of the same anatomical
space. The coordinates of the sections conform to the atlas of Talairach and Tournoux (1988): x=−16 mm, y=−10 mm, and z=
4 mm. The colour scale is arbitrary (red/yellow colour was used for voxels found to be volume-reduced in schizophrenic patients
compared with controls, whereas voxels with volume enlargement are shown in blue).

is present in the cerebro-spinal fluid. This might 1990). In a meta-analytical study, Lawrie and
Abukmeil (1998) state that the overall medianbe the reason why we have not been able to detect

the most robust finding in previous studies explor- volume reduction of the frontal lobe is only slightly
greater than that for the whole brain. Our resultsing brain volume differences between schizophrenic

patients and controls, i.e. enlarged third (and favour the findings of this meta-analysis as we also
found volume reductions in the frontal lobes.lateral ) ventricle volumes.

After these methodological comments, the However, the question of whether the substruc-
tures within the frontal lobe are similarly affectedresults presented will be compared with published

morphometric findings. Various MRI studies have is of even greater importance. Our data demon-
strate that on the left side the GFs was affected,found a reduced volume of the frontal lobe

(Andreasen et al., 1986; Stratta et al., 1989; whereas on the right side the GFm and GFmed
were volume reduced. In most of the MRI studiesJernigan et al., 1991; Williamson et al., 1991; Raine

et al., 1992; Zipursky et al., 1992). Negative find- so far (with some exceptions, e.g. Schlaepfer et al.,
1994; Wible et al., 1997; Buchanan et al., 1998),ings were also obtained (Smith et al., 1987; Kelsoe

et al., 1988; Suddath et al., 1989; Andreasen et al., only the volume of the whole frontal lobe or the
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Fig. 3. The resulting T2-map of Figs. 1 and 2 is superimposed on the rendered surface of the template brain. Only the T2-values that
are less than 30 mm deep are shown.

volumes of the grey and white matter were mea- have inadvertently obscured possible differences
between groups. Our results, therefore, are well insured, not the volumes of different subregions or

even a single gyrus. Therefore, such subtle differ- line with the majority of reports showing volume
decreases in the GTs.ences in volume reduction between the left and

right sides could not be detected. With respect to the thalamus, current results
are as inconsistent as those for the frontal lobe.Volume decreases of the temporal lobe are

among the most robust MRI structural findings Some MRI studies have reported significant reduc-
tions of thalamic volume (Andreasen et al., 1990,when patients with schizophrenia are compared

with controls. However, even for this brain region, 1993, 1994; Flaum et al., 1995; Buchsbaum et al.,
1996), although these findings could not be repli-some studies could not find a difference between

schizophrenic patients and controls (Lawrie and cated in another study (Portas et al., 1998). Portas
et al. (1998) suggested that significant differencesAbukmeil, 1998). Results concerning the GTs are

more clear-cut. Ten MRI studies have investigated between persons with schizophrenia and controls
only emerge when single specific thalamic nucleithe GTs. Eight of these studies reported GTs

volume reductions (Barta et al., 1992; Shenton are considered. The study of Buchsbaum et al.
(1996) supported this suggestion. They did notet al., 1992; DeLisi et al., 1994; Schlaepfer et al.,

1994; Zipursky et al., 1994; Flaum et al., 1995; find a total thalamic volume reduction in schizo-
phrenic patients compared with controls; they onlyMenon et al., 1995; Hajek et al., 1997), whereas

two studies did not (Vita et al., 1995; Kulynich found a significant reduction of the right posterior
and left anterior regions. Andreasen et al. (1994)et al., 1996). Barta et al. (1992) and Shenton et al.

(1992) described left GTs volume reductions and also described a similar pattern of the thalamic
volume reduction. We found abnormalities of thesuggested a connection with occurrences of audi-

tory hallucinations and thought disorders. Both right and left posterior and anterior regions. These
anterior thalamic areas comprise mainly the dor-negative studies did not segment grey and white

matter of the GTs separately and, therefore, may somedial and anterior thalamic nuclei, which are
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primary thalamic subregions that connect with the were able to demonstrate that the caudate of
patients with childhood-onset schizophrenia whoprefrontal cortex. Interestingly, Andreasen et al.

(1994) found differences in the white matter adja- had been treated with typical neuroleptics was
increased compared with controls. After 2 years ofcent to the thalamus. Here we detected a left-sided

pronounced volume increase, which may suggest treatment with the atypical neuroleptic clozapine
there were no more differences compared witha compensatory process due to a reduced thalamic

volume. Thus, in schizophrenic patients the white controls. This shows that the previous increase
had been caused by the treatment with typicalmatter projections from the thalamus to the pre-

frontal cortex seem to be changed. neuroleptics and was reversible when patients
received atypicals for a certain time period.Changes in the basal ganglia could be detected

in several studies [Kelsoe et al., 1988; Mion et al., Unfortunately, in this study, other basal ganglia
structures were not analysed. Our findings regard-1991; Young et al., 1991; for a review see Chua

and McKenna (1995)]. However, Jernigan et al. ing the putamen might also be explained by a
developmental deficit in pruning of subcortical(1991) presented MRI data of enlarged lenticular

nuclei (putamen and globus pallidus), Swayze et al. brain regions (Feinberg, 1982), by a delayed or
failed neuronal reinervation (Stevens, 1992) or by(1992) found increased putamen volumes in male

schizophrenic patients compared with controls. a compensatory increase in synaptic density
secondary to a decreased input from other brainElkashef et al. (1994) reported on volume increases

of putamen and globus pallidus. Interestingly, the regions like the sensorimotor, cingulate, prefrontal,
and insular cortices and from the amygdalaputamen was, as in our study, only increased on

the right side in patients. Hokama et al. (1995) (Graybiel, 1990). An altered structure of the puta-
men might, therefore, account for many of thewere the first to use thin adjacent slices with no

gaps and separate segmentation of globus pallidus, schizophrenic symptoms.
For many years the cerebellum was regarded asputamen and caudate. In this investigation, all

segmented basal ganglia structures were found to solely involved in motor functions. Recently, a
major role regarding cognition has also been dis-be increased, ranging from 9.5% volume increase

for the caudate and 15.9% for the putamen to cussed (e.g. Leiner et al., 1995). Only a few struc-
tural MRI studies on the cerebellum have been27.4% for the globus pallidus. This result was

confirmed by Iosifescu et al. (1997), who compared published, most of them describing no difference
in vermal size between schizophrenic patients andan automated registration algorithm for measuring

subcortical brain structures with conventional controls (Mathew and Partain, 1985; Coffman
et al., 1989; Courchesne et al., 1989; Nasrallahsegmentation.

As for the reasons for volume increase, two et al., 1991; Aylward et al., 1994). Rossi et al.
(1993) described a smaller area in male ratherexplanations have to be taken into consideration:

(i) the effect of chronic neuroleptic medication, than in female persons with schizophrenia. MRI
studies of the whole cerebellar volume have foundand (ii) disturbed pruning processes. Animal

studies (Benes et al., 1985) have demonstrated that a lower volume in male compared with female
schizophrenic patients (Flaum et al., 1995), aincrease in neuronal size and synaptic proliferation

can be caused by chronic neuroleptic treatment. significantly lower white matter volume of both
cerebellar hemispheres and lower volumes of lob-Our patients, and those of Elkashef et al. (1994),

Hokama et al. (1995) and Iosifescu et al. (1997), ules IX and X of the vermis in male schizophrenic
patients compared with sex-matched controlsand also probably those of Jernigan et al. (1991)

and of Swayze et al. (1992), were on continuous (Deshmukh et al., 1996) and even a larger volume
of a combined cerebellum/brainstem measure inneuroleptic medication. Regarding the caudate,

Chakos et al. (1994) were able to show that male patients (Lewitt et al., 1996). Recently, it
could be demonstrated that adolescent schizo-enlargement occurs early in the course of treat-

ment, but this could not be demonstrated in drug phrenic patients with childhood-onset exhibited
decreased volumes in total cerebellum and of thenaive schizophrenic patients. Frazier et al. (1996)
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inferior posterior lobe along with volume reduction cerebellum, is the whole disturbed information
pathway evident. Cognitive dysmetria results inof the vermis (Jacobsen et al., 1997a). In the right

cerebellum DeLisi et al. (1997) described a statis- difficulties in coordination, processing, prioritiza-
tion, retrieval, and expression of information. Thistically significantly enhanced volume decrease over

time in persons with schizophrenia compared with fundamental deficit might explain, according to
Andreasen (1997), the entire spectrum of schizo-controls. In our study, a quite pronounced volume

reduction on the left cerebellar hemisphere became phrenic symptoms such as delusions, hallucina-
tions, disorganized speech and behaviour, alogia,evident. This structural finding fits in with the 15

O H2O-PET results of Andreasen et al. (1996). affective blunting or avolition and anhedonia
(Andreasen et al., 1998).During ‘practised recall’ a significantly decreased

activation of the left superior cerebellum became In addition to the concept of Andreasen, we
also found volume reductions of the GTs, whichevident in schizophrenic patients compared with

controls. A similar effect was found with might, as already mentioned, be of critical impor-
tance for the generation of (auditory) hallucina-carbon-11-2-desoxyglucose-PET at rest by Volkow

et al. (1992), whereas Jacobsen et al. (1997b) tions (e.g. Silbersweig and Stern, 1996).
To our knowledge, our study is the first struc-described a bilaterally increased cerebellar meta-

bolic rate of 18F-fluordesoxyglucose in childhood- tural investigation demonstrating simultaneously
that the three key elements of the responsibleonset patients with schizophrenia performing the

continuous performance test. network — prefrontal cortex, thalamus and cere-
bellum — are volume reduced in schizophrenicOur main findings, i.e. the volume reduction in

prefrontal areas, thalamic nuclei, and the cerebel- patients compared with controls.
lum, are well in line with the results of Andreasen
et al. (1994) and corroborate their hypothesis of
a disturbed feedback loop that involves the frontal
regions, the cerebellum and the thalamus References
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