
ORIGINAL ARTICLE

Reduction of cerebellar grey matter in Crus I and II
in schizophrenia
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Abstract Structural deficiencies within the cerebellum

have been associated with schizophrenia. Whereas several

region-of-interest-based studies have shown deviations in

cerebellar volume, meta-analyses on conventional whole-

brain voxel-based morphometry (VBM) studies do not

implicate abnormalities in the cerebellum. Since this dis-

crepancy could be due to methodological problems of

VBM, we used a cerebellum-optimized VBM procedure.

We acquired high-resolution MRI scans from 29 schizo-

phrenia patients and 45 healthy controls and used a VBM

approach utilizing the Spatially Unbiased Infratentorial

toolbox (Diedrichsen in Neuroimage 33:127–138, 2006).

Relative to healthy controls, schizophrenia patients showed

reductions of grey matter volume in the left cerebellum

Crus I/II that were correlated with thought disorder

(p \ 0.05; one-sided) and performance in the Trail-making

test B (p \ 0.01). No cerebellar group differences were

detected employing conventional whole-brain VBM. The

results derived from the cerebellum analysis provide evi-

dence for distinct grey matter deficits in schizophrenia

located in Crus I/II. The association of this area with

thought disorder and Trail-making performance supports

the previously suggested role of the cerebellum in coordi-

nation of mental processes including disordered thought in

schizophrenia. The failure of conventional VBM to detect

such effects suggests that previous studies might have

underestimated the importance of cerebellar structural

deficits in schizophrenia.

Keywords Schizophrenia � Cerebellum � Voxel-based

morphometry � Thought disorder � Trail-making test B

Introduction

The potential role of the cerebellum in schizophrenia has

been highlighted by the ‘‘cognitive dysmetria’’ hypothesis

(Andreasen et al. 1996, 1999; Schmahmann 1991) which

suggests an impaired coordination of sensorimotor and

mental processes. In particular, cognitive dysmetria has

been related to thought disorders. Thought disorders, rather

than the more obvious signs, such as delusions and hallu-

cinations, have been described as a primary feature of

schizophrenia by Bleuler (1911). Previous studies reported

volumetric abnormalities of the cerebellum in patients suf-

fering from schizophrenia compared to healthy controls.

Most of the studies showed reductions in cerebellar volume

in patients (Barak et al. 2002; Heath et al. 1979; Nasrallah

et al. 1982; Weinberger et al. 1982) but, in contrast, some

others reported cerebellar volume increases (Keller et al.

2003; Levitt et al. 1999). The majority of the early volu-

metric studies used region-of-interest (ROI) analyses in

which total cerebellar volume or substructures of the cere-

bellum such as the vermis were delineated manually or

automatically. More recent studies relied on whole-brain

analyses using voxel-based morphometry (VBM), providing
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S. Kühn (&)

Department of Experimental Psychology, Faculty of Psychology

and Educational Sciences, Ghent Institute for Functional

and Metabolic Imaging, Ghent University, Henri Dunantlaan 2,

9000 Ghent, Belgium

e-mail: simone.kuhn@ugent.be

F. Schubert

Physikalisch-Technische Bundesanstalt (PTB),

Abbestr. 2-12, 10587 Berlin, Germany

123

Brain Struct Funct (2012) 217:523–529

DOI 10.1007/s00429-011-0365-2



a more exhaustive and unbiased assessment of structural

differences. Some of these VBM studies have reported cer-

ebellar abnormalities in schizophrenia patients (Chua et al.

2007; Venkatasubramanian 2010). Several quantitative

meta-analyses of VBM studies exploring structural changes

in brains of schizophrenia patients aimed at identifying

regions that were consistently found as being altered.

However, these analyses reported no convergence of evi-

dence within the cerebellum, neither in grey (Cheung et al.

2010; Fornito et al. 2009; Glahn et al. 2008) nor in white

matter (Di et al. 2009). This overall lack of convergence in

quantitative meta-analyses stands in sharp contrast to a more

consistent pattern in ROI-based analyses, which could be

explained by methodological problems. For VBM methods,

the small size of the subdivisions in the cerebellum poses a

particular challenge to inter-subject normalization (Died-

richsen et al. 2010). The results rely on accurate normali-

zation of cerebellum which has been shown to be suboptimal

in custom analyses (Diedrichsen 2006; Diedrichsen et al.

2009). Recently, a spatially unbiased template has been

introduced that addresses these problems. It improves the

overlap of the major fissures (e.g., the primary fissure) in the

cerebellum between subjects by reducing the spatial vari-

ance to one-third (Diedrichsen 2006). Therefore, the purpose

of the present study was to employ the Spatially Unbiased

Infratentorial (SUIT) toolbox (Diedrichsen 2006) in con-

junction with VBM in order to provide an optimized

assessment of structural alterations in the cerebellum

of schizophrenia patients and their association with the

psychopathology of thought disorders and cognitive

performance.

Methods

Participants

Twenty-nine schizophrenia patients were compared to 45

healthy control subjects. Demographic and additional data

describing patients and control subjects are presented in

Table 1.

Patients were recruited among inpatients (n = 13)

and outpatients (n = 16) of the Charité Department of

Psychiatry and Psychotherapy, Campus Mitte. To confirm

the initial previous diagnosis by an independent psychia-

trist, a Structured Clinical Interview for Axis I DSM-IV

Disorders (First et al. 1996) was performed by an experi-

enced senior consultant psychiatrist. 27 patients had been

treated with risperidone at the time of the scan (17 had

been treated \1 year, 7 longer than 1 year and 4 longer

than 5 years; mean dose 4.1 ± 1.56 mg). Three of the

patients received benzodiazepines additionally. The dura-

tion of illness was assessed as the time in years between the

first episode and the current investigation. Patients with

other psychiatric Axis I disorders were excluded.

Control subjects were recruited by means of newspaper

advertisements. According to personal interviews (Mini-

International Neuropsychiatric Interview, Sheehan et al.

1998) carried out by a psychiatrist, healthy subjects were

free of medical, neurological and psychiatric disorders.

Control subjects with a family history (first degree) of Axis

I disorder were excluded. In addition, exclusion criteria for

all subjects were abnormalities in the MRI, general medical

disorders, or other clinically relevant abnormalities. The

study was approved by the ethics committee of Charité

University Clinic Germany. After complete description of

the study, the subjects gave a written informed consent.

Symptom measurement and cognitive tests

To assess the severity of schizophrenia symptoms, we used

the Brief Psychiatric Rating Scale (BPRS, Overall and

Gorham 1962). We administered several cognitive tests

including the Trail-making test (TMT A and B, Reitan and

Wolfson 1996) providing information on visual search,

scanning, speed of processing, mental flexibility and

executive control; the Stroop task (Stroop 1935) a test of

Table 1 Demographic characteristics of schizophrenic patients and

healthy control subjects studied

Patients

(n = 29)

Healthy

controls

(n = 45)

Statistics

Variable Mean SD Mean SD v2/ta df p

Age (years) 27.6 6.8 31.3 7.7 -2.1 72 0.039

Gender (male/

female)

19/10 19/26 3.8 0.050

# Smokers/non-

smokers/

unknown

21/6/2 22/23 5.9 0.016

Cigarettes per day 14.2 11.6 6.7 9.2 3.0 72 \0.001

Age at disease

onset (years)

22.9 3.8

Duration of illness

(years)

3.8 4.1

BPRS anergia

subscore

11.0 4.2

BPRS thought

disorder

subscore

10.5 3.6

BPRS activity

subscore

7.4 2.9

BPRS sum 43.5 9.7

BPRS Brief Psychiatric Rating Scale
a Student’s t for age and education; v2 for gender and smokers/non-

smokers
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attentional and executive control; two word fluency test

(TWFT): naming animals (Goodglass and Kaplan 1972)

and naming words with the letter ‘‘S’’ (Thurstone 1938);

the continuous performance test (CPT, Mackworth and

Taylor 1963) assessing sustained and selective attention;

and a picture memory test (participants saw line drawings

of 20 known objects for 30 s and had to name those that

they remembered immediately after the 30 s).

Scanning procedure

MR measurements were carried out on a 3-Tesla scanner

(MEDSPEC 30/100, Bruker Biospin, Ettlingen, Germany).

T1-weighted images were acquired using MDEFT (modified

driven equilibrium Fourier transform, with TE = 3.8 ms,

TR = 20.53 ms; TI = 550 ms, nominal flip angle 30�; 128

contiguous slices, 1.5 mm thick; 1-mm inplane (x–y)

resolution).

Data analysis

First, study-specific templates were built to compensate

scanner specific contrast differences and non-uniformities

as well as demographic differences between our current

sample and the sample from which the standard Montreal

Neurological Institute (MNI) templates were created. By

means of the isolate function within the SUIT toolbox

(http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm,

Diedrichsen 2006), we isolated infra-tentorial structures,

namely cerebellum and brainstem, from the surrounding

tissue. Then a new prior probability distribution defined in

the SUIT space was used. Because of the improved ana-

tomical alignment, this prior probability distribution is

much more clearly defined than the one used in the first

iteration, therefore improving the classification results. The

segmented grey matter (GM) images were then normalized

to the SUIT template. A modulation of the segmented GM

probability map was undertaken to compensate for volume

changes during the spatial normalization by multiplying the

intensity value in each voxel with the Jacobian determi-

nants. Finally, the resulting GM probability images were

smoothed with a 4 mm full-width half maximum (FWHM)

kernel in SPM5 to satisfy the Gaussian distribution

assumption for statistical analysis of regional differences.

The use of the small 4 mm smoothing kernel is in line with

previous publications that focussed on cerebellum VBM by

means of the SUIT toolbox (D’Agata et al. 2011; Fan et al.

2010). All images were visually inspected to ensure that

the pre-processing steps were successful and that the

quality of each image was acceptable for subsequent

analysis. Because we found significant differences in age,

cigarettes per day and the distribution of sex between

patients and healthy controls (Table 1), we controlled for

brain volume (cerebellum and brainstem) age, sex and

cigarettes per day in our analysis. The resulting maps were

thresholded with p \ 0.001 and cluster size corrected by

means of Monte Carlo simulation. Accordingly, significant

effects were reported when the volume of the cluster was

greater than the minimum cluster size determined by

Monte Carlo simulation on the cerebellum GM volume

([120 voxels), above which the probability of type I error

was below 0.01 (AlphaSim, Ward 2000). Anatomical

localizations (i.e., cerebellar lobules) were determined by

the probabilistic MRI atlas of the human cerebellum

developed by Diedrichsen et al. (2009).

In order to compare our cerebellum results to those of

common whole-brain VBM analyses we computed the same

analysis (controlling for age, sex, cigarettes per day and brain

volume) on GM maps based on the optimized VBM proce-

dure. This procedure spatially normalizes GM-segmented

images to a standard space by matching images to their GM

template (Good et al. 2001). We used the same smoothing

kernel of 4 mm FWHM as in the previous analysis but a

lenient threshold of p \ 0.001 (uncorrected), in order to

obtain a high sensitivity in detecting GM effects in the

cerebellum.

We extracted the GM volume of each participant within

the regions of significant difference between schizophrenia

patients and healthy controls (in left Crus I/II) by means of

MarsBaR (http://marsbar.sourceforge.net). The correlation

analysis for cerebellar volume deficit regions and clinical

or cognitive parameters was performed using Pearson’s

correlation test.

Results

To explore structural differences between schizophrenia

patients and healthy control subjects in the cerebellum we

contrasted the GM volume maps against one another. We

controlled for age, sex, brain volume and cigarette con-

sumption. We found that schizophrenia patients had lower

GM volume than healthy controls in left cerebellum Crus

I/II (-36, -64, -48, cluster size 505 voxels, cluster cor-

rected at p \ 0.01, Fig. 1). There were no regions where

GM volume was significantly increased in schizophrenia

patients compared to healthy controls.

In order to relate the cerebellar abnormality to clinical

symptoms, we correlated GM volume in Crus I/II with the

factor thought disorder of the BPRS. We found a negative

correlation between thought disorder and left Crus I/II

[r (26) = -0.383, p \ 0.05, one-sided, Fig. 2]. There were

no significant correlations between left Crus I/II and other

factor scores of the BPRS.

Since cerebellar volume has been associated with cog-

nition, we aimed at exploring whether reduced GM volume
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in Crus I/II is correlated with cognitive performance

measures in schizophrenia patients. We found a significant

positive correlation between the percent rank in TMT B

and GM volume in left Crus I/II [r (26) = 0.55, p \ 0.01,

Fig. 3], indicating that slower performance was associated

with less GM volume but not for TMT A [r (26) = -0.03,

p = 0.90]. Both correlation coefficients are significantly

different from one another (z = 2.2, p \ 0.05; Hinkle et al.

1988).

To compare the results of our cerebellum-optimized

VBM procedure to regular whole-brain VBM results in the

cerebellum, we analyzed our data with an optimized VBM

protocol (Good et al. 2001) but with the same smoothing

kernel as in the cerebellum-optimized analysis. In line with

several meta-analyses on VBM GM changes in schizo-

phrenia (Cheung et al. 2010; Fornito et al. 2009; Glahn

et al. 2008), we found no increases or reductions in GM

volume in the cerebellum in this analysis (p \ 0.001,

uncorrected). No cluster corrected results were found in the

whole-brain VBM analysis outside the cerebellum.

Discussion

The present study focussed on structural alteration in cer-

ebellum of schizophrenia patients as compared to healthy

controls using a cerebellum-optimized VBM protocol that

allows a highly sensitive investigation of cerebellar GM

volume. The results show a volume deficit in a particular

region of the left Crus I/II in schizophrenia patients pre-

dicting the amount of thought disorder in the current psy-

chopathology and performance in the TMT B.

Previous studies that have segmented the entire cere-

bellum or large substructures of the cerebellum, manually

or automatically, frequently reported decreases in cere-

bellar volume in schizophrenia patients (for an overview:

Andreasen and Pierson 2008; Konarski et al. 2005; Picard

et al. 2008). A disadvantage of these ROI-based approaches

is that the localization within the cerebellum is not very

precise; the results are reported mostly for the entire cer-

ebellar hemisphere or vermis.

Recent advances in the analysis of structural brain

images introduced whole-brain VBM methods that test for

local differences in GM volume on the whole brain level.

Fig. 1 Significant cluster of cerebellar grey matter volume reduction

in left Crus I and II (blue; -36, -64, -48) in schizophrenic patients

compared to healthy controls (p values corrected for multiple

comparisons, p \ 0.01). Top coronal slice, bottom left sagittal slice,

bottom right 3D rendering of the cerebellum

Fig. 2 Scatter plot of grey matter volumes extracted from left Crus

I/II and BPRS thought disorder subscale [r (26) = -0.383, p \ 0.05,

one-sided] in schizophrenic patients

Fig. 3 Scatter plot of grey matter volumes extracted from left Crus

I/II and Trail-making test B [r (26) = 0.55, p \ 0.01] in schizo-

phrenic patients
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Although some studies reported VBM findings in the cer-

ebellum of schizophrenia patients (Chua et al. 2007;

Venkatasubramanian 2010) the localization of these

abnormalities seems to be inconsistent. Quantitative meta-

analyses testing for consistent findings across whole-brain

VBM studies comparing grey and white matter in schizo-

phrenia patients against healthy controls failed to find

overlap in the cerebellum (Cheung et al. 2010; Fornito

et al. 2009; Glahn et al. 2008; Di et al. 2009). The VBM

results highly depend on accurate normalization. This is

problematic for results in the cerebellum, because espe-

cially the normalization of the cerebellum and brainstem

has been shown to be difficult in custom neuroimaging

analysis (Diedrichsen 2006; Diedrichsen et al. 2009).

Our results are in line with these methodological con-

siderations: we found no differences in the cerebellum

when processing the structural images according to a

common optimized VBM procedures (Good et al. 2001),

but we found clear differences when using a cerebellum-

optimized VBM procedure (based on the SUIT toolbox,

Diedrichsen 2006). The observed reduction of GM volume

in left Crus I/II of the cerebellum in schizophrenia patients

is in accordance with previous ROI-based studies that

reported reductions in the entire cerebellum (Barak et al.

2002; Nasrallah et al. 1982; Weinberger et al. 1982; Keller

et al. 2003). A recent study that explored regional cere-

bellar differences between first-episode schizophrenic

patients and controls using cortical pattern matching

(Rasser et al. 2010) reports more widespread group dif-

ferences within the cerebellum including the region of

difference, which we observed within Crus I/II.

The absence of whole-brain VBM differences in the

cerebrum could be due to our moderate sample size and is

at least partly in line with the fact that some studies report

GM volume decreases in schizophrenic patients, but others

report increases (Glahn et al. 2008; Honea et al. 2005) and

the regions in which alterations have been observed are

diverse (Honea et al. 2005).

Although the role of the cerebellum has traditionally

been seen in the coordination of motor functions, recently

non-motor functions such as cognition and emotion have

been associated with the cerebellum (Strick et al. 2009). In

particular, Crus I and II have been related to cognitive

functions. A meta-analysis on functional neuroimaging

studies with healthy participants has associated Crus I with

verbal working memory and executive functions (Stoodley

and Schmahmann 2010). Studies comparing cerebellar

activity of schizophrenia patients and healthy controls

demonstrated reduced activity during recall of facial pic-

tures (Andreasen and Pierson 2008), working memory

(Walter et al. 2007) and recall of practiced wordlists

(Crespo-Facorro et al. 1999) in close proximity to the

region in which we found GM volume reductions. The

‘‘cognitive dysmetria’’ hypothesis (Andreasen et al. 1996,

1998, 1999) assumes that the cerebellum of schizophrenia

patients is less efficient in error detection and in relaying

updated information to the cerebral cortex, thus causing

symptoms like disordered thought, hallucinations and

deficiencies in cognitive task performance.

Based on these functional associations between Crus I/II

and cognition and based on the ‘‘cognitive dysmetria’’

hypothesis, we explored correlations between the GM vol-

ume within left Crus I/II and symptoms of the BPRS as well

as several cognitive tasks within the sample of schizophrenia

patients. We found a negative correlation with the symptom-

scale thought disorder. The term thought disorders is used

to describe patterns of disordered language use that are

presumed to reflect disordered thinking. The language is

characterized by abnormalities, such as tangentiality, neol-

ogisms, flight of ideas, paraphrasias and private use of words

(Andreasen 1997). In schizophrenia formal thought disorder

has been related to impairments in semantic and executive

components as well as self monitoring during language

processing (Kerns and Berenbaum 2002). Previous studies

have reported associations between thought disorder and

cerebellum in schizophrenia patients. Levitt et al. (1999)

found a positive correlation between vermis white matter

volume and symptoms of thought disorder. Kircher et al.

(2001) reported a positive correlation between neural

activity of patients while talking about Rorschach inkblots in

cerebellar vermis and formal thought disorder. The associ-

ation between cerebellar abnormalities and formal thought

disorder is in accordance with assumptions of the ‘‘cognitive

dysmetria’’ hypothesis suggesting that online monitoring of

thoughts is impaired or mistimed, leading to a disruption of

fluid and coordinated sequences of thought (Andreasen

1999). But the correlation observed does not survive Bon-

ferroni correction when accounting for multiple testing.

Future research is needed to explore the relationship between

cerebellar volume and thought disorder a priori.

Furthermore, we found that better performance in the

Trail-making B test was associated with higher GM vol-

ume in left Crus I/II. Being one of the common neuro-

psychological tests to assess the executive function of

mental set shifting, the TMT B is required to search for and

connect targets containing digits and letters with a pencil in

ascending order, alternating between digits and letters. In

order to exclude that the observed results are due to neu-

rological soft signs that have been reported in schizo-

phrenia (Chan and Gottesman 2008; Dazzan et al. 2008;

Gupta et al. 1995), we compared the results to the associ-

ation between Crus I/II and TMT A. TMT A involves the

connection of targets but consisting of digits only, so that

the task switching component is absent but the motoric

component is present as well. Interestingly, we only found

a significant association between GM in Crus I/II and the
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TMT B, not TMT A. Hence, we conclude that the observed

association is based on the task switching and therefore

cognitive components not on the motoric component of the

task. Impaired performance in schizophrenia has been

reported at different stages of illness (Bilder et al. 2000;

Liddle and Morris 1991; Riley et al. 2000) as well as for

healthy relatives of schizophrenia patients (Franke et al.

1993), suggesting the test’s potential as a vulnerability

marker. The association of this behavioral vulnerability

marker with the GM volume reduction in left Crus I/II

indicates its possible role in schizophrenia.

To conclude, the uncovering of effects with the cere-

bellum-optimized procedure, in contrast to the failure of a

common whole-brain VBM analysis to detect such effects,

suggests that previous studies exploring structural abnor-

malities might have underestimated the importance of

alterations in the cerebellum of schizophrenia patients.

Further research on larger samples of schizophrenia

patients is needed to establish connections between thought

disorder, cognitive task performance and localized cere-

bellar GM volume reductions.
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