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Cerebellar dysfunction has been proposed to lead to “cognitive dysmetria” in schizophrenia via the cortico-
cerebellar-thalamic-cortical circuit, contributing to a range of cognitive and clinical symptoms of the disorder. Here
we investigated total cerebellar grey andwhitematter volumes and cerebellar regional greymatter abnormalities in
13 remitted first-episode schizophrenia patients with less than 2 years’ duration of illness. Patient data were
compared to13pair-wiseage, gender, andhandedness-matchedhealthyvolunteersusing corticalpatternaveraging
on high-resolution magnetic resonance images. Total cerebellar volume and total grey matter volumes in first-
episode schizophrenia patients did not differ from healthy control subjects, but total cerebellar white matter was
increased and total grey to white matter ratios were reduced in patients. Four clusters of cerebellar grey matter
reduction were identified: (i) in superior vermis; (ii) in the left lobuli VI; (iii) in right-inferior lobule IX, extending
into left lobule IX; and (iv) bilaterally in the areas of lobuli III, peduncle and left flocculus. Greymatter deficits were
particularly prominent in right lobuli III and IX, left flocculus and bilateral pedunculi. These cerebellar areas have
been implicated in attention control, emotional regulation, social functioning, initiation of smooth pursuit eye
movements, eye-blink conditioning, language processing, verbal memory, executive function and the processing of
spatial and emotional information. Consistent with common clinical, cognitive, and pathophysiological signs of
established illness, our findings demonstrate cerebellar pathology as early as in first-episode schizophrenia.
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Introduction

Cerebellar dysfunction in schizophrenia has gained substantial
attention in recent years (e.g., Andreasen and Pierson, 2008; Picard
et al., 2008, for a review) and led to the notion of “cognitive dysmetria”—a
syndromecharacterisedbyneurological soft signs, impairedcoordination,
abnormal posture and proprioception, impaired eye-blink conditioning,
vestibulo-ocular dysadaptation, and poor performance on procedural
learning tasks. Post mortem micro- and macroscopic investigations
identified the vermis region as most affected in schizophrenia. In their
early studies,Weinberger andcolleagues (1980) reportedanterior vermal
atrophy accompanied by Purkinje and granule cell loss, thus resulting in
thinning of the granular and molecular layers (Martin and Albers, 1995,
for review). These early postmortem findings are consistentwith reports
derived from in vivobrain imaging researchconfirmingvermal atrophyby
computerised tomography (e.g., Weinberger et al., 1979; Heath et al.,
1979; Lippmann et al., 1982; Dewan et al., 1983) andmagnetic resonance
imaging (MRI; e.g., Rossi et al., 1993; Nopoulos et al., 1999; Volz et al.,
2000; Ichimiya et al., 2001; Loeber et al., 2001; Joyal et al., 2004;Okugawa
et al., 2002, 2003, 2007). More recent reports also suggest an altered
proportional relationship of vermal grey towhitematter in schizophrenia
(e.g., Lawyer et al., 2009).

Meta-analysis of voxel-based morphometry data by Honea and
colleagues (2005) conducted on 15 studies with a total of 390 patients
and 364 healthy volunteers confirmed predominantly left-hemispheric
cerebellar atrophy in schizophrenia. However, two studies did not
include the cerebellum and only four studies independently reported
significant cerebellar atrophy. Posterior cerebellar atrophy and in-
creased greymatter in themedial cerebellum and culmenwas detected
in a sample of 169 patients from the National Institute of Mental Health
Genetic Study of Schizophrenia when comparing patient MRI data with
data from 212 healthy volunteers by optimised voxel-based morphom-
etry (Honea et al., 2008). Left cerebellar atrophy was also reported for
213 unaffected siblings, although this finding was not confirmed by
intra-class correlation analysis conducted on 116 sibling pairs.
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MRI studies have also investigated structural/functional relation-
ships and, for instance, have shown that cerebellar atrophy is linked to
impaired motor sequencing (Venkatasubramanian et al., 2008). Other
research has linked cerebellar dysfunction to neurological soft signs,
abnormal posture and gait in schizophrenia (Andreasen and Pierson,
2008, for review). Moreover, functional brain imaging research has also
provided some evidence for a cerebellar contribution to neurocognitive
impairment in schizophrenia (see Picard et al., 2008, for review).

Clinical lesion studies (Schmahmann et al., 2008) suggest that
abnormal vermal-fastigial function can contribute to delusion symptoms,
impaired control of attention and affect, and social dysfunction (including
autistic spectrum symptoms and impaired Theory of Mind performance)
via interactions with the anterior thalamic nuclei, hippocampus, septum,
amygdala, ventral tegmental area, periaqueductal grey and mamillary
bodies relevant for memory and emotion. This spectrum of putatively
cerebellarpsychopathology is largely consistentwith someof thedefining
symptoms of schizophrenia, such as psychosis, inattention,flat affect, and
social withdrawal.

When investigating associations of neurocognitive function with
cerebral structure, Segarra and colleagues (2008) reported a
correlation of vermal grey matter atrophy with working memory
deficits. By contrast, increased vermal white matter volumes have
been linked to poor verbal fluency performance in schizophrenia (Lee
et al., 2007). Smaller volumes of the posterior and superior vermis
were also found to correlate with impaired cognition in drug-naïve
first-episode schizophrenia patients (Okugawa et al., 2007) while
positive symptom ratings were reported to correlate with vermal
white matter volumes in early-onset schizophrenia (Yoshihara et al.,
2008). Moreover, cerebellar atrophy has also been detected in
individuals followed longitudinally from the prodromal phase of the
illness (Pantelis et al., 2003; Borgwardt et al., 2008). However, in
contrast to general cerebral atrophy, progression of vermal atrophy
has not been confirmed by repeated MRI in childhood-onset
schizophrenia patients (Keller et al., 2003). Together, these findings
support the notion of clinically relevant cerebellar neuropathology in
schizophrenia that is already present in the emerging phase of illness
and, to some extent, also appears to be present in unaffected
biological relatives (Honea et al., 2008).

We investigated regional cerebellar grey matter in well-remitted
first-episode schizophrenia outpatients with less than 2 years’
duration of illness by applying a novel MRI brain imaging analysing
technique. This method has been widely used for mapping abnor-
malities of the cerebral cortex (Thompson et al., 2004) and is applied
here to the cerebellum for the first time.

The analysis methods preserve the three-dimensional lobular
information of the cerebellum when generating statistical maps
for group comparisons. In other words, data from the same lobules
are averaged together across subjects when generating the
average maps. Surface-based anatomical landmarks are used to
enforce more accurate co-registration of individual lobule anatomy
and more precise mapping of group-averaged surface anatomy.
This is of particular importance when investigating potential
regional grey matter differences in clinical populations where
Fig. 1. (a) Masked cerebellum in an MRI coronal section. (b) Extracted cerebellum coronal s
thresholding procedure (Atkins and Mackiewich, 1998). Red circle illustrates spherical ker
proportion of grey matter within the kernel sphere for each cerebellar surface vertex.
brain pathology can render more common co-registration algo-
rithms less accurate, and where anatomical variance may be
greater than in controls (Narr et al., 2001, Thompson et al., 1998).

We predicted that there would be cerebellar greymatter deficits in
first-episode schizophrenia that would also affect grey to white
matter ratios (Lawyer et al., 2009), with the most pronounced
regional grey matter deficit in the vermis area in this early phase of
illness (Okugawa et al., 2007).

Methods

Ethics approval for this study was granted by the human research
ethics committees of the University of Newcastle and Hunter New
England Health. Participants gave written informed consent.

Subjects

Thirteen first-episode schizophrenia outpatients with less than 2
years’ duration of illness since meeting DSM-IV criteria (Structured
Clinical Interview for DSM-IV Axis I Disorders; First et al., 1997)
participated in the study. Patients had to be 16–28 years old, in
symptom remission followingnomore thanonehospital admission and
on maintenance atypical antipsychotic monotherapy (i.e., risperidone,
olanzapine, aripiprazole, or quetiapine) at the time of recruitment into
the study.

Patients were pair-wise matched to 13 healthy control subjects by
age (mean: 21.6±S.D. 2.8 years; patients: 20.7±S.D. 3.6 years) and
sex (12 males and 1 female) and are – with the exception of one
subject – a subset of the 18 control subjects (mean age: 21.7±S.D. 2.3,
15 males and 3 females) who formed the standard average cerebellar
reference atlas for this study. All subjects were right-handed
(Edinburgh Handedness Scale; Oldfield, 1971).

Exclusion criteria for all participants included substance abuse or
addiction (DSM-IV criteria), a history of significant head injury,
relevant neurological (e.g., epilepsy) or medical (e.g., endocrine)
conditions, ferromagnetic implants, claustrophobia or other anxiety
disorders, a failure to complete at least 3 years of secondary school, or
National Adult Reading Test (NART; Nelson and Willison, 1991) IQ
estimates of less than 70.

Magnetic resonance data acquisition and processing

MRI datawere acquired using a SiemensMagnetomVision 1.5 TMRI
scanner (John Hunter Hospital, Newcastle). For each subject, high-
resolution structural MR data was collected with approximate dimen-
sions of 164×256×256 with each voxel being 1×1×1 mm using a 3D
MPRAGE protocol with TR=9.7 ms, TE=4 ms, and flip angle=12°.

Subjects MRIs were transformed to ICBM (Mazziotta et al.,
2001) space using the software program register available at
http://www.bic.mni.mcgill.ca/software/register/register.html.
Following radio frequency bias correction (Sled et al., 1998), the
cerebellum was manually traced blind to diagnosis and isolated to
extract a model of the cerebellar cortex (MacDonald et al., 1994)
ection (surrounding tissue removed). (c) Grey and white matter tissue classification by
nel of 15 mm radius (adjusted by individual total cerebellar volume) to calculate the
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Fig. 2. From top to bottom, superior, left, right, posterior, anterior, and inferior views of cerebellum. (a) Traced fissure lines (intra-culminate, primary, superior posterior, horizontal,
and secondary) for cortex model transformation. (b) Deformable lobule labels, enabling lobule-wise grey matter measures for each subject. (c) Cerebellar lobules with significant
grey matter reduction (blue) in first-episode schizophrenia. Left hemisphere: vermis, lobuli III, V, VI, IX, pedunculus, and flocculus. Right hemisphere: vermis, lobuli III, V, and IX,
pedunculus, and flocculus. (d) Statistical maps of regional cerebellar grey matter deficits (Pb0.05) in the superior vermis, the left lobuli VI, in right-inferior lobule IX, extending into
left lobule IX, bilaterally in the areas of lobuli III, peduncle and in left flocculus.

1177P.E. Rasser et al. / NeuroImage 53 (2010) 1175–1180
(Fig. 1a and b). This model was used together with the subject's
MRI to identify and trace the intra-culminate, primary, superior
posterior, horizontal and secondary fissures (Fig. 2a). A cortical
pattern matching technique (Thompson et al., 2004; Rasser et al.,
2005) was then employed to create a geometric average target set
of fissures to which each subject's cerebellar cortex model was
deformed.

In native space, a secondary correction of radio frequency bias was
applied on the subject's MRI that included using a dilated version of
their native space cerebellar mask. This was done to improve the
homogeneity of the intensities within each tissue class across the
cerebellum. The cerebellum was then isolated using the cerebellar
mask, followed by intensity normalization, and calculation of the total
cerebellar volume for each subject.

Grey and white matter tissue was classified using a thresholding
procedure (Atkins and Mackiewich, 1998) that employed a single
Gaussianmodel for each subject (Fig. 1c). This threshold, standardised
across all subjects, was based on a constant offset from the mean of
each subject's fitted Gaussian curve. Volumetric measurements of
total cerebellar grey and white matter were then calculated from
these tissue-classified volumes.
In native space, the proportion of cerebellar voxels labelled as grey
matter was determined within volume-dependent spherical kernels
with centres that correspond to the vertices of the subject's deformed
cerebellar cortex model (Fig. 1c). This is a standard approach in voxel-
basedmorphometry studies and allows the regional assessment of grey
matter volumes. The size of the spherical kernel for each subject was
varied dependent on their total cerebellar volume, with the volume of
the sphere kernel of radius 15 mmadjusted by the ratio of the individual
to the average cerebellar volume determined from the reference sample
of 18 control subjects.

A deformable cerebellar atlas was applied to label the cerebellar
lobules of the average model, enabling lobule-wise averaging of the
grey matter measure for each subject (Fig. 2b).

The deformable atlas was generated from a three-dimensional
model of the cerebellar cortex extracted (MacDonald et al., 1994)
from a symmetrical version of the Montreal Neurological Institute
intensity-averaged single-subject MRI (Holmes et al., 1998) The
symmetry was deliberately ensured by mirroring the right-hand side
across the central sagittal plane.

The cerebellar fissures, as described in (Schmahmann et al., 2000)
were used to describe the lobule and feature boundaries on the

image of Fig.�2


Table 1
Comparisons of total cerebellar volumes, total grey and white matter volumes, and grey to total cerebellar volume ratios (standard deviations are shown in parentheses).

Control subjects
(n=13)

First-episode schizophrenia patients
(n=13)

t-statistic
(df=24)

P (2-sided)

Total cerebellar volume (cc) 145.9 (11.7) 149.5 (10.5) −0.82 0.42
Total grey matter volume (cc) 104.9 (8.5) 105.0 (7.3) −0.04 0.96
Total white matter volume (cc) 41.0 (3.7) 44.4 (4.3) −2.17 0.04
Total grey to total cerebellar volume ratio 0.72 (0.01) 0.70 (0.02) 2.91 0.008
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cerebellar cortical surface model. The cerebellar model was then
deformed using cortical pattern matching to the average target atlas
followed by tabulation of each subject's average proportion of grey
matter for each lobule.

Statistical analyses

Total cerebellar volume, total grey and white matter volumes and
total grey to white matter ratios were t-tested at Pb0.05 (two-tailed).
Parametric statistical maps of cerebellar greymattermeasures by group
were calculated and permutation-tested (Thompson et al., 2003) at
Pb0.05 for each hemisphere. Permutation testing ascribes an overall
corrected P-value to a whole map of statistics, based on estimating the
chance that the overall surface area of suprathreshold statistics could
have been obtained by chance in null data, simulated by randomly
assigning patients and controls to two groups. Lobule-level group
differences of grey matter were t-tested at Pb0.05 (two-sided) and
Bonferroni-corrected for multiple tests for each hemisphere.
Results

Total cerebellar volumeand total greymatter volumeoffirst-episode
schizophrenia patients did not differ from healthy control subjects
(Table 1). By contrast, first-episode schizophrenia was associated with
increased total white matter volume (t=−2.17; Pb0.05) and smaller
total grey to white matter ratios (t=2.91; Pb0.01).

Grey matter deficits in first-episode schizophrenia patients were
confirmed by permutation testing at Pb0.005 for the left and at
Pb0.003 for the right hemisphere of the cerebellum (Fig. 2d). Four
clusters of cerebellar grey matter reduction were identified: (i) in
superior vermis; (ii) in the left lobuli VI; (iii) in right-inferior lobule
IX, extending into left lobule IX; and (iv) bilaterally in the areas of
lobuli III, peduncle and left flocculus (Fig. 2d).

This topographic pattern of grey matter reduction in first-episode
schizophrenia was also confirmed at Pb0.05 at the lobule level
Table 2
Comparison of grey matter proportion by lobule (standard deviations are in
parentheses) in the left cerebellar hemisphere.

Lobules
(left hemisphere)

Control
subjects
(n=13)

First-episode
schizophrenia
patients (n=13)

t-statistic
(df=24)

P (2-sided)

III 0.73 (0.03) 0.69 (0.04) 3.09 0.005
IV 0.78 (0.04) 0.75 (0.04) 1.60 0.12
V 0.75 (0.03) 0.72 (0.03) 2.18 0.04
VI 0.75 (0.02) 0.73 (0.02) 2.50 0.02
Pedunculus 0.65 (0.03) 0.60 (0.02) 4.78 b0.001⁎

Crus I 0.79 (0.02) 0.78 (0.03) 0.86 0.40
Crus II 0.76 (0.02) 0.76 (0.02) 0.63 0.54
VIIB 0.76 (0.02) 0.75 (0.03) 0.33 0.74
VIIIA 0.76 (0.02) 0.75 (0.04) 0.75 0.46
VIIIB 0.77 (0.02) 0.75 (0.04) 1.16 0.11
IX 0.78 (0.01) 0.75 (0.03) 3.10 0.005
Vermis 0.80 (0.03) 0.76 (0.03) 3.10 0.005
Flocculus 0.78 (0.01) 0.75 (0.02) 4.13 b0.001⁎

⁎ Significant following Bonferroni correction (Pb0.004).
(Fig. 2c). In the left cerebellar hemisphere, reduced grey matter was
present in vermis, lobuli III, V, VI, IX, pedunculus, and flocculus
(Table 2). Right hemispheric grey matter reductions were found in
vermis, lobuli III, V, and IX, pedunculus, and flocculus (Table 3). When
applying Bonferroni correction for multiple comparisons, grey matter
reductions in patients were confirmed at Pb0.004 for right lobuli III
and IX, left flocculus and pedunculi in both hemispheres.
Discussion

In terms of overall volume, the cerebellumwas not atrophic in first-
episode schizophrenia, but patients exhibited increased total white
matter volumes, resulting in smaller global grey to white matter ratios.
Regional grey matter deficiencies were also detected. These findings
suggest that greymatter loss contributing eventually to global cerebellar
atrophy may be partly compensated initially by increased volumes of
global white matter and, furthermore, that grey matter deficits are
regionally circumscribed to areas of the cerebellum linked to symptoms
and cognitive deficits expressed in established schizophrenia. Our
findings further demonstrate that cerebellar pathology has already
emerged in the early first-episode stage of the condition.

Consistent with previous findings (Okugawa et al., 2007), our data
confirm cerebellar grey matter reduction in the superior vermal
region. The vermis is mainly involved in spinocerebellar processing of
axial muscle coordination. According to Schmahmann et al. (2008)
neuropathology in vermis has also been linked to impaired attention
control, dysregulation of affect, social dysfunction and delusions. This
spectrum of psychopathology is consistent with some of the positive
(e.g., delusions and inattention) and negative symptoms (e.g., flat
affect and social withdrawal) of schizophrenia. Other reports found
correlations of reduced vermal volume with the depression and
paranoia sub scores of the Brief Psychiatric Rating Scale (Ichimiya
et al., 2001) and greater vermis white matter volumes with severity of
positive symptoms, thought disorder and impaired verbal logical
memory in patients with schizophrenia (Levitt et al., 1999).
Table 3
Comparison of grey matter proportion by lobule (standard deviations are in
parentheses) in the right cerebellar hemisphere.

Lobules
(right hemisphere)

Control
subjects
(n=13)

First-episode
schizophrenia
patients (n=13)

t-statistic
(df=24)

P (2-sided)

III 0.74 (0.03) 0.69 (0.03) 3.82 0.001⁎

IV 0.78 (0.03) 0.76 (0.03) 1.88 0.07
V 0.75 (0.03) 0.72 (0.02) 2.40 0.02
VI 0.75 (0.03) 0.73 (0.02) 1.81 0.08
Pedunculus 0.65 (0.03) 0.61 (0.02) 4.77 b0.001⁎

Crus I 0.79 (0.02) 0.79 (0.03) 0.06 0.95
Crus II 0.77 (0.02) 0.77 (0.02) 0.11 0.91
VIIB 0.76 (0.02) 0.75 (0.03) 0.70 0.49
VIIIA 0.77 (0.03) 0.76 (0.04) 1.07 0.29
VIIIB 0.78 (0.03) 0.76 (0.03) 1.91 0.07
IX 0.81 (0.02) 0.78 (0.03) 3.19 0.004⁎

Vermis 0.80 (0.03) 0.77 (0.03) 2.97 0.007
Flocculus 0.64 (0.03) 0.61 (0.02) 3.12 0.005

⁎ Significant following Bonferroni correction (Pb0.004).
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However, our study lacks the power to detect any potential
association of symptom expression with morphological data, partic-
ularly since our first-episode cohort displayed very little ongoing
psychopathology when investigated following recovery from their
first psychotic episode. Notwithstanding, the regions with cerebellar
grey matter deficits in this early phase of confirmed schizophrenia are
nevertheless consistent with functional deficits described in estab-
lished and more chronic forms of illness.

For instance, our data indicate pronounced grey matter deficits in
the flocculus bilaterally. The flocculus and paraflocculus, together
with anterior vermis, are involved in the execution of smooth pursuit
eye movements, preventing blurring of the retinal image of moving
objects. This process integrates retinal image motion signals with
ongoing eye and head movements in frontal and supplementary eye
fields, medial superior temporal and ventral intraparietal cortex. The
flocculus and paraflocculus receive cortical input via the pontine
nuclei for processing visual and vestibulo-ocular information and to
the vermis for pursuit initiation (Ilg and Thier, 2008).

Impaired smooth pursuit eye movements are well documented in
schizophrenia (see O'Driscoll and Callahan, 2008 for review), including
in first-episode patients (e.g., Bagary et al., 2004; Keedy et al., 2006).
Reduced grey matter in the flocculus region suggests local cerebellar
neuropathology consistent with a pursuit deficit.

Moreover, our data also suggest grey matter deficits in this early
phase of illness in cerebellar pedunculi. Functionally, the pedunculi
are involved in associative learning, such as the formation of memory
traces for the conditioned eye-blink response (Thompson et al., 1997).
A previous report described lower rates of eye-blink conditioning,
particularly less adaptively timed conditioned response latencies
(Bolbecker et al., 2009) in schizophrenia. Our finding of reduced grey
matter in pedunculi further suggests cerebellar pathology that is
already emerging in this area following the first episode of illness.

However, our data suggest even more widespread cerebellar
neuropathology in this early phase of schizophrenia affecting lobuli III,
V, VI, and IX. Some of these cerebellar regions are involved in
somatosensory, language, verbal workingmemory, spatial, and executive
cognitive functions and the processing of emotional information
(Stoodley and Schmahmann, 2009). When reviewing functional brain
imaging data however, function/structure associations are less well-
definedanddependon task typeandcognitivedomain.Most studieshave
not used methods capable of precisely mapping subtle regional
morphological differences. Cortical pattern averaging overcomes some
of these limitations, allowing a more accurate mapping of grey matter
abnormalities in relatively small patient cohorts. This suggests the
promise of investigating function/structure associations in more detail.
Such research should also include corresponding morphological mea-
sures from the cerebrum in order to investigate the contribution of
individual cortico-cerebellar circuits to functional deficits and clinical
features of the disorder.

Another inherent problem with studies on schizophrenia
patients is their treatment history. While vermal volume reduction
has been found in neuroleptic-naïve schizophrenia patients (Ichi-
miya et al., 2001; Okugawa et al., 2007), antipsychotic medication
is a potential confound associated with cerebral grey matter
reduction (Thompson et al., 2009). This finding must be considered
when interpreting structural brain imaging data in schizophrenia
patients. Even so, the patients in this study were treated for a
relatively short period of time, using atypical antipsychotics that are
thought to have less pronounced effects on grey matter changes
(McClure et al., 2008).

In summary, cortical pattern matching overcomes some limita-
tions of other morphometric methods by accurately aligning group-
averaged cortical MRI data in relatively small cohorts. The findings
confirm cerebellar grey and white matter pathology in schizophrenia
(Andreasen and Pierson, 2008; Picard et al., 2008); these deficits are
already detectable in the first-episode phase of the illness, following
remission from acute psychosis. These findings are consistentwith the
notion that the cerebellum contributes to the clinical, cognitive, and
pathophysiological signs of the disorder. However, further research is
required to confirm the association of functional deficits with
morphological differences in the cerebrum and cerebellum. Future
studies should also target potentially confounding medication effects
as well as longitudinal morphological changes with progression of
illness.
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