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Abstract

Despite evidence suggesting a role for cerebellar abnormalities in the pathogenesis of psychosis,
the structure has yet to receive attention in individuals at ultrahigh risk for psychosis (UHR).
Accumulating research has suggested that the cerebellum helps modulate cognition and
movement, domains in which UHR individuals show impairment; understanding putative markers
of risk, such as structural abnormalities and behavioral correlates, is essential. In this study,
participants underwent a high-resolution structural brain scan and participated in a pursuit rotor
experiment. Cerebellar regions associated with movement (anterior cerebellum) and cognition
(crus 1) were subsequently analyzed. UHR participants showed impaired performance on the
pursuit rotor task, learned at a slower rate, and showed smaller cerebellar volumes compared with
control participants. Left crus | volume was significantly associated with poor rate of learning.
The present results suggest that cerebellar abnormalities and their behavioral correlates (poor
learning and motor control) precede the onset of psychosis.
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A growing number of studies have challenged the long-held assumption that the cerebellum
is primarily involved in the control of movement. A body of literature has suggested that it
may also be important for a number of cognitive functions, including working memory,
language, attention, and affect regulation (Leiner, Leiner, & Dow, 1993; Schmahmann,
1996; Strick, Dum, & Fiez, 2009; Thach, Goodkin, & Keating, 1992). Because many of
these functions are impaired in psychotic disorders, such as schizophrenia, the role of the
cerebellum has garnered increasing interest and importance for innovative etiological
theories, including cognitive dysmetria (Andreasen & Pierson, 2008; Picard, Amado,
Mouchet-Mages, Olie, & Krebs, 2008).

The period preceding the onset of psychosis is marked by attenuated psychotic symptoms
and a decline in functioning (Yung, Phillips, Yuen, & McGorry, 2004). During this period,
individuals at ultrahigh risk for psychosis (UHR) show widespread gray and white matter
abnormalities (Jung, Borgwardt, Fusar-Poli, & Kwon, 2012). Despite the evidence
suggesting a range of structural abnormalities in UHR and a body of research focusing on
the cerebellum in patients with schizophrenia, it is surprising how little focus the cerebellum
has received in the UHR literature. Understanding structural brain information can be
valuable for improving etiological conceptions, especially in a period in which many of the
third variable confounds inherent in studies of formally psychotic patients are not yet as
prevalent. UHR research can bolster early identification and intervention efforts. Indeed, as
much as 36% of UHR individuals transition to full-blown psychosis within 3 years (Fusar-
Poli et al., 2012). Yet only a few studies have mentioned cerebellar gray matter included
among other imaging findings (Smieskova et al., 2010), and to our knowledge, there have
been no studies that expressly focus on cerebellar gray matter morphology in UHR
participants.

The cerebellum plays a large role in both the cognitive and the motor aspects of procedural
learning. Procedural learning, also referred to as implicit learning, is learning by doing.
Evidence of cerebellar involvement in procedural learning comes from a number of sources,
including patients with focal lesions or atrophy of the cerebellum, functional imaging, and
positron emission tomography (Flament, Ellermann, Kim, Ugurbil, & Ebner, 1996; Grafton
et al., 1992; Jenkins, Brooks, Nixon, Frackowiak, & Passingham, 1994; Molinari et al.,
1997; Pascual-Leone et al., 1993). The pursuit rotor task, a gold standard task of procedural
learning, is ideal for examining cerebellar-behavior relationships because it relies on both
motor and cognitive resources (Raz, Williamson, Gunning-Dixon, Head, & Acker, 2000).
Specifically, the time-on-target variable, in which the participant matches a cursor or wand
to a moving target traveling at a constant speed, gauges motor control. The change in time-
on-target performance during the course of several blocks of trials provides an index of
learning.

Although there is evidence of cerebellar involvement in the pursuit rotor task, to our
knowledge, ours is the first study to examine regional cerebellar gray matter that may be
associated with the task. In a study that examined shrinkage of the cerebellum due to aging,
Raz et al. (2000) showed that reduced cerebellar volume was related to less time on target
during the pursuit rotor task. Another study of motor learning, similar to the computerized
pursuit rotor task, has suggested that patients with cerebellar degeneration have more
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difficulty controlling the force of their reach to a cursor on a computer monitor (Smith &
Shadmehr, 2005).

Research on the topographical organization of the cerebellum has suggested that the anterior
cerebellum (e.g., lobules 1-V) is responsible for motor control, and the superior posterior
areas, such as crus | of lobule VII (see Fig. 1 for an anatomical map of these regions), may
be important for the storage of internal models related to motor function and, thus,
responsible for learning (Manni & Petrosini, 2004; Marr, 1969; Schlerf, Verstynen, Ivry, &
Spencer, 2010; Stoodley & Schmahmann, 2009, 2010). There is evidence to suggest
procedural learning impairment in UHR individuals: Recent work has demonstrated deficits
in pursuit rotor performance in individuals exhibiting nonclinical psychosis (otherwise
healthy individuals who report at least one fleeting subclinical psychotic-like experience per
year), and several studies have indicated similar deficits in patients with formal psychosis
(Gomar et al., 2011; Huston & Shakow, 1948; Kern, Hartzell, I1zaguirre, & Hamilton, 2010;
Mittal, Dean, & Pelletier, 2012; Scherer, Stip, Paquet, & Bedard, 2003; Schwartz, Rosse,
Veazey, & Deutsch, 1996).

In the present study, we sought to examine cerebellar morphology and procedural learning,
measured using the pursuit rotor in UHR participants. The pursuit rotor is a beneficial tool to
assess cerebellar impairment in those at risk for psychosis because it is reliant on both motor
control and cognitive processes. Furthermore, because of technological advances in MRI
analysis, it is now possible to explore regional differences in the cerebellum on a lobule-by-
lobule basis (Diedrichsen, Balsters, Flavell, Cussans, & Ramnani, 2009). Twenty-six UHR
and 29 healthy control participants were recruited to test the hypotheses that compared with
healthy control participants, UHR participants would perform more poorly on a pursuit rotor
task and would show smaller cerebellar volume in areas related to motor control (lobules I-
V) and cognitive function (crus 1) and that those areas would be related to learning rate on
the pursuit rotor task.

Method

Participants

Participants were recruited at the University of Colorado Boulder’s Adolescent
Development and Preventive Treatment research program. Adolescent and young adult
control and UHR participants (mean age = 18.10) were recruited by Craigslist and e-mail
postings, newspaper advertisements, and community professional referrals. Exclusion
criteria consisted of head injury, the presence of a neurological disorder, lifetime substance
dependence, and the presence of any contraindication to the MRI environment (e.g.,
pregnant or metal in the body). The presence of an Axis | psychotic disorder (e.g.,
schizophrenia, schizoaffective disorder, schizophreniform) and the current/past use of any
antipsychotic medication were exclusion criteria for UHR participants. The presence of any
category of Axis | disorder or a psychotic disorder in a first-degree relative was an exclusion
criterion for control participants. Healthy control participants were recruited through flyers
and newspaper announcements (advertised as a study of neuroimaging and healthy
development for volunteers with no family history of psychosis and no psychiatric
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symptoms). The protocol and informed consent procedures were approved by the university
institutional review board. See Table 1 for the demographic characteristics of our sample.

Clinical interviews

The Structured Interview for Prodromal Syndromes (SIPS; Miller et al., 1999) was
administered to diagnose a prodromal syndrome. UHR participants in the present study met
SIPS criteria for a prodromal or high-risk syndrome, defined by moderate-to-severe but not
psychotic levels of positive symptoms (rated from 3 to 5 on a 6-point scale) or a decline in
global functioning accompanying the presence of schizotypal personality disorder or a
family history of schizophrenia (Miller et al., 1999). The SIPS gauges several distinct
categories of prodromal symptom domains, including positive, negative, and disorganized
dimensions. A mean score for each category is used as an indicator of the respective
dimensions of symptomatology. Training of advanced doctoral student interviewers was
conducted during a 2-month period, and interrater reliabilities exceeded the minimum study
criterion (x = 80).

The Structured Clinical Interview for the DSM-IV Axis | Disorders (First, Spitzer, Gibbon,
& Williams, 1995) was also administered to rule out a psychotic disorder diagnosis. This
measure has been demonstrated to have excellent interrater reliability in adolescent
populations (Martin, Pollock, Bukstein, & Lynch, 2000) and has been used in several
previous studies focusing on adolescent populations with schizophrenia spectrum disorders
(Howes et al., 2009).

Wide Range Achievement Test—-Word Reading subtest

A subsection of 44 participants (UHR n = 23, control n = 21) were administered the Word
Reading subtest of the fourth edition of the Wide Range Achievement Test (WRAT) as a
measure of general intelligence. The WRAT is a well-validated and broadly used measure of
achievement and broad learning ability for adolescents and young adults (Wilkinson &
Robertson, 2006). Participants were asked to read 15 letters and 55 words. The total number
of letters and words read correctly is transformed into a standard score normed for each age
group. This measure was employed to test for the specificity of any detected relationships
between procedural learning and cerebellar anomalies.

Procedural learning

We used a computerized version of the pursuit rotor task (Life Science Associates, New
York, NY), which has been validated and used in other studies with schizophrenia samples
as well as with young adult populations (Gomar et al., 2011; Mittal, Dean, et al., 2012).
Participants were instructed to follow a moving target around a rectangular track with a
mouse held in their preferred hand. Each trial lasted 20 s with a 5-s interval between trials.
Participants were given four blocks of three trials each block, interspersed with 45-min rest
periods after each block. Employing a widely used titration strategy (Gomar et al., 2011),
the initial level of proficiency for each participant was equated during practice trials, and
speed of the target stimulus was subsequently adjusted so that each participant reached a
criterion of being able to maintain contact with the target from 20% to 25% of the time.
Once the participant reached a level of proficiency, the speed of the moving target was kept

Clin Psychol Sci. Author manuscript; available in PMC 2014 November 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Dean et al. Page 5

constant at that level of proficiency for the four test blocks. To assess overall rate of
procedural learning, we subtracted the mean percent time on target for Block 1 from the
mean percent time on target for Block 4, creating a learning rate index.

Structural imaging

MRI of the brain was acquired on each participant using a 3-Tesla TIM Trio Siemens MRI
scanner with 12-channel parallel imaging. A T1-weighted three-dimensional magnetization
prepared rapid gradient multi-echo sequence (sagittal plane; repetition time = 2,530 ms;
echo times = 1.64, 3.5, 5.36, 7.22, and 9.08 ms; generalized autocalibrating partially parallel
acquisition, GRAPPA, parallel imaging factor 2; 1-mm3 isomorphic voxels; field of view =
256 mm; flip angle = 7°; 192 interleaved slices; time = 6.03 min) covering the whole brain
was acquired for anatomic segmentation. A turbo spin echo proton density/T2-weighted
acquisition (axial oblique aligned with anterior commissure-posterior commissure line;
repetition time = 3,720 ms; echo time = 89 ms; GRAPPA parallel imaging factor 2; 0.9 x 0.9
mm voxels; field of view = 240 mm; flip angle = 120°; 77 interleaved 1.5-mm slices; time =
5.14 min) was acquired to check for incidental pathology.

Cerebellar morphology

Lobular volume was calculated using the lobular regions described in the spatially unbiased
infratentorial template (SUIT) atlas (Diedrichsen, 2006; Diedrichsen et al., 2009) with the
method employed by Bernard and Seidler (in press). Individual lobular volumes of each
participant were determined for all lobules in the right and left hemispheres. First, we
created 26 masks of each lobule and a mask for the whole cerebellum using the probabilistic
SUIT atlas. Second, the cerebellum was extracted from the whole brain using the isolate
function in the SUIT toolbox (Diedrichsen, 2006; Diedrichsen et al., 2009), implemented in
SPM 8 (Welcome Department of Cognitive Neurology, London, England; http://
www.fil.ion.ucl.ac.uk). We masked the extracted anatomical image with the threshold
classification map that was produced during the isolation process. This procedure resulted in
a high-resolution image of the cerebellum, excluding all surrounding cortical matter. Third,
the SUIT cerebellum template was normalized to each individual participant’s cerebellar
anatomical image (in native space) using Advanced Normalization Tools (Avants, Epstein,
Grossman, & Gee, 2008). The transformation was first applied to the SUIT cerebellum, and
then the resulting warp vectors were applied to the individual lobular masks. The result was
a mask of each lobule normalized to individual subject space for each participant.

Finally, these masks were loaded into MRICron (http://www.mccauslandcenter.sc.edu/
mricro/mricron/index.html) and converted to volumes of interest. Volumes of interest were
then overlaid onto each individual participant’s structural scan and inspected to ensure
accurate registration. We then used MRICron to calculate the descriptive statistics for each
lobule, providing us with the gray matter volume of each lobule in cubic centimeters. The
volume of the anterior cerebellum was calculated by adding the gray matter volumes for
lobules I-1V and V of both hemispheres. We were unable to create a mask for vermis crus
I/11, so we created a sum of all lobular volumes and subtracted this sum from the whole
cerebellar volume to calculate the volume of that region. For exploratory analysis, we
calculated the volumes of other areas of the cerebellum that we did not hypothesize to be
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involved in the pursuit rotor task, including the left and right posterior cerebellum, the
vermis, and lobule X. For the left and right posterior cerebellum, we combined the volumes
of crus 11 and lobules V1Ib-1X for each hemisphere. The volume of the vermis was
calculated by adding vermis crus I/I1 and vermis lobules VI-X. Finally, we added the left
and right lobule X volumes for a total volume of lobule X. This procedure was repeated for
each individual participant.

In addition, Freesurfer (https://surfer.nmr.mgh.harvard.edu/fswiki) was used to
automatically segment the magnetization prepared rapid gradient multi-echo sequence image
and to calculate each participant’s total intracranial volume (TICV; i.e., the sum of whole-
brain gray matter + white matter + cerebrospinal fluid). Normalized lobular volumes were
calculated by dividing the total lobular volume by the TICV (Whitwell, Crum, Watt, & Fox,
2001). Subsequent analyses were performed using the normalized values for the anterior,
right and left crus I, left and right posterior cerebellum, vermis, and lobule X.

Statistical approach

Results

The present study included a total of 55 participants, and of those, 9 participants (4 UHR, 5
control) completed only the first three blocks of the pursuit rotor task. The remaining 46
participants (22 UHR, 24 control) completed all four blocks of the pursuit rotor task. An
additional 3 participants were unable to participate in the imaging component because of
contraindications to the MRI environment. Thus, 52 participants (25 UHR, 27 control)
completed the imaging portion of the study. The correlation analysis between imaging and
pursuit rotor variables therefore includes only 43 participants (21 UHR, 22 control).

Independent t tests and chi-square tests were employed to examine differences between
groups in continuous and categorical demographic variables, respectfully. If necessary,
results were adjusted for inequalities of variance as tested by Levene’s test. To test for
procedural learning differences between groups, we conducted a 4 (Trial Block) x 2
(Diagnostic Group) repeated measures analysis of variance (ANOVA). Bivariate
correlations were used to investigate associations between the cerebellar regions, WRAT
scores, and learning rate index. Comparisons of correlations between groups were performed
using Fisher’s r to z transformation. One-tailed tests were employed for directional
hypotheses regarding group differences in hypothesized cerebellar regions of interest (i.e.,
anterior and left and right crus I) and procedural learning rate. Exploratory analysis of other
regions (i.e., posterior, vermis, and lobule X) in the cerebellum involved two-tailed tests.
Comparisons of demographic variables between groups, comparisons between groups on
rotation speed for the pursuit rotor task, and achievement as measured by the WRAT
employed two-tailed tests.

There were no significant differences between groups on demographic characteristics,
including gender, age, handedness, and parental education (see Table 1). The UHR group
did not differ from the control group in terms of general intelligence as measured by the
WRAT, t(42) = 0.72, p = .4. UHR participants were rated significantly higher than were
control participants on all SIPS symptom domains—positive: t(53) = 11.15, p< .01;
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negative: t(53) = 7.59, p < .01; disorganized: t(53) = 8.55, p < .01; general t(53) =6.97, p<.
01. Within the UHR group, 6 participants had a first-degree relative with schizophrenia or
other psychotic disorder. In addition, 4 UHR participants had a diagnosis of schizotypal
personality disorder. Axis I disorders in the UHR group included a history of mood (50%),
anxiety (46%), attention-deficit/hyperactivity (19%), and somatoform (4%) disorders.
Kolmogorov-Smirnov tests revealed that distributions of target cerebellar morphology,
procedural learning, and WRAT target variables were normal, and as a result, analyses were
conducted with parametric statistics.

Procedural learning: Pursuit rotor

As noted, the participants were titrated so that each individual reached a criterion of
proficiency defined as being able to maintain contact with the target approximately 20% to
25% of the time. All participants met this criterion, and analyses of the participants’
proficient target rotation speed revealed no significant difference between the UHR group
and the control group in rate of rotation. Following the titration process, participants began
four trial blocks at 0, 45, 90, and 135 min consisting of three 20-s trials separated by a 5-s
rest interval at their proficient speed. A single index of performance was computed by
calculating the mean of the three trials for each of the four blocks.

A 2 (Group) x 4 (Block Performance) repeated measures ANOVA with percentage of time
on target as the dependent variable was conducted. Results revealed a significant interaction,
F(3, 132) = 2.66, p = .051, a main effect of group, F(1, 44) = 7.86, p < .01, and a significant
main effect of trial block, F(3, 132) = 66.71, p < .01. The Group x Block Performance
repeated measures ANOVA was also conducted in the subgroup of participants who
completed the WRAT. Results were consistent with the whole study sample and revealed a
significant interaction, F(3, 111) = 3.365, p < .05, a main effect of group, F(1, 37) = 6.182, p
< .05, and a main effect of trial block, F(3, 111) = 57.22, p < .01. These results strongly
support the hypothesis that UHR individuals would perform more poorly on the pursuit rotor
task.

Furthermore, these results indicate that the UHR group learned at a slower rate than did
healthy control participants on the pursuit rotor task. Follow-up analysis using the learning
rate index confirmed the results of the repeated measures ANOVA interaction in that the
UHR group showed a significantly lower rate of learning compared with the control group,
t(44) = -2.72, p< .01, UHR mean (SE) = 9.01 (1.06), control mean (SE) = 13.26 (1.14).
These results indicate that although both groups did indeed learn during the course of the
task, the UHR participants performed at a lower level and learned at a slower rate compared
with the control participants.

Cerebellar morphology

We initially assessed whether there were group differences in total cerebellar gray matter
volume. Results revealed that compared with the control group, cerebellar volume was
significantly smaller in the UHR group, t(41.27) = -2.785, p < .01. Hypothesized regions of
interest (anterior cerebellum, left and right crus 1) were analyzed using a repeated measures
ANOVA. There was a main effect of group, F(1, 50) = 4.76, p < .05, and a significant region
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by group interaction, F(2, 50) = 5.142, p < .01, showing that the groups varied across
regions of interest. Follow-up t tests of the hypothesized regions revealed that compared
with the control group, the UHR group had significantly smaller volume in the anterior
cerebellum, t(44.84) = -2.29, p < .05, and left crus I, t(50) = -2.15, p < .05. There was a
trend toward smaller right crus | volume in the UHR group, t(44.23) = -1.42, p< .1 (see Fig.
2 for group differences in cerebellar morphology).

Exploratory analyses were conducted on several other regions of the cerebellum, including
the left and right posterior cerebellum, vermis, and lobule X. The UHR group had smaller
cerebellar volumes than did the control group in the right and left posterior cerebellum,
t(41.97) = -3.11, p< .01, and t(44.094) = -2.62, p < .01, respectively, and the vermis
t(43.14) = -3.09, p < .01. The UHR group did not show any difference from the control
group in volume for lobule X, t(50) = —0.756, p = .45. These results suggest that there are
region-specific cerebellar anomalies in UHR individuals.

Correlations with general intelligence and cerebellar morphology

Bivariate correlations were used to examine potential relationships between general
intelligence, as measured by the WRAT, and cerebellar morphology. The volume of the
anterior cerebellum was not associated with WRAT score in either the UHR group, r(20) =
-.052, p = .5, or the control group, r(19) =-.67, p = .5. In addition, the volume of the left
crus | was not related to WRAT score in either the UHR group, r(20) =—.24, p= .2, or the
control group, r(19) =-.05, p = .5. Right crus | volume showed a trend toward significance
in the UHR group, r(20) =-.37, p < .1, but was not significant in the control group, r(19) =-.
05, p=.5. These results showed that there were no significant correlations between any of
the cerebellar regions hypothesized to be involved with procedural learning and general
intelligence in either group, indicating that cerebellar morphology is not associated with
general intelligence. Comparisons of correlations between groups using Fisher’sr to z
transformation showed no significant differences, all zs < 1.5, all ps = .25.

Correlations with procedural learning and cerebellar morphology

Bivariate correlations were conducted to examine potential relationships between procedural
learning, using the learning rate index, and cerebellar morphology within each group. Left
crus | volume was significantly associated with procedural learning in the UHR group, r(19)
=.38, p< .05, but not in the control group, r(20) = .03, p = .4. Right crus | and procedural
learning correlations showed a trend toward significance in the UHR group, r(19) = .32, p
<.1, but not in the control group, r(20) = .11, p = .3. There were no relationships with any of
the other cerebellar regions, all rs < .23, all ps <.15. Comparisons of correlations between
groups using a Fisher’s r to z transformation showed no significant differences, all zs < 1.5,
all ps = .25. The within-group correlations suggest that crus I may be related specifically to
impaired procedural learning and risk for psychosis.

Discussion

The results indicate impaired procedural learning in UHR individuals; compared with the
control group, they performed at a lower level (i.e., less time on target) on the pursuit rotor
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task and did not learn as quickly, despite being titrated to a proficient speed on the task. This
poor performance may be explained in part by cerebellar abnormalities because the structure
is integral to procedural learning (Molinari et al., 1997). To this end, we have used advanced
anatomical MRI analysis to examine cerebellar morphology and found that compared with
healthy control individuals, UHR individuals have smaller volumes in specific areas of the
cerebellum that are responsible for both motor control and cognition but not other regions.
The finding of a relationship between a cognitive region of the cerebellum (crus I) and the
overall rate of learning on the pursuit rotor task within the UHR group alone provides
further support for the notion that cerebellar abnormalities affect crucial functions, such as
procedural learning.

Although to date the cerebellum has not been a center of focus in the UHR literature, a
number of studies that have focused on the entire brain help to provide a context for
interpreting the present results. Pantelis et al. (2003) used voxel-based morphometry to show
longitudinal trend level reductions of gray matter in the left posterior cerebellum in both
participants who did and participants who did not go on to develop psychosis. Borgwardt,
Riecher-Rossler, et al. (2007) found bilateral reductions in the volume of posterior cerebellar
gray matter in at-risk individuals and those experiencing their first episode of schizophrenia,
relative to control individuals, although recent work has not yielded differences between at-
risk and control groups (Ziermans et al., 2012). Genetic high-risk individuals (i.e., a first-
degree relative with psychosis) also show differences in the cerebellum compared with
healthy control individuals. Specifically, researchers have found gray matter reductions in
the right cerebellum and reduced activation in the left cerebellum during a functional MRI
task in individuals at genetic risk who later developed schizophrenia (Job, Whalley,
Johnstone, & Lawrie, 2005; Whalley et al., 2004). Taken together, previous research and the
present findings suggest that cerebellar gray matter abnormalities may be an important part
of the aberrant neurodevelopment in at-risk groups prior to the onset of psychosis.

Within the cerebellum, a number of regions contribute to procedural learning. Specific areas
related to motor function are primarily located in the anterior cerebellum (i.e., lobules 1-V1),
and areas related to cognitive aspects of the pursuit rotor task are located in the posterior
cerebellum (e.g., crus I; Grodd, Hulsmann, Lotze, Wildgruber, & Erb, 2001; Schlerf et al.,
2010; Schmahmann, 1996; Schmahmann & Sherman, 1998; Stoodley & Schmahmann,
2009, 2010; Strick et al., 2009). In our study, UHR individuals showed smaller cerebellar
gray matter volume in areas related to motor function and cognition compared with control
individuals. The pursuit rotor requires motor control while reaching for the computer mouse
and for arm-movement control. Deficits in anterior cerebellar volume may contribute to the
differences in performance between control and UHR participants (Seidler & Noll, 2008;
Stoodley & Schmahmann, 2010; Stoodley, Valera, & Schmahmann, 2012).

Crus | has been implicated in the performance of cognitive tasks but is also important in the
performance of complex motor tasks (Schlerf et al., 2010; Stoodley et al., 2012; Stoodley &
Schmahmann, 2009, 2010). We found differences in this area such that UHR participants
have significantly smaller volume in left but not right crus I. The left cerebellar hemisphere
is thought to control spatial processing (Bernard & Seidler, 2013; Stoodley & Schmahmann,
2009), which is important for successful performance on the pursuit rotor task. Our results
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suggest that smaller gray matter volume in the cerebellum related to motor and cognitive
function contribute to the poorer performance and impaired learning of UHR individuals,
compared with healthy control individuals, during procedural learning. In addition to its role
in pursuit rotor, converging evidence suggests that crus | may be an area of shared
impairment between schizophrenia and at-risk individuals (Kuhn, Romanowski, Schubert, &
Gallinat, 2012).

Other areas of the cerebellum, including the posterior cerebellum, vermis, and lobule X,
serve a variety of other cognitive, postural, and vestibular functions. The posterior regions
have been shown to contribute to a number of cognitive functions, including working
memory and executive function (Stoodley & Schmahmann, 2009, 2010; Strick et al., 2009).
The vermis is associated with spinal control of movement, balance, and posture (Coffman,
Dum, & Strick, 2011). Lobule X is considered important for vestibular functions, including
the ocular reflexes and posture (Stoodley & Schmahmann, 2010). In the present study,
exploratory analyses revealed smaller volume in the anterior, posterior, and medial
cerebellum (vermis) but not lobule X in UHR participants compared with control
participants. The results show that the hypothesized regions that contribute to the cognitive
aspects of the pursuit rotor (i.e., crus 1) were involved in the task. The differences in volume
in other areas of the cerebellum may be related to other areas of cognition, balance, and
motor function not associated with the pursuit rotor task. More work is clearly needed to
explore possible associations within areas of the cerebellum related to cognitive
performance on tasks such as working memory and executive function, as well as affective
processes and postural impairment.

Theories of cortico-cerebellar involvement in procedural learning suggest a nuanced
relationship through which the cerebellum participates in procedural learning by both
feedback and feed-forward control processes (Marr, 1969; Seidler, Noll, & Thiers, 2004).
Feedback control uses on-line detection of sensory errors (e.g., arm movement) and
compares the predicted movement with the incoming sensory errors to adjust the movement.
Feed-forward control uses the feedback process to update an internal model of the
movement so that over time, the movement becomes more efficient (Imamizu et al., 2000;
Seidler et al., 2004). The rate of learning is a measure of how quickly and efficiently a
participant learns the task and may be a beneficial measure of cortico-cerebellar control
processes. In the present study, the learning rate index was correlated with larger volume of
left crus I. This finding is consistent with the results of Imamizu et al. (2000) and other
researchers (Roland, Eriksson, Widen, & Stone-Elander, 1989; Seidler & Noll, 2008) who
suggested that this area is important for internal models of motor skill. Taken together,
cerebellar dysfunction in UHR individuals may contribute to widespread motor and
cognitive dysfunction.

One leading theory implicating cortico-cerebellar impairment in schizophrenia, cognitive
dysmetria, posits several models of cerebellar function (Andreasen & Pierson, 2008). In
these models, the cerebellum acts as an all-purpose modulator of movement as well as
thought (Andreasen & Pierson, 2008). Through the cortical-cerebellar-thalamo-cortical
circuit, the cerebellum not only detects patterns and errors but also keeps time so that
movement and thoughts are properly coordinated (Leiner, Leiner, & Dow, 1986, 1991;
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Schmahmann, 1996; Seidler, Kwak, Fling, & Bernard, 2013; Strick et al., 2009). In such a
way, the cerebellum provides adaptive control for the central nervous system (Andreasen &
Pierson, 2008; Thach et al., 1992). Because of its many functions and control over thoughts
and movement, impairment in the cerebellum may explain the heterogeneous expression of
psychatic disorders (Andreasen, 1999). The prodromal syndrome prior to the onset of illness
is also characterized by heterogeneous symptoms of aberrant thought, impaired cognition,
and movement abnormalities (Cornblatt et al., 2003; Cornblatt, Obuchowski, Roberts,
Pollack, & Erlenmeyer-Kimling, 1999; Mittal, Dean, Pelletier, & Caligiuri, 2011; Mittal,
Neumann, Saczawa, & Walker, 2008; Mittal, Smolen, et al., 2012).

In addition to the present results showing cognitive and movement impairment linked to
regional volumetric deficits within the cerebellum, recent reports of altered cortico-
cerebellar connectivity during a working memory task in relatives of schizophrenia patients
(i.e., another high-risk group) have strengthened the implication of cerebellar involvement in
the vulnerability for psychosis (Repovs & Barch, 2012; Repovs, Csernansky, & Barch,
2011). These findings are significant in that they also describe cognitive dysmetria prior to
the onset of psychosis.

Schizophrenia patients and individuals who report psychotic-like experiences, such as
fleeting auditory hallucinations, but are otherwise healthy show poorer performance on the
pursuit rotor task (Gomar et al., 2011; Mittal, Dean, et al., 2012). Consistent with results
from both the schizophrenia and the nonclinical psychosis literature, our results showed that
compared with control individuals, UHR individuals performed more poorly on the pursuit
rotor task (Gomar et al., 2011; Granholm, Bartzokis, Asarnow, & Marder, 1993; Huston &
Shakow, 1948; Kern et al., 2010; Mittal, Dean, et al., 2012; Picard et al., 2008; Schwartz et
al., 1996). In addition to poorer performance on the pursuit rotor task, UHR individuals in
our study showed a slower rate of learning than did control individuals. These results should
be approached with caution because the schizophrenia literature paints a more nuanced view
of procedural learning. In a review of preserved cognitive function in schizophrenia, Gold,
Hahn, Strauss, and Waltz (2009) acknowledged that although individuals with schizophrenia
perform procedural learning tasks at a lower level than do healthy individuals, learning is
preserved. Our results indicating that general intelligence was not affected in UHR
individuals, and that it was not associated with any of the hypothesized cerebellar regions
related to procedural learning, suggest that cerebellar abnormalities confer domain-specific
dysfunction rather than broad impairment. Future investigations focusing on other respective
structures as well as white matter tracts should seek to use more specific learning tasks (e.g.,
verbal and spatial learning paradigms) to clarify distinct and overlapping neural correlates of
learning impairment in UHR individuals.

To our knowledge, ours is the first report to examine procedural learning in a UHR sample
or focus specifically on cerebellar morphology in UHR participants. The use of the SUIT
probabilistic cerebellar atlas (Diedrichsen et al., 2009) to examine specific lobules is also an
important point of innovation because it allows the ability to distinguish between cognitive
and motor areas within the cerebellum. The probabilistic atlas permits a more nuanced
analysis of lobular gray matter within the cerebellum. Our study represents one of few
studies to use this program to measure cerebellar gray matter volumes (Bernard & Seidler, in
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press) and is the first to explore different lobular regions within the cerebellum in a UHR
sample.

Several limitations within this study are important to consider. First, research has suggested
that there are alternatives to using TICV to normalize brain regions. One such alternative is
a measure for total brain tissue volume (TBV; sum of total gray and white matter). In
support of this method, Bigler and Tate (2001) argued that normalizing by TBV is more
sensitive to global grey and white matter loss. This is an important measure to consider
because UHR individuals show widespread grey matter loss prior to the onset of psychosis
(Borgwardt, McGuire, et al., 2007; Borgwardt, Riecher-Rossler, et al., 2007; Fusar-Poli,
Borgwardt, et al., 2011). Other researchers have argued that TICV is preferable because it
shows that regions such as the cerebellum are reduced in volume independently of any other
changes in the brain and that TICV accounts for the concomitant increase in cerebrospinal
fluid with the decrease in gray and white matter (Bernard & Seidler, in press; Hannan et al.,
2010).

It is important to note that our use of TICV allows this study to be compared with the
existing literature because this method has been widely used in volumetric studies of UHR
and schizophrenia patients (Hannan et al., 2010; Ho, Andreasen, Dawson, & Wassink, 2007;
Ho, Andreasen, Ziebell, Pierson, & Magnotta, 2011; Mittal et al., 2010; Sullivan et al., 2000;
Velakoulis et al., 2006; Ziermans et al., 2012). However, as alternative techniques become
available, researchers in the UHR field will need to take steps to adopt them as well (e.g., a
study designed to compare the TICV and TBV methods across brain structures in a large
UHR sample).

Second, although our sample size is comparable to that used in many other high-impact
UHR structural imaging investigations (Allen et al., 2011; Borgwardt, McGuire, et al., 2007;
Borgwardt, Riecher-Rossler, et al., 2007; Broome et al., 2010; Fusar-Poli, Borgwardt, et al.,
2011; Fusar-Poli, Broome, et al., 2011; Fusar-Poli, Stone, et al., 2011; Mittal et al., 2010;
Morey et al., 2005; Niendam et al., 2006; Sabb et al., 2010; Stone et al., 2009), future
studies with larger samples would be beneficial because increased power may allow for
detection and control of potential confounding factors, which can threaten internal validity.
A third, and related, limitation is the use of only one task to examine procedural learning.
Although our results provide key insight into the deficits of UHR populations and extend
our knowledge to include the domain of procedural learning, the specificity of impairment
within the procedural learning domain remains unknown. Understanding the extent of this
deficit necessitates comparison across procedural learning paradigms in future studies.

Fourth, to reduce the chance of Type I error in this report, we did not expand the exploratory
analysis to all of the lobules defined by the SUIT template. We have focused on regions of
the cerebellum that we hypothesized to contribute to the motor and cognitive function
related to the pursuit rotor as well as reported exploratory results of larger regions in the
cerebellum. Given that these exploratory results suggest widespread reduction of cerebellar
grey matter volume, future studies that explore the individual cerebellar lobules stand to
inform our understanding of impairment related to cerebellar functions in UHR individuals.
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Although the present findings significantly advance our understanding of the role of
cerebellar abnormalities in a UHR group, and speak to the complexity of the cerebellum’s
role in coordinating higher-order activity, additional studies with multiple time points and
clinical outcome data will be useful to determine whether signs of cerebellar dysfunction
predict eventual conversion or course of illness. Larger samples obtained from multiple sites
will also improve external validity. Furthermore, it is important to note that although the
cerebellum is strongly related to motor control, research has suggested that it is also
involved in non—-motor related cognitive tasks that may also be impaired in schizophrenia
(Leiner et al., 1993; Picard et al., 2008; Strick et al., 2009). The pursuit rotor requires a
distributed network of brain areas to perform well, and includes the prefrontal cortex and
basal ganglia as well as the cerebellum (Doyon & Benali, 2005; Doyon, Penhune, &
Ungerleider, 2003; Grafton et al., 1992; Hatakenaka, Miyai, Mihara, Sakoda, & Kubota,
2007; Leiner et al., 1991). Doyon et al. (2003) have argued that cortico-striatal and cortico-
cerebellar networks act together during procedural learning tasks. Future research should
seek to expand our knowledge of impaired brain regions involved in procedural learning and
use other cerebellar-specific paradigms in UHR samples (e.g., eye-blink conditioning, self-
paced finger tapping, posture) to further elucidate the role of the cerebellum and procedural
learning in the etiology of psychosis.
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Fig. 1.
Cerebellar morphology. A priori regions of interest in the cerebellum included the anterior

cerebellum (green) and crus | (red).
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Fig. 2.
Group differences in cerebellar morphology. Error bars represent standard errors. *p < .05,

**n<0.1.
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Table 1
Demographic Characteristics of the Sample
Group

Characteristic UHR (n=26) Control (n=29) Total (N=55)
Male (n) 16 12 28
Female (n) 10 17 27
Age (years) 18.52 (1.97) 17.72 (2.64) 18.10 (2.32)
Parental education (years) 15.96 (2.58) 15.90 (2.31) 16.02 (2.32)
Handedness (n)

Right 22 28 50

Left 4 1 5
Wide Range Achievement Test 108.65 (13.63)  105.90 (11.43) 107.34 (12.56)
Structured Interview for Prodromal Syndromes

Positive 11.33 (5.20) 0.83 (1.50) 5.84 (6.50)

Negative 11.1 (7.48) 0.91 (1.47) 5.9 (7.40)

Disorganized 5.7 (3.66) 0.48 (0.95) 3.02 (3.71)

General 6.76 (4.35) 0.65 (1.53) 3.57 (4.42)

Note: Data are mean (SD) unless noted otherwise. Groups did not differ on variables of gender, age, handedness, parent education, or general
intelligence. Ultrahigh risk for psychosis (UHR) participants were rated significantly higher than were control participants on all Structured
Interview for Prodromal Syndromes domains (p < .01).
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