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Abstract
Aberrant cerebellothalamic projections to thalamic subregions in
first-episode psychosis
Jee hyung Suh
Brain Cognitive Sciences
The Graduate School
Seoul National University

The involvement of thalamo-cortical circuits in the pathophysiology of schizophrenia has been
widely recognized. However, cerebellar influence on the thalamus has not been investigated in
schizophrenia research. We examined the distribution of cerebellothalamic tracts to thalamic
subregions using probabilistic tractography of diffusion tensor imaging in patients with first-episode
psychosis (FEP).

Forty patients who experienced FEP and 40 healthy controls were investigated. Probabilistic
tractography was performed by seeding the deep cerebellar nuclei targeting the contralateral thalamus.
The proportion (percent) of cerebellothalamic tracts to each thalamic subregion (i.e., the thalamic
entrance point) and the integrity of cerebellothalamic tracts (fractional anisotropy, FA) were compared
between groups. Clinical rating scores were correlated with tractography findings.

We found that the proportion of tracts that projected to the left ventrolateral anterior thalamic
nucleus (VLa) was significantly reduced in FEP patients compared with healthy controls. This was
associated with increased severity of psychomotor poverty syndrome scores. By contrast, FEP patients
4

had a higher proportion of tracts that projected to the right parafascicular nucleus (Pf, a nonspecific
thalamic nucleus in the medial thalamus). This was associated with lower general assessment of
functioning (GAF) scores and higher disorganization syndrome scores. In addition, we found
significantly increased FA values of cerebellothalamic tracts from the left deep cerebellar nuclei to the
right thalamus in FEP patients.

We provide the first evidence for altered topography of cerebellar tracts to the thalamus in firstepisode psychosis. The VLa projects mainly to Brodmann area 6, which is involved in planning,
organizing, monitoring, and generating movements. Diminished cerebellar influence on the VLa may
then be the neural basis of the poverty of thought and action in patients. The Pf has diffuse projections
to the cortex to subserve arousal and alertness. An increased proportion of cerebellothalamic tracts
entering the Pf could indicate too much cerebellar influence, associated with poor functioning and the
disorganization of thought and action in patients. Further studies are warranted to determine whether
these alterations are predictors of risk for psychosis.

Key words: cerebellum; thalamus; tractography; diffusion tensor imaging (DTI); schizophrenia;
first episode psychosis
Student Number: 2016-20439
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1. Introduction
The thalamus has been considered a key hub for distributed information flows in the brain (Jones,
2009; Sherman, 2007; Sherman and Guillery, 2002). It is divided into four groups of nuclei: lateral,
medial, anterior, and posterior nuclei (Krauth et al., 2010; Niemann et al., 2000). The lateral group has
connections to premotor (including Broca’s area for speech production) and motor regions
(ventrolateral anterior [VLa] and posterior [VLp] regions) and to the somatosensory cortex (ventral
posterior lateral anterior [VPLa] and posterior [VPLp] regions) (Jakab et al., 2012; Williams et al.,
2017). Within the medial group, the mediodorsal nuclei project to the frontal lobe and the cingulate
cortex and are involved in working memory function (Watanabe and Funahashi, 2012). Another
nucleus within the medial group is the centromedian nucleus (centromedial and parafascicular: Cm-Pf)
which is widely distributed in cortical and subcortical areas including the reticular formation of the
midbrain and is involved in attention and alertness (Jang et al., 2014). The anterior group has been
reported to be connected to prefrontal and hippocampal areas and is involved in learning and memory
(Child and Benarroch, 2013; Jankowski et al., 2013). Finally, the posterior group includes the pulvinar
and is involved in sensory processing (Purushothaman et al., 2012).

The major output of the cerebellum is directed to the thalamus to modulate thalamocortical
activities (Brodal et al., 1991; Kelly and Strick, 2003; Middleton and Strick, 2001; Strick et al., 2009).
The cerebellothalamic tracts (part of the superior cerebellar peduncle, SCP) originate from the deep
cerebellar nuclei (dentate, interposed, and fastigial nuclei) and courses through the SCP, decussates at
the level of the inferior colliculus, and passes through and around the red nucleus before entering the
thalamus. It has been shown in cats that approximately 90% of neurons located in the dentate and
interposed nuclei project to the contralateral thalamus (Ilinsky et al., 1987). Anterograde tracer studies
in monkeys have shown that after tracers are injected into the deep cerebellar nuclei, terminal labels
are found primarily in the ventrolateral thalamus (VLp and VLa) and in the medial thalamic nuclei
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(intralaminar CM/Pf and CL nuclei) (Asanuma et al., 1983; Calzavara et al., 2005; Rouiller et al.,
1994; Sakai et al., 1996).

Although some evidence and theories suggest that a disruption in cerebellothalamic connectivity
may play a major role in schizophrenia pathophysiology (Andreasen et al., 1996; Rusch et al., 2007;
Schlosser et al., 2003), the cerebellothalamic tracts have not specifically been studied. Some DTI
studies have investigated the integrity of cerebellar peduncles in patients with schizophrenia. Of 8
studies of chronic schizophrenia to date, 5 studies found lower fractional anisotropy (FA) values in the
SCP of schizophrenia patients (Kanaan et al., 2009; Liu et al., 2011; Magnotta et al., 2008; Okugawa
et al., 2006; Zhang et al., 2016), although 3 studies did not find such an abnormality (Freitag et al.,
2013; Huttlova et al., 2014; Wang et al., 2003). On the other hand, the majority of above mentioned
studies have reported that the middle cerebellar peduncle (MCP), which carries the major cerebellar
input fibers from the pons to the cerebellar cortex, is unimpaired in patients.

SCP diffusion properties such as FA values do not vary across developmental trajectories from
young children to late adolescence (Leitner et al., 2015). SCP diffusion abnormalities thus point to a
neurodevelopmental origin such as gestational and/or neonatal insults. In addition to investigating
cerebellothalamic tract diffusion properties, it is important to examine the ontogeny of the
cerebellothalamic tracts by examining whether the cerebellothalamic tracts connect the correct target
within thalamic subregions in patients. This is because, thalamocortical abnormalities in
schizophrenia may have a prethalamic origin. In particular, displaced cerebellar projections to the
thalamus may affect the intrinsic propensity of some thalamocortical connections, to possibly produce
an imbalance in cerebral activities.

In the present study, in addition to examining the integrity of the cerebellothalamic tracts, we
investigated the distribution of cerebellothalamic projections to thalamic subregions using
probabilistic tractography of diffusion tensor imaging in patients with first-episode psychosis (FEP). It
7

is important to investigate FEP patients to determine whether the hypothesized cerebellothalamic
abnormality is present at the early phase of psychosis, by minimizing the effects of illness chronicity
and long-term antipsychotic medications. Based on recent findings supporting neurodevelopmental
dysregulation of neural migration and axonal guidance (axon pathfinding) in schizophrenia (Meda et
al., 2014; Tee et al., 2017), we hypothesized that the topography of cerebellothalamic tracts entering
to the thalamus (thalamic entrance point) would be disturbed in patients compared with healthy
controls. If so, we sought to identify its functional significance using correlations with clinical rating
scores.
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2. Method

2.1 Participants

Forty first-episode patients (18 males, 22 females) and forty healthy controls (19 males and 21
females, individually matched for age within 2 years) participated. The patients were recruited from
the Seoul Youth Clinic early psychosis cohort from April 2010 to June 2015. All patients had a history
of psychosis of less than a year. As shown in table 1, twenty-nine patients were on atypical
antipsychotic medication at the time of data collection. All participants underwent the Structured
Clinical Interview for DSM-IV Axis I disorders (Patient or Non-Patient Edition). Exclusion criteria
for both groups were contraindications to magnetic resonance scanning, neurological disorders
(including previous head injury), and learning disabilities. Written informed consent was obtained
after completely describing the study to each participant. The study was approved by the Institutional
Review Board of Seoul National University Hospital.

9

Variable

Patients (n = 40)

Controls (n = 40)

18/22

18/22

Age (years)

22.9 ± 5.6

23.1± 5.0

Education (years)

13.3 ± 2.0

13.8 ± 1.7

IQ

98.3 ±13.1

115.7 ±10.9

Male/females

Antipsychotics (Y/N)

29/11

CPZ equivalent dose (mg/day)

390 ± 245

GAF current

45.95 ± 9.7

PANSS positive

16.5 ± 4.9

PANSS negative

17.6 ± 5.5

PANSS general

35.4 ± 7.2

Diagnosis

p <.001

Schizophrenia (N=24),
Schizophreniform disorder (N=11)
Schizoaffective disorder (N=3)
Brief psychotic disorder (N=1)
Psychotic disorder NOS (N=1)

Table 1. Demographic and clinical data for 40 FEP and healthy control participants
Abbreviations: Chlorpromazine (CPZ), general assessment of functioning (GAF), Positive and
negative syndrome scale (PANSS)

2.2 Data acquisition

Magnetic resonance imaging was performed on a 3T scanner (MAGNETOM Trio Tim Syngo MR
B17, 12 channel head coil) at Seoul National University Hospital. A high resolution T1-weighted
10

structural MRI was acquired for each participant using a 3D magnetization-prepared rapid-acquisition
gradient echo (MPRAGE) sequence (TR 1670 ms, TE 1.89 ms, voxel size of 1 × 0.98 × 0.98 mm3,
250 mm FOV, 9° flip angle and 208 slices). Diffusion weighted images were acquired using echoplanar imaging (TR 11400 ms, TE 88 ms, matrix 128 × 128, FOV 240 mm and a voxel size of 1.9 ×
1.9 × 3.5). Diffusion-sensitizing gradient echo encoding was applied in 64 directions using a
diffusion-weighting factor b of 1000s /mm2. One volume was acquired with b factor of 0 s/mm2
(without gradient).

2.3 Regions of interest masks

A region of interest (ROI) mask for the whole thalamus was obtained from the Harvard-Oxford
subcortical atlas (fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), and segmented individual nucleus masks for
the thalamus were obtained from Krauth's digital version of Morel's thalamic atlas (Krauth et al.,
2010; Morel, 2007). Seed masks for the deep cerebellar nuclei (dentate, interposed, and fastigial
nuclei) were taken from the JuBrain atlas (Tellmann et al., 2015), implemented in the SPM
neuroanatomy toolbox. A SCP inclusion mask was taken from a recent cerebellar white matter atlas
(van Baarsen et al., 2016).

2.4 Preprocessing

All preprocessing steps for T1-weighted images and diffusion weighted images were performed with
the FSL software package (version 5.0.8; http://fsl.fmrib.ox.ac.uk/fsl) including FSL’s FDT toolbox.
Image distortion and eddy current effects were corrected using FSL’s eddy-correct function. Then, the
brain skull was removed using FSL’s brain extraction tool (BET). The diffusion tensor model was
fitted at each voxel using DTIFIT. All ROI images were warped into a 1 mm standard Montreal
11

Neurological Institute (MNI) space using FMRIB Non-linear Image Registration Tool (FNIRT) and
were then spatially aligned to individual T1 images using FNIRT, which was then aligned to the
individual DTI images using FMRIB Linear image registration tool (FLIRT). As the T1 image had a
higher resolution, the use of each participant’s T1 image in the registration stage would result in more
accurate estimation of the transformation matrix (Cho et al., 2016). The entire analysis was done in
the individual diffusion space and thus, was performed without making any distortion to the original
DTI images.

2.5 Probabilistic tractography with the constrained spherical deconvolution
(CSD) algorithm

Tractography using the CSD algorithm can be realistically used to map the pathway connecting the
cerebellum with the contralateral cerebral cortex passing through the SCP and the thalamus (Palesi et
al., 2015), as it permits bundles to be reconstructed even crossing voxels with complex geometries
and provides accurate and precise estimates of fiber orientations (Tournier et al., 2008). For each
voxel, CSD estimates the fiber orientation distribution function (fODF) directly from the
deconvolution of the diffusion-weighted signal corresponding to the single-fiber response function
(Tournier et al., 2008). fODF estimation and tractography were performed using MRtrix software,
version 3 (http://www.mrtrix.org). We used anatomically constrained tractography (ACT) by creating
a white matter (WM) mask by segmenting the co-registered T1 image to exclude gray matter (GM)
and cerebrospinal fluid (CSF). For each individual, we performed probabilistic whole-brain
tractography by generating 10 million unidirectional streamlines using the WM mask. We used the
following parameters: seed = deep cerebellar nuclei (left or right), step size = 1.38 mm, maximum
angle = 10°, minimal fODF amplitude = 0.15, unidirectional. (See Analysis pipeline section for detail).
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The tracts seeding from the deep cerebellar deep nuclei passing through the SCP and targeting the
contralateral thalamus were selected for both sides. We first calculated the streamline number entering
each of the 34 thalamic subregions using the Morel’s thalamic atlas. Then, the proportion in percent of
cerebellothalamic tracts (rather than the actual number of tracts) targeting each of 34 thalamic
subregions was obtained to control for individual variability in tract number associated with
tractography. As a single tract could be counted as entering both of two adjacent areas due to inherent
thalamic anatomy and in part due to the low spatial resolution of DTI, the proportions of tracts
projected to each hemisphere of the whole thalamus were normalized to 100%. In addition, mean FA,
mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) of the cerebellothalamic
tracts were extracted for each individual.

2.6 Statistical analyses

Of 34 thalamic subregions in each hemisphere, between-group tests for FEP patients and healthy
controls were conducted for regions that had more than 5% of the whole cerebellothalamic tracts (see
Figure 1 for all 34 thalamic subregions). In between-group comparisons of 8 thalamic regions, we
addressed the problem of false positives during multiple comparisons based on the weighted multiple
testing correction for correlated tests implemented in R software (Xie, 2012). Based on the observed
correlations among thalamic subregions, a significance level of p <0.016 was required for significance.
We reported both unadjusted and adjusted p values for future reference.
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Figure 1. Proportion of cerebellothalamic tracts entering lateral (A & E), medial (B & F),
anterior (C & G) and posterior (D & H) thalamic subregions (34 nuclei each side) in HCs (filled
bars) and FEP (diagonally striped bard). Abbrebiations. Lateral group: Ventral posterior lateral
nucleus anterior/posterior part (VPLa/VPLp), Ventral posterior medial nucleus (VPM), Ventral
posterior inferior nucleus (VPI), Ventral lateral anterior nucleus (VLa), Ventral lateral posterior
nucleus dorsal/ventral part (VLpd/VLpv), Ventral anterior nucleus Magnocellular/Parvocellular part
(VAmc/VApc), Ventral medial nucleus (VM), Medial group: Mediodorsal nucleus of Magnocerllular/
Parvocellular part (MDmc/MDpc), Medioventral nucleus (MV), Central lateral nucleus (CL), Central
medial nucleus (CeM), Centre median nucleus (CM), Paraventricular nucleus (Pv), Habenular
nucleus (Hb), Parafascicular nucleus (Pf), Subparafascicular nucleus (sPf), Anterior goup: Anterior
dorsal nucleus (AD), Anterior medial nucleus (AM), Anterior ventral nucleus (AV), Lateral dorsal
nucleus (LD), Posterior group: Medial pulvinar (PuM), Interior pulvinar (PuI), Lateral pulvinar
(PuL), Anterior pulvinar (PuA), Lateral posterior nucleus (LP), Medial geniculate nucleus (MGN),
Suprageniculate nucleus (SG), Limitans nucleus (Li), Posterior nucleus (Po).

Patients’ functional outcome was measured using the Global Assessment of Functioning (GAF) scale
of the DSM-IV. We grouped PANSS symptoms to derive the three core psychopathological
dimensions of ‘psychomotor poverty’ (blunted affect, emotional withdrawal, social withdrawal, and
poor rapport), ‘disorganization’ (conceptual disorganization, stereotyped thinking, difficulty in
abstract thinking, and excitement) and ‘reality distortion’ (suspiciousness/persecution, hostility,
grandiosity, and delusions) as used previously (Lee et al., 2001; Mahurin et al., 1998).
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3. Results

Figure 2 displayed the proportion of cerebellothalamic tracts entered into each of the 8 thalamic
areas. Compared with healthy controls, the proportion of tracts that projected to the left ventrolateral
anterior thalamic nucleus (VLa) within the lateral thalamic nuclei group was significantly reduced in
FEP patients (T(78) = 2.724, p = 0.008, padj = 0.024) (See Figure 3). This was associated with
increased severity of psychomotor poverty syndrome scores (r = 0.4625, p = 0.0027) (Figure 4a).

Figure 2. Proportion of cerebellothalamic tracts (above 5% of the entire tracts) entering
thalamic subregions in HCs (filled bars) and FEP (diagonally striped bard). A: Proportion of
cerebellothalamic tracts entering the left thalamic nuclei. B: Proportion of cerebellothalamic tracts
entering the right thalamic nuclei. FEP patients showed a significantly lower proportion of
cerebellothalamic tracts entered into the left VLa whereas they had a significantly higher proportion
of cerebellothalamic tracts entering the right Pf compared with HCs. Abbreviations: Ventral anterior
nucleus Parvocellular part (VApc), Ventral lateral anterior nucleus (VLa), Ventral lateral posterior
nucleus ventral part (VLpv), Ventral medial nucleus (VM), Ventral posterior medial nucleus (VPM),
Parafascicular nucleus (Pf), Centre median nucleus (CM), Central medial nucleus (CeM).
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A Healthy controls

B FEP patients

Anterior
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E

D
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Figure 3: Group averaged proportion of cerebellothalamic tracts in healthy controls and FEP
patients, and a group-difference map. A: the proportion of cerebellothalamic tracts in HCs (yellow
color indicates higher proportions than red color). B: the proportion of cerebellothalamic tracts in FEP
patients (same color scale applied as in controls). In A and B, tract proportion is represented in a color
scale from yellow to red, where yellow presents high proportion and red presents low proportion. C:
A between-group difference map. Warmer colors indicate HCs > FEP, cooler colors indicate FEP >
HCs. D: A drawing of Sagittal view of the left thalamus according to Morel’s atlas at Z = 76 and
corresponding regional labeling (see Z = 76 slices in A, B, and C figures). E: A drawing of Sagittal
view of the right thalamus according to Morel’s atlas at Z = 72 and regional labeling. Abbreviations
for each thalamic regions in D and E can be found in the legend on Figure 1.

By contrast, FEP patients showed significant higher proportion of tracts projecting to the right
parafascicular nucleus (Pf, part of the medial thalamic group) (T(78) = -2.617, p = 0.011, padj = 0.033)
(Figure 3). This was associated with higher disorganization syndrome scores (r = 0.3971, p = 0.0112,
Figure 4b) and a trend of lower general assessment of functioning (GAF) scores (r = 0.3092 p =
0.052).
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A

B

Figure 4: The percentage of projection to thalamic nuclei (the VLa and Pf) against clinical
rating scores. A: Negative association between the percentage of tracts projected to the left VLa and
psychomotor poverty scores. B: Positive correlation between the percentage of tracts projected to the
right Pf and disorganization scores.

Additionally, we found significantly increased FA values (T(78) = -2.058, p = 0.043) (Figure 5) and
a trend of increased AD values (T(78) = -1.915, p = 0.059) of the cerebellothalamic tracts from the
left deep cerebellar nuclei to the right thalamus in FEP patients compared to healthy controls. No
significant between-group difference was found in FA, MD, AD or RD values for the
cerebellothalamic tracts to the left thalamus between patients and healthy controls. We did not find
significant correlations among VLa, Pf and FA (left cerebellothalamic tracts) variables in FEP patients.
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Figure 5: Scatter plot of fractional anisotropy (FA) of the left cerebellothalamic tracts. FEP
patients exhibited significantly higher FA values compared to HCs.

3.1 Post-hoc control analysis results
In the present study, we used Morrel’s histological atlas of the thalamus to divide thalamic territories
into 34 areas. It is possible that some tracts may enter boundaries of the areas, given the number of
subregions and spatial resolution of DTI images, which may obscure the results. Hence, we repeated
our analyses using the Behrens thalamic atlas that divided the thalamus into 7 functionally defined
nuclei (Behrens et al., 2003). VLa and Pf nuclei were included in Behrens prefrontal and premotor
regions (VLa: 92.79% in prefrontal region, 7.21% in premotor region, Pf: 80.75% in prefrontal region,
19.25% in premotor region). We found that the comparison of the proportion of tracts entering to the
left Behrens prefrontal thalamic region exhibited a trend level of reduction in patients (T(78) = 1.860,
p = 0.067) but no difference in thalamic premotor region between groups (T(78) = -0.994, p = 0.323).
By contrast, the right thalamic area associated with the prefrontal cortex and the premotor area did not
exhibit a significant difference (prefrontal: T(78) = -1.546, p = 0.126, premotor: T(78) = 0.916, p =
20

0.363) (See Figure 6). Nonetheless, note that results of the projection to Behrens thalamic prefrontal
region had the same directional effect as found in our main analysis.

Figure 6: Histogram showing the comparison of the proportion of cerebellothalamic tracts
entering into left and right Behrens thalamic regions between first-episode psychosis patients
and healthy controls. A: Proportion of cerebellothalamic tracts entering the left Behrens thalamic
subregions. B: Proportion of cerebellothalamic tracts entering the right Behrens thalamic subregions.
FEP patients showed trend of lower proportion of cerebellothalamic tracts entering the left prefrontal
region compared with HCs.

Finally, in light of findings on thalamic shape changes encompassing the VLa in schizophrenia (see
discussion section), we conducted an ANCOVA with left VLa volume as a covariate. The results
showed that FEP patients still exhibited lower proportion of tracts that projected to the left VLa
compared with healthy controls (F (1,77) = 6.673, p = 0.015).
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A. Healthy controls (cerebellothalamic tract to left thalamus)
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B. Healthy controls (cerebellothalamic tract to right thalamus)
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C. FEP patients (cerebellothalamic tract to left thalamus)
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D. FEP patients (cerebellothalamic tract to right thalamus)

x=102

x=90

x=99

x=87

x=96

x=93

x=84

x=81

Figure 7. Group averaged cerebellothalamic tracts in healthy controls (A, B) and FEP patients
(C, D). Both groups had the same shape for cerebellothalamic tracts and hence, they are not
qualitatively different.
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4. Discussion

We investigated the cerebellothalamic tracts with probabilistic tractography combined with the CSD
algorithm to investigate whether the distribution of cerebellothalamic projections to thalamic
subregions is different between FEP patients and healthy controls. Our study was motivated based on
the suggestion that the thalamus and thalamocortical connections are critical in understanding
schizophrenia pathophysiology (Byne et al., 2009; Cho et al., 2016; Crespo-Facorro et al., 1999;
Dorph-Petersen and Lewis, 2017; Giraldo-Chica and Woodward, 2017; Klingner et al., 2014;
Marenco et al., 2012; Pergola et al., 2015). As the influence of the cerebellum on the thalamus has not
been investigated by focusing on the cerebellothalamic tracts, we examined the distribution of
cerebellothalamic projections to thalamic subregions in FEP patients based on evidence for a
neurodevelopmental dysregulation of neural migration and axonal guidance (Meda et al., 2014; Tee et
al., 2017).
.
Our main finding was that the proportion of tracts that projected to the left ventrolateral anterior
thalamic nucleus (VLa) from the right cerebellar deep nuclei was significantly reduced in FEP
patients and this was associated with increased severity of psychomotor poverty syndrome scores. The
VLa has been shown to have connections to prefrontal areas, including Broca’s area for speech
production, and pre- and supplementary motor areas (Brodmann area 6) for planning, organizing,
monitoring, and generating movements, whereas the VLp has connections with the primary motor
cortex (Jakab et al., 2012). Lambert and colleagues have recently showed using probabilistic
tractography that the VLa also has connections to the medial temporal lobe (Lambert et al., 2017).
Interestingly, thalamic shape analysis studies have consistently reported surface contraction of the
ventrolateral thalamic regions in chronic schizophrenia (Mamah et al., 2016; Smith et al., 2011) and in
patients with first-episode schizophrenia (Qiu et al., 2009). This surface contraction could be related
to our finding of reduced cerebellothalamic tracts entering the VLa in patients.
24

The parafascicular nucleus (Pf, a nonspecific thalamic nucleus in the medial thalamic group) has
diffuse projections to the cortex and subserves arousal and alertness. Brain lesion and stimulation
studies in animals and humans have demonstrated that the Pf is critically involved in eye movement
(connections with the superior colliculus), cortical gamma band oscillations (as part of the reticular
activating system) and goal-directed action selection (connections with the dorsal striatum) (Bradfield
et al., 2013; Kezunovic et al., 2012; Miyashita and Tamai, 1989). All are relevant to the understanding
of schizophrenia pathophysiology. Furthermore, the Pf is known to play a role in the pathogenesis of
hallucinations (Delgado and Bogousslavsky, 2013; Malkova et al., 2014). Nonetheless, in our study,
an increased proportion of cerebellothalamic tracts entering the Pf could indicate too much cerebellar
influence, associated with poor functioning and disorganization of thought and action in patients.

It has been well established that cerebellothalamic tracts predominantly project to the ventrolateral
and ventromedial regions of the contralateral thalamus (Angaut et al., 1985; Gallay et al., 2008). The
pattern of cerebellothalamic projections to the thalamus was closely replicated a recent tractography
study by Pelzer and colleagues with 12 healthy humans (Pelzer et al., 2017) and consistent with tract
tracing studies in primates (Asanuma et al., 1983; Calzavara et al., 2005; Rouiller et al., 1994; Sakai et
al., 1996).

Cerebellothalamic tracts originating from the fastigial nucleus to the mediodorsal thalamus have
been described (Haroian et al., 1981). Because the mediodorsal thalamus along with its connectivity
with the prefrontal cortex has been suggested to play roles in abnormalities in cognition and emotion
in schizophrenia (Giraldo-Chica and Woodward, 2017; Pergola et al., 2015), we included the fastigial
nucleus as a seed region to reveal cerebellothalamic tracts entering the mediodorsal thalamus.
Nonetheless, cerebellar projections to the mediodorsal thalamus in our study were scarce, as in animal
studies, and thus, did not produce a between-group difference (See Figure 1). As the mediodorsal
nucleus is considered a thalamic relay nucleus linking the basal ganglia to dorsolateral and orbital
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prefrontal cortical areas (McFarland and Haber, 2002), further studies may wish to parcellate thalamic
abnormalities in schizophrenia into basal ganglia and cerebellar origins. For example, identifying
movement symptoms according to their origins (a dimmer-switch hypothesis in which the basal
ganglia generate a movement while the cerebellum modulates its amplitude) (Duval et al., 2016;
Helmich et al., 2012) may have significant treatment implications in schizophrenia (e.g., deep brain
stimulation).

We found significantly increased FA values of the left cerebellothalamic tracts targeting the right
thalamus in FEP patients. Nonetheless, 2 previous studies reported decreased, rather than increased,
FA values in the left SCP in patients with schizophrenia (Huttlova et al., 2014; Kanaan et al., 2009;
Liu et al., 2011; Magnotta et al., 2008; Okugawa et al., 2006; Zhang et al., 2016). It is difficult to
explain these contradictory findings. The cerebellothalamic tracts are part of the SCP, incorporating
other tracts involving the red nucleus, the tectum, the inferior olive, and the brainstem reticular
nucleus. We only calculated FA values for the cerebellothalamic tracts, which may have contributed to
our findings. It is also possible that a dynamic disease process is involved. Further studies with larger
sample sizes (e.g., a mega-analysis of multicenter datasets) are required to address this issue.

This study has several issues that must be considered in interpreting the results. First, we analyzed
cerebellothalamic tracts targeting the contralateral thalamus. It is known that approximately 10% of
cerebellothalamic tracts from the dentate and interposed nuclei project to the ipsilateral thalamus
(Ilinsky et al., 1987). However, the influence of this ipsilateral projection was not evaluated in our
study because DTI tractography has some limitations in differentiating contralateral from ipsilateral
fibers at the decussation point of the caudal midbrain. A second limitation is that the use of only a
non-isotropic voxel shape. A partial volume averaging readily occurs in directions in which voxels are
larger than others. Because FA value can be affected by both shape and voxel size, larger voxels
including regions containing crossing fibers result in underestimation of this value. Although Pelzer
and colleagues reported a near identical pattern of cerebellothalamic tract distributions, as we reported
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here (Pelzer et al., 2017). We addressed this issue by screening the color maps of obtained tracts in
each individual against other similar imaging studies (Palesi et al., 2015), as suggested by Oouchi and
colleagues (Oouchi et al., 2007). As FEP patient data collection requires a long period of time
(collection of the current dataset began in April 2010), such datasets inevitably will not meet the
cutting-edge standard for tractography.

In conclusion, we provide the first evidence of altered topography of the cerebellothalamic tracts
entering to the thalamus in FEP patients with specific associations with symptom dimensions. Our
findings suggest structural underpinnings of imbalanced cerebellar influence on thalamic activity. We
suggest the need for investigating neurodevelopmental trajectories of the cerebellothalamic tracts to
determine whether our observed alterations are associated with biological endophenotype markers of
schizophrenia.
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Analysis pipeline
A. Preprocessing DTI and T1 images using FSL: eddy correction, extracting B0 image,
skull stripping

1. Eddy correction of DTI-image
eddy_correct DTI-image eddycorrectedDTI-image 0

2. Extract b0-image from DTI-image
fslroi DTI-image b0-image 0 1

3. BET DTI-image
bet2 b0-image DTI-bet-image -f 0.3 -m

4. BET T1-image
bet T1-image T1-bet-image -B -f 0.35 -g 0

B. Registration of all ROIs from MNI space into individual DTI space

1. Flirt T1 to MNI to get transformation matrix
flirt -ref MNI-image -in T1-bet-image -omat T1toMNImatrix

2. Fnirt using T1toMNImatrix
fnirt --ref MNI-image --in T1-image --aff T1toMNImatrix --cout T1toMNI_fnirt

3. Inversely warp using T1toMNI_fnirt
invwarp --ref MNI-image --warp T1toMNI_fnirt --out warpT1

4. Applywarp MNI ROI images in order to transform these images into each subject’s T1 space
applywarp --ref T1-image --in ROIimages --warp warpT1 out ROIinT1 --interp nn
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5. Flirt T1 image to DTI image to get T1toDTImatrix
flirt -ref DTI-bet-image -in T1-bet-image -out T1toDTI -omat T1toDTImatrix

6. Flirt T1 ROI images to DTI ROI images
flirt -ref DTI-bet-image -in ROIinT1 -applyxfm -init T1toDTImatrix -interp nearestneighbour -out ROIinDTI

C. Exclusion mask

1. Make binary mask for above 1 voxel superior and anterior of individual thalamic mask (to remove
tracts beyond the thalamus)

Python code:
“import os
import re
import nibabel as nb
import numpy as np
mni = ‘eddycorrectedDTI-image’
mask = ‘R/L thalamus-DTI mask’
editedMask = ‘Thalamus_exclusion_mask’
mask_f = nb.load(mask)
mask_data = mask_f.get_data()
mni_f = nb.load(mni)
mni_data = mni_f.get_data()
xcoords, ycoords, zcoords = mask_data.nonzero()
max_xcoord = xcoords.max()
max_ycoord = ycoords.max()
max_zcoord = zcoords.max()
new_mask_data = np.zeros_like(mask_data)
new_mask_data[:,:,max_zcoord+1:] = 1
new_mask_data[:,max_ycoord+1:,:] = 1
file_to_save = nb.Nifti1Image(new_mask_data, affine=mask_f.get_affine())
file_to_save.to_filename(editedMask)”

2. Add (combine) all the exclusion masks (e.g. for cerebellothalamic tract to the right thalamus)
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fslmaths
Thalamus_exclusion_mask
-add
left_thalamus
-add
right_deepcerebellarnuclei
-add
right_middlecerebellarpeduncle0% -add right_inferiorcerebellarpeduncle0% -add left_middlecerebellarpeduncle90% -add
left_inferiorcerebellarpeduncle90% -add pons exclusionmask_for_right_thalamus -bin

* Hereafter use Mrtrix3 program (see
http://mrtrix.readthedocs.io/en/latest/reference/commands_list.html)

D. Generate segmented tissue image (i.e., anatomically constrained tractography)

1. Generate 5TT (five tissue type) image in T1 space for high resolution
5ttgen fsl T1-bet-image -premasked 5TTinT1

2. After visual inspection, if 5TT image does not fit correctly with the original T1 image, run:
5ttgen fsl T1-image(raw) 5TTinT1

Note: There were about 20% of cases where 5TT image doesn’t resemble (very obviously!) the
original T1 image.

3. After visual inspection of all 5TT images, register each 5TT image (in T1 space) into each subject’s
DTI image
transformconvert T1toDTImatrix 5TTinT1 eddycorrectedDTI-image flirt_import 5TT_DTI.txt
mrtransform -linear 5TT_DTI.txt 5TTinT1 5TTinDTI

E. Generate fiber orientation distribution (FOD) image

1. Convert nifti image (eddy corrected DTI image without BET) into .mif(mrtrix image format)
mrconvert eddycorrectedDTI-image -fslgrad bvecs bvals DWIimage.mif

2. Create gradient information file
mrinfo DWIimage -export_grad_mrtrix grad.b

3. Create response function
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dwi2response tournier DWIimage response.txt

4. Create brain mask (mask for the brain without skull)
dwi2mask DWIimage DWImask.mif

5. Create FOD image
dwi2fod csd DWIimage -mask DWImask response.txt FODimage.mif

F. Run tractography

1. Run whole brain tractography (e.g. cerebellothalamic tract to the right thalamus)
NB: .tck : tractography file format

tckgen FODimage wholdbrain.tck -act 5TTinDTI -backtrack -crop_at_gmwmi -select 10M -step 0.375 -cutoff 0.15 -angle 10
-seed_unidirectional -seed_image Leftdeepcerebellarnuclei -fslgrad bvecs bvals

2. Edit tractography (only include tracts from the seed cerebellar mask to the thalamic target mask,
and exclude tracts passing through the exclusion mask)
tckedit wholebrain.tck -include rightthalamus -exclude exclusionmask_for_right_thalamus tract_to_right_thalamus.tck

3. Edit tractography (only include tracts passing through the superior cerebellar peduncle: waypoint
inclusion mask)
tckedit tract_to_right_thalamus.tck -include left_superiorcerebellarpeduncle0% tract_to_right_thalamus_includingSCP.tck

4. Edit tractography to each thalamic nuclei (34 thalamic nuclei, hence 34 times for each hemisphere)
e.g. tckedit tract_to_right_thalamus_includingSCP.tck -include right_VLa tract_to_right_VLa.tck

5. Write down streamline number for each region.
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