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Highlights:
e No findings in cerebellar white matter in those with a familial risk for psychosis
¢ No findings in cerebellum for participants with a parent with schizophrenia

e Familial risk might not manifest as structural changes in cerebellar white matter
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1. INTRODUCTION

The cerebellum has been traditionally associated with motor function, but it also has a role in
regulation of a number of higher brain functions. It is connected to several neocortical areas through
polysynaptic circuits via basal ganglia and thalamus. These pathways operate in functions such as
cognition and social skills (Crippa et al., 2016). The role of the cerebellum in emotienal regulation
has been established through the study of emotional disturbances in children and adults with
cerebellar lesions (Adamaszek et al., 2017). Cognitive defects resulting fram cerebellar dysfunction
have been termed ”dysmetria of thought”: the way that the cerebellum modulates and fine-tunes
rate, force, rhythm, and accuracy of movement is analogous to the way.it regulates speed, capacity,
consistency and appropriateness of cognitive and emotional.responses and coordinates and monitors
errors in thought (Schmahmann et al., 2007). The dysmetria‘of thought hypothesis has been used to
explain the cognitive, affective, and psychotic symptoms in,schizophrenia and it has been supported
by both structural and functional neuroimagingstudies (Wolf et al., 2009). The cerebellum has both
structural and functional connections to the prefrontal cortex, the limbic system and also to the
brainstem nuclei, which produce serotonin, norepinephrine, and dopamine for the limbic system and
the cerebrum (Konarski et al., 2005).

Schizophrenia patientshave been reported to exhibit grey matter deficit in the vermis of the
cerebellum (Cohen et al.;”2012) and in the anterior cerebellum (Edwards et al., 2008). In addition,
the proportional relationshiprof grey and white matter between regions of the vermis may be altered
(Lawyer et al., 2009). Cerebellar white matter microstructure has been associated with cognitive,
language and emotional function, for example reading skills (van Baarsen et al., 2016; Travis et al.,
2015)..Motordysfunction related to cerebellar deficits has been documented in schizophrenia
patients and those at risk for psychosis, which may indicate a more general dysfunction of the
cerebellum in the emergence of psychotic disorders (Bernard and Mittal, 2014). Further, learning of
a task known to activate cerebello-thalamo-cortical circuit has been shown to be poorer on youth
with clinical high risk for schizophrenia, while learning rate was associated with symptom severity
(Bernard et al., 2018). Both increased and decreased connectivity of the cerebellar default mode

network to thalamus and several frontal regions have been reported in schizophrenia patients (Chen



et al., 2013; Wang et al., 2014). Deficits in white matter integrity early in schizophrenia suggest that
these abnormalities may be related to the illness onset (Kyriakopoulos and Frangou, 2009).
Understanding these neurofunctional correlates of vulnerability to psychosis is essential to research
of schizophrenia (Fusar-Poli et al., 2007). Changes in the cerebellum are not specific to psychosis
but have been found also in other psychiatric conditions such as mood disorders (Johnson et al.,
2018; Minichino et al., 2014), fear and anxiety related disorders (Moreno-Rius, 2018; Schutter et
al., 2017), attention-deficit and hyperactivity disorder (Curtin et al., 2018; Stoodley, 2016) and post-
traumatic stress disorder (Baldacara et al., 2012, Rabellino et al., 2018).

Diffusion-weighted imaging (DWI) is a modality magnetic resonance.imaging (MRI) that
measures diffusion of water in tissue. Fractional anisotropy (FA) and mean diffusivity (MD) are
DWI-based measures. FA describes the anisotropy of the diffusionproeess./Anisotropy is caused by
obstacles that inhibit the movement of water molecules to some directions more than to other
directions. In white matter, macroscopic anisotropy is caused hy bundles of neuronal axons running
in parallel: Water molecules move faster in the direction.of the-axonal fibers compared to the
perpendicular direction (Le Bihan and Johansen-Berg, 2012). MD describes the overall magnitude
of the molecular displacement in the diffusion process. FA and MD are both used as measures of
white matter integrity because they are sensitive to different changes in water diffusion: For
example, alterations in FA can result from changes in axial diffusivity (AD) or radial diffusivity
(RD). FA decrease and MD increase are usually interpreted as signs of compromised white matter
integrity. AD represents diffusivity parallel to the axons and it can be affected by axonal
degeneration. RD represents diffusivity perpendicular to axons and it is affected by axonal
myelination (Alexander etal., 2007). FA increase and MD decrease with age have been consistently
reported in childhood and adolescence, suggesting a relationship between variation in these
measures and the/development of adult white matter structure (Asato et al., 2010; Lebel and Deoni,
2018). DWi=studies have shown reduced FA of the frontal and temporal white matter in patients
suffering from psychotic disorders (Tamnes and Agartz, 2016). The correspondence between MRI
and immunohistochemistry indicates that these imaging approaches correctly reflect microstructural
organisation of cerebellar tissue (Dell'Acqua et al. 2013).

Current understanding views psychosis and schizophrenia as disruptions in the connectivity of

the brain. This “disconnectivity hypothesis” suggests that psychosis is a result of abnormalities in



white matter tracts. Alterations in connectivity have been shown in imaging studies in all stages of
schizophrenia (Canu et al., 2015; Coyle et al., 2016).

White matter changes in psychosis patients have been observed repeatedly (Domen et al.,
2013; Michielse et al., 2017; Ordonez et al., 2016). Further, white matter integrity has been shown
to decrease with time in psychotic patients with childhood trauma compared to their siblings
(Domen et al., 2018). It has been also reported that the siblings of young adults with schizophrenia
showed higher mean FA in some regions compared to both their siblings with schizophrenia and
controls, even though the schizophrenic siblings themselves did not differ in white matter FA from
healthy controls (Boos et al., 2013). The study also found negative correlation with symptom
severity and FA in the arcuate fasciculus in schizophrenia. In another study psychosis patients and
their healthy siblings have been observed to share white matter integrity disruptions in the left
prefrontal cortex and the hippocampus (Hao et al., 2009). However, Harms et al. found no
significant differences between schizophrenia patients and<their non-psychotic siblings in FA when
compared to controls (Harms et al., 2015).

The aim of this study was to compare the estimates;of white matter microstructure of the
cerebellar peduncles between those with a familialrisk for psychosis (FR) and a control group
(CO). The study setting is similar to our previous study on white matter integrity of the cerebrum
(Koivukangas et al. 2015). In this study, familial risk for psychosis was defined as having one or
both parents with a psychotic disorder. Participants were members of the Northern Finland Birth
Cohort 1986 (NFBC 1986):

Our hypotheses werebased on previous studies on microstructural changes in the cerebrum in
those suffering from psychosis, which report FA decreases in schizophrenia (Kelly et al., 2018;
Keymer-Gausset et al/, 2018; Squarcina et al., 2017; Tgnnesen et al., 2018). MD increases have also
been reported in schizophrenia patients (Kelly et al., 2018; Squarcina et al., 2017). Our hypotheses
were as\follows:

1. 'Cerebellar FA is lower in participants with familial risk for psychosis than in the control

group.

2. Cerebellar MD is higher in participants with familial risk for psychosis than in the control

group.



2. METHODS

2.1. The Northern Finland 1986 Birth Cohort

Participants were members of the Northern Finland Birth Cohort 1986 (NFBC 1986). NFBC
1986 consists of children with an expected date of birth between the 1st July 1985 and the 30th June
1986, born in the two northernmost provinces of Finland: Oulu and Lapland. The‘population-based
birth cohort consists of 9479 children, of whom 9432 were live-born, and ineludes,99% of all births
in the given area and time (Jarvelin et al., 1993). Data collection was started before the birth of the
participants and is still ongoing. Data has been supplemented with.questionnaires collected when
participants were 7, 8 and 15-16 years old, and with hospital register data. The Ethical Committee
of the Northern Ostrobothnia Hospital District in Finland has approved the study. All participants of

the present study have given written informed consent.

2.2. Participant selection and invitation

The Oulu Brain and Mind Study, as a part.of NFBC 1986, aims to study the emergence and
causes of psychosis by following young people. Details of participant selection and the field study
conducted between 2007 and 2010, when the participants were 20-25 years old, have been
described in (Veijola et al. 2013).

The FR study greup:consisted of individuals whose parent had been treated in hospital due to
a psychotic disorder according to the Finnish Hospital Discharge Register (FHDR) between 1972
and 2005 (ICD-8.and ACD-9: codes 295-299 and ICD-10: codes F20-33, excluding non-psychotic
mood disorders)./We excluded participants who had a history of psychotic episodes according to
FHDR (Figure 1). Of the cohort members, 272 were found to have a parent with a psychotic
disorder. Of these one had died, five were living abroad, and for four individuals no address was
available, leaving 262 FR potential participants to be invited to the study. Finally, 78 individuals
(34 males) participated in the present study.



From the remainder members of the NFBC 1986, a random sample of 193 individuals was
selected as a control group. Of these, one had died and one had no address available. Of the invited
191 individuals, 80 (31 males) participated.

The Oulu Brain and Mind Study protocol allowed for about two thirds of the participants to
be scanned with DWI, resulting in 53 FR participants and 55 control participants. This was due to
time limit. The Structured Interview for Prodromal Syndromes (SIPS; McGlashan et al., 2001) was
used to measure psychotic-like symptoms. The SIPS allows definition of three separateiprodromal
syndromes for psychosis: brief intermittent psychotic syndrome, attenuated positive prodromal
syndrome, and genetic risk and deterioration syndrome. We assessed if the participant had current
prodromal syndrome. Structured Interview for DSM-IV disorders, SCID=I (First et al., 1997) was
used to determine psychiatric episodes.

According to the SIPS and SCID-I interviewers, one partieipant in the FR and one in the
control group had a history of psychotic episodes. Both ofthese were excluded from the study. One
participant from the control group was excluded for having had earlier head trauma with 30 min or
more of unconsciousness. Six participants from the FR"and three from the control group were
excluded because of poor scan quality. The final\FR group included 46 and control group 50
participants.

Five participants from the FR group and no controls had a current prodromal syndrome
according to the SIPS. Accordingito’SCID interview both in the FR and control group three
participants had current mood disorder episode and none had any substance use disorders. Two
participants from the FR group and three from the control group had current anxiety disorder. No
participants in thesERwand one in the control group used psychotropic medication. The medication
used was SSRI-medication (Table 1). One participant had a missing urine drug test and one tested
positive for.opioids in the control group. All urine drug tests were negative in the FR group.
Accordingto-FHDR, among the FR participants, 13 had a parent with schizophrenia and 34 with
another psychotic disorder. Of these other psychotic disorders, two had schizoaffective disorder,
two schizophreniform disorder, four delusional disorder, six psychotic depressive disorder, eight
psychotic bipolar disorder and 12 some other psychotic disorder. None had both parents with

psychosis.



Participants were asked which hand they preferred to use when writing (Table 1). Educational
level was in two categories (matriculation or no matriculation) as reported by the participant. 1Q of
the participants was estimated using Matrix Reasoning and VVocabulary tests of the WAISIII
(Wechsler Adult Intelligence Scale 111 Edition, Finnish version) (Wechsler, 1997). Level of the
participants' functioning was evaluated in the SIPS interview using Global Assessment of
Functioning, GAF (American Psychiatric Association, 1994). Alcohol use of the participants was
based on their answers to a question that asked if they drink too much alcohol with three possible

answers: not true, somewhat or sometimes true, very true or often true.
2.3. Image acquisition

All participants were scanned using GE Signa 1.5 Tesla scanner‘in Oulu University Hospital.
T1-weighted images were acquired with inversion recovery (IR).prepared (“BRAVO”) 3D fast
spoiled gradient echo (FSPGR) sequence using the following parameters: TR 12.4 ms, TE 5.2 ms,
FA of 20°, field of view (FOV) 24 cm x 24 cm, acquisition matrix 256 x 256, 1 mm slice thickness,
half k-space coverage in the phase encoding direction (GE “fractional NEX” with 0.5 factor). T1-
weighted images of three participants were excluded: one because of severe movement, one
because of low image quality due to interference in the magnetic field during the scanning and one
due to failed image registration (ventricular enlargement). Diffusion-weighted imaging data were
acquired with single-shot echo-planar imaging. The parameters for the DW1 were as follows: FOV
24 cm?, matrix size 128 x 128, slice thickness 3.0 mm. The data were reconstructed into a 256 x
256 matrix, with a resulting voxel size of 1.875 x 1.875 x 3 mm. The diffusion gradients were
acquired along 40:nonparallel gradient directions (b = 1000 s/mm?). Datasets included one image

without diffusion weighting (b=0).

2.4. Image Processing

The DWI data was inspected manually for slice-wise errors and other significant artifacts.
Preprocessing of DWI data was carried out in ExploreDTI v4.8.6 (Leemans et al., 2009) in
MATLAB R2016a (The MathWorks, Inc., Natick, Massachusetts, United States). First, b0 images
were stripped of non-brain tissue using FSL Brain Extraction Tool (BET (Smith, 2002)). Brain-only



b0 images were then used as reference for correcting head motion and eddy current artefacts, after
which b-vectors were rotated according to the new orientations (Leemans and Jones, 2009).
Diffusion tensors were estimated using the REKINDLE algorithm (Tax et al., 2015) and FA and
MD maps were calculated. Finally, echo-planar imaging artefacts were corrected by registering FA
images nonlinearly to undistorted high resolution T1-weighted images in the anterior-posterior
phase-encoding direction (Irfanoglu et al., 2012; Leemans and Jones, 2009).

Whole brain global tractograms were estimated for each individual in the native T1w space by
using constrained spherical deconvolution and recursive calibration of the response function, as
implemented in ExploreDTI (Jeurissen et al., 2011; Tax et al., 2014). In order to reconstruct the
WM tracts of interest, binary ROIs (‘AND’ and ‘NOT’ gates) were drawn on the MNI152 1-mm
brain template as explained in Figure 2. The ROIs were then projected to each individual’s native
T1w space using the inverse of the above native T1-weighted-to-MNI152-template nonlinear
registration (ANTSs, (Avants et al., 2011)). Streamlines presenting tract bundles of interest were
extracted from global tractograms using ‘AND’ and ‘NOT’ gate ROIs in each individual’s native
T1w space. The tracts included altogether six cerebellar peduncle segments: the inferior, middle and
superior cerebellar peduncles (ICP, MCP and SCP, respectively) on the left and right hemisphere.
The resulting streamlines were visually inspected for inappropriate connections and aberrant
tracings using TrackVis software (http://trackvis.org (Wang et al., 2007)). Finally, cerebellar tract
mean values were extracted for FA, MD, AD and RD in each individual.

FIGURE 2

2.5. Tractography

Streamline tracing of the six cerebellar peduncle segments was successfully performed in 93
participants (97% out of all participants) for the left ICP, 95 participants (99%) for the right ICP, 94
participants (98%) for the left MCP, 95 participants (99%) for the right MCP, 64 participants (67%)
for the left SCP and 59 participants (61%) for the right SCP. Tracing was successfully performed
for all six segments in 16 participants (35%) in the FR group and 19 participants (38%) in the
control group, for five segments in 23 participants (50%) in the FR group and 27 participants (54%)
in the control group, for four segments in five participants (11%) in the FR group and four

participants (8%) in the control group, for three segments in one participant (2%) in the FR group



and none in the control group, and for one segment in one participant (2%) in the FR group and
none in the control group. Tract reconstruction of an example subject is shown in Figure 3.

FIGURE 3
2.6. Statistical Analysis

Differences in FA, MD, AD and RD between the FR and CO groups were examined using
Welch’s two-sample t-test and Cohen’s d. We used independent-samples t-test (t) for’continuous
variables and Pearson’s chi-squared test (%) and Fisher’s exact test for categorical.variables. R
software package version 3.5.1 was used for statistical analysis (R Core Team, 2016). We used false
discovery rate (Benjamini—Hochberg procedure) to account for multiple‘comparisons in each
microstructural measure. A p-value of <0.01 was considered significant. We also adjusted the

results using the following covariates: sex, age and handedness.
2.7. Attrition Analysis

Out of 272 (17%) invited potential FR participants; /46 participants with FR participated in the
study. The corresponding figures in the control group were 50 out of 193 (26%) potential control
participants.

Of the non-participant FR groupsmembers 56.6% and of the participants 34.8% were male. Of
the non-participant CO group members'52.4% and of the participants 34.0% were male.

According to FHDR, 30%:0f the non-participating FR individuals and 28% of the participants
had a parent with schizophrenia (Pearson Chi-Square Test p=0.727). In the FR group 8.0% of the
non-participants and 6.4% of the participants had been treated in hospital between the years 2001
and 2005 due:to a psychiatric disorder. In controls 2.8% (n=4) of the non-participating and none of
the participating individuals had been treated in hospital due to a non-psychotic psychiatric disorder

(Fisher’s Exact Test p=0.575).



3. RESULTS

3.1. Demographic and clinical characteristics

The demographic characteristics and clinical data of the groups are presented in Table 1. Of
the 96 participants, 33 (34.4%) were males. The mean age of the whole sample was 22:7 (SD 0.8)
years. The groups were not significantly different with respect to demographic and clinical
variables.

TABLE 1

3.2. Differences in FA, MD, AD and RD

Familial risk and control groups showed no significant differences in FA (t < 1.81, p > 0.07),
MD (t<2.08, p>0.04), AD (t<1.66, p>0.10) or RD (t< 2.24, p > 0.03) in any of the cerebellar
peduncle segments before or after adjusting for covariates: In the right MCP unadjusted model there
was a trend for increased FA (t=1.76, p=0.08), decreased MD (t=-2.00, p=0.05), decreased AD (t=-
1.58, p=0.12) and decreased RD (t=-2.15, p=0.04) as compared to the control group. The mean
values of combined left and right tracts are shown in Figure 4 a, b, ¢ and d. Findings in individual
peduncle segments are shown in Supplement Table sl a, b, ¢ and d and Supplement Figure sl a, b, ¢
and d.
FIGURE 4a
FIGURE 4b
FIGURE 4c
FIGURE 4d



4. DISCUSSION

Contrary to our expectations, we found no link between cerebellar white matter
microstructure and familial risk for psychosis. Our findings suggest that familial risk for psychosis
is not linked to structural changes of cerebellar white matter.

Our results are in discrepancy with some other studies on the subject. Decreases in white
matter integrity have been established in psychosis patients in sibling studies (Domen et al., 2013;
Michielse et al., 2017; Ordonez et al., 2016). Collin et al. (2011) found that, not only do
schizophrenia patients show impaired functional connectivity between the cerebellum and some
cerebral regions, but that some of these abnormalities are present in siblings of the patients, as
compared to a healthy control group, indicating a possible familiahcomponent to psychosis risk.
Functional and anatomical connectivity abnormalities in the'cerebellum of schizophrenia patients
have been reported repeatedly (Kanaan et al., 2009; Kyriakopoulos and Frangou, 2009; Liu et al.,
2011). It is possible that white matter abnormalities are better seen in those who have already
developed schizophrenia, but there are also’studies suggesting a link between lowered connectivity
and increasing number of psychotic-like experiences in healthy individuals (Oestreich et al., 2018).
Also, abnormal functional and structural.cerebellar network development has been reported in
individuals with high-risk for{psychaesis, specifically association between cerebello-thalamo-cortical
network development and connectivity and positive symptom course (Bernard et al., 2017).
Abnormalities in functional eonnectivity have also been reported in temporal areas in adolescents
and young adults at clinical high risk for psychosis (Colibazzi et al., 2017). Another study has
indicated that individuals with attenuated positive psychotic symptoms may have white matter
microstructure-alterations independent of clinical high risk for psychosis status (Cooper et al.,
2018). Discrepancy with other studies can possibly be explained by the fact that tractography results
seem to vary depending on the method used (Christidi et al., 2016).

In our earlier study with the same study sample Koivukangas et al. (2015) found no evidence
of a link between familial risk for psychosis and white matter microstructure in the cerebrum. This
finding is in line with the results of the present study. Additionally, Jukuri et al. (2015) found that

alterations in functional connectivity in the grey matter of the anterior lobe of the right cerebellum



may be associated with increased vulnerability to psychosis. Findings of our earlier and present
study suggest that cerebellar structural anomalies associated with psychosis risk are mainly found in
grey matter.

The use of a birth cohort research setting should be considered as the main strength of this
study. NFBC 1986 is a general population cohort: the individuals had the same ethnic background
and were of the same age. The age range of the participants was from 21 to 24 years, which is
within the average range of onset for schizophrenia (Owen et al., 2016).

Our control group was similar to the study group regarding sex, age, intelligence, general
functioning, alcohol problems, handedness and education distribution. This.is.a strength of the
study. Another strength was that we did not exclude participants based en prodromal syndromes,
opioid usage and use of psychotropic drugs, either in the control or:the study group. This way
control group might represents a sample from the general population.

The use of a whole brain CSD tractography approach allews estimating diverse fiber
populations and crossing fibers (Farquharson et al., 2013, Kristo et al., 2013). Whole brain
tractography also reduces user bias of selection of seed'ROI locations. Tractography methods allow
avoiding registering ROIs on the tracts, thus reducing registration errors and partial volume effects
because streamlines, by definition, only traverse regions of sufficiently stable diffusion parameters.
It must be noted, however, that CSD tractography, while offering technical benefits, is suboptimal
for the single-shell low b-value data used.

Limitations of this study include the sample size, which may limit making statistical
inferences. We did not.perform a priori power calculation as our our goal was to simply include all
the suitable individuals from the Oulu Brain and Mind Study. It is possible that our lack of results is
due to the study being'underpowered. Possibly a larger sample size would be required to reliably
detect the small differences in the microstructural measures between the groups. The fact that the
groups cansist of only of those who were willing to participate is a possible confounding factor. The
lack of participants with two parents with psychosis means that we were unable to compare the
possible difference between those participants with only one and those with both parents with
psychosis. This comparison could have been useful in studying whether there is an increased
familial risk when both parents are psychotic. Our FR group is very heterogenic as it includes

children of parents with schizophrenia, delusional disorder, psychotic depressive disorder and



psychotic bipolar disorder. These various psychotic disorders may have differences in gene
expression and brain alterations. In addition, our control group was not completely mentally healthy
but included in total five cases with mood or anxiety disorder. This might be considered also a
strength of the study as discussed above.

We had only subjective questionnaire data on alcohol use. This may be an inaccurate measure
of actual use of alcohol. It is possible that our findings are affected by continuing white matter
development in the early 20’s especially in males (Asato et al., 2010; Lebel and Deoni,;:2018). This
is however contradicted by the similar age and sex distribution of control (mean-age 22.6 years, 17
males out of 46 participants) and FR (mean age 22.8 years, 16 males out of 50 participants) groups.
Another major limitation is the relatively low magnetic field strength 0of“4.5 T and the resulting
voxel size of 2x2x3mm that may limit the detection of differences.in the fine cerebellar
microstructure. This might also be the reason behind the relatively low number of succesful tracings
in the superior peduncles: for left 67% and for right 61% evenithough for other peduncles the
number of succesful tracings ranged from 97% to 99% (see Section 2.5). Even though the images
were adjusted for head motion, we cannot totally rule outsmotion artifacts. We cannot exclude the
possible effect of anisotropic voxels in our findings. However, we found no preference towards the
inferior-superior axis in visual inspection. Additionally, the partial volume effect adds noise to the
data and is a possible source of error.

Only 17% of the invited FRiindividuals and 26% of the control individuals participated. As
our attrition analysis shows; there were no significant differences between the participant and non-
participant groups regarding key characteristics. However, there is still a possibility that the non-
participant group.could have had more substantial psychosis risk related alterations in their white
matter structure. .Parents of the participants were not interviewed for prodromal symptoms, making
it possible that some of the participants’ psychotic parents went undetected if they had had no
hospital treatment for their psychotic disorders. We also had no data on parents treated as
outpatients. However, FHDR is able to capture majority of those with lifetime diagnosis of

psychotic disorder (Perald et al. 2007).



5. Conclusions

Contrary to our hypothesis, no significant differences in FA or MD of the cerebellar
peduncles were found between the FR and control groups. Our findings suggest that the familial
risk for psychosis may not manifest as structural changes in cerebellar white matter. It is-possible
that the structural changes are found mainly in grey matter. Our results did not suppert, but.neither
disconfirm, the disconnectivity model, which proposes that irregularities in neural connections have

an essential role in the development of psychosis.



Acknowledgment

We thank professor Anna-Liisa Hartikainen (launch of NFBC1986), the participants in the
study and the NFBC project center. NFBC1986 has received following grants: EU QLG1-CT-2000-
01643 (EUROBLCS) Grant no. E51560, NorFA Grant no. 731, 20056, 30167, USA / NtHH 2000
G DF682 Grant no. 50945.

Contributors

Juho Pudas, Lassi Bjérnholm, Juha Nikkinen and Juha Veijola contributed to the study
design. Juha Veijola and Juha Nikkinen participated in collection/of the data. Lassi Bjérnholm and
Juha Nikkinen analysed the DWI data. Juho Pudas conducted statistical analyses. Juho Pudas, Juha
Veijola and Lassi Bjornholm drafted the first version of the manuscript. All authors have taken part

in drafting the manuscript and approved the final version.

Conflict of interest

The authors declare no conflicts-of interest.



REFERENCES

Adamaszek, M., D'Agata, F., Ferrucci, R., Habas, C., Keulen, S., Kirkby, K.C. et al., 2017.
Consensus paper: cerebellum and emotion. Cerebellum 16, 552-576.

Alexander, A.L., Lee, J.E., Lazar, M., Field, A.S., 2007. Diffusion tensor imaging of the brain.
Neurotherapeutics 4, 316-329.

American Psychiatric Association, 1994. Diagnostic and Statistical Manual of Mental Disorders,
fourth ed., American Psychiatric Association, Washington, DC.

Asato, M.R., Terwilliger, R., Woo, J., Luna, B., 2010. White Matter Development in"Adolescence:
A DTI Study. Cerebral Cortex 20, 2122-2131.

Avants, B.B., Tustison, N.J., Song, G., Cook, P.A., Klein, A., Gee, J.C+2011. A reproducible
evaluation of ANTSs similarity metric performance in brain image registration. Neuroimage
54, 2033-2044.

Baldacara, L., Borgio, J.G.F., Araujo, C., Nery-Fernandes, F., Lacerda; A.L.T., Moraes, W.A.D.S.
et al., 2012. Relationship between structural abnormalities in the cerebellum and dementia,
posttraumatic stress disorder and bipolar disorder. Dement. Neuropsychol. 6, 203-211.

Behrens, T.E.J., Johansen-Berg, H., Woolrich, M.W., Smith, S.M., Wheeler-Kingshott, C., Boulby
et al., 2003. Non-invasive mapping of connections:between human thalamus and cortex using
diffusion imaging. Nat. Neurosci. 6, 750-757.

Bernard, J.A., Mittal, V.A., 2014. Cerebellar=motor dysfunction in schizophrenia and psychosis-
risk: the importance of regional cerebellar.analysis approaches. Front. Psychiatry. 5, 160.

Bernard, J.A., Orr, J.M., Mittal, V.Ag 2017. Cerebello-thalamo-cortical networks predict positive
symptom progression in individuals at ultra-high risk for psychosis. Neuroimage Clin. 14,
622-628.

Bernard, J.A., Orr, J.M., Dean;\D.J.,’Mittal, V.A., 2018. The cerebellum and learning of non-motor
associations in individuals at clinical-high risk for psychosis. Neuroimage Clin. 19, 137-146.

Boos, H.B., Mandl, R'C., van Haren, N.E., Cahn, W., van Baal, G.C., Kahn, R.S. et al., 2013. Tract-
based diffusionitensor imaging in patients with schizophrenia and their non-psychotic
siblings. Eur. Neuropsychopharmacol. 23, 295-304.

Canu, E., Agosta, k. Filippi, M., 2015. A selective review of structural connectivity abnormalities
of schizophrenic patients at different stages of the disease. Schizophr. Res. 161, 19-28.
Chen, Yok, Tu, P.C., Lee, Y.C,, Chen, Y.S,, Li, C.T., Su, T.P., 2013. Resting-state fMRI mapping
of'cerebellar functional dysconnections involving multiple large-scale networks in patients

with schizophrenia. Schizophr. Res. 149, 26-34.

Christidi, F., Karavasilis, E., Samiotis, K., Bisdas, S., Papanikolaou, N., 2016. Fiber tracking: A
qualitative and quantitative comparison between four different software tools on the
reconstruction of major white matter tracts. Eur. J. Radiol. Open 3, 153-161.

Cohen, M., Rasser, P.E., Peck, G., Carr, V.J., Ward, P.B., Thompson, P.M. et al., 2012. Cerebellar
grey-matter deficits, cannabis use and first-episode schizophrenia in adolescents and young
adults. Int. J. Neuropsychopharmacol. 15, 297-307.



Colibazzi, T., Yang, Z., Horga, G., Chao-Gan, Y., Corcoran, C.M., Klahr, K., Brucato, G., Girgis,
R., Abi-Dargham, A., Milham, M.P., Peterson, B.S., 2017. Aberrant Temporal Connectivity
in Persons at Clinical High Risk for Psychosis. Biol. Psychiatry. Cogn. Neurosci.
Neuroimaging 2, 696-705.

Collin, G., Hulshoff Pol, H.E., Haijma, S.V., Cahn, W., Kahn, R.S., van den Heuvel, M.P., 2011.
Impaired cerebellar functional connectivity in schizophrenia patients and their healthy
siblings. Front. Psychiatry. 2, 73.

Cooper, S., Alm, K.H., Olson, I.R., Ellman, L.M., 2018. White matter alterations in individuals
experiencing attenuated positive psychotic symptoms. Early Interv. Psychiatry. 12,-372-379.

Coyle, J.T., Balu, D.T., Puhl, M.D., Konopaske, G.T., 2016. History of the Concept of
Disconnectivity in Schizophrenia. Harv. Rev. Psychiatry 24, 80-86.

Crippa, A., Del Vecchio, G., Busti Ceccarelli, S., Nobile, M., Arrigoni, F., Brambilla,P., 2016.
Cortico-Cerebellar Connectivity in Autism Spectrum Disorder: What Do We Know So Far?
Front. Psychiatry. 7, 20.

Curtin, K., Fleckenstein, A.E., Keeshin, B.R., Yurgelun-Todd, D.A., Renshaw, P.F., Smith, K.R. et
al., 2018. Increased risk of diseases of the basal ganglia and cerebellum in patients with a
history of attention-deficit/hyperactivity disorder. Neuropsychaopharmacology .

Dell'Acqua, F., Bodi, I., Slater, D., Catani, M., Modo, M., 2013. MR diffusion histology and micro-
tractography reveal mesoscale features of the human cerebellum. Cerebellum 12, 923-931.

Domen, P.A., Michielse, S., Gronenschild, E., Habets, P.;\Roebroeck, A., Schruers, K. et al., 2013.
Microstructural white matter alterations in psychotiec disorder: a family-based diffusion tensor
imaging study. Schizophr. Res. 146, 291-300.

Domen, P., Michielse, S., Peeters, S., Viechtbauer, W., van Os, J., Marcelis, M., for Genetic Risk
and Outcome of Psychosis (G.R.0.U.P.),~2018. Childhood trauma- and cannabis-associated
microstructural white matter changes in patients with psychotic disorder: a longitudinal
family-based diffusion imaging study. Psychol. Med. , 1-11.

Edwards, C.R., Newman, S., Bismark, A., Skosnik, P.D., O'Donnell, B.F., Shekhar, A. et al., 2008.
Cerebellum volume and eyeblink conditioning in schizophrenia. Psychiatry Res. 162, 185-
194.

Farquharson, S., Tournier, J.D., Calamante, F., Fabinyi, G., Schneider-Kolsky, M., Jackson, G.D. et
al., 2013. Whitesmatter fiber tractography: why we need to move beyond DTI. J. Neurosurg.
118, 1367-1377.

First M.B., Spitzer.R/L., Gibbon M., Williams J.B.W., 1997. Structured clinical interview for DSM-
IV axis | disorders-clinician version (SCID-CV). New York: State Psychiatric Institute,
Biometrics Research.

Fusar-Pali, P., Perez, J., Broome, M., Borgwardt, S., Placentino, A., Caverzasi, E. et al., 2007.
Neurofunctional correlates of vulnerability to psychosis: a systematic review and meta-
analysis. Neurosci. Biobehav. Rev. 31, 465-484.

Hao, Y., Yan, Q., Liu, H., Xu, L., Xue, Z., Song, X. et al., 2009. Schizophrenia patients and their
healthy siblings share disruption of white matter integrity in the left prefrontal cortex and the
hippocampus but not the anterior cingulate cortex. Schizophr. Res. 114, 128-135.

Harms, M.P., Akhter, K.D., Csernansky, J.G., Mori, S., Barch, D.M., 2015. Fractional anisotropy in
individuals with schizophrenia and their nonpsychotic siblings. Psychiatry Res. 231, 87-91.



Irfanoglu, M.O., Walker, L., Sarlls, J., Marenco, S., Pierpaoli, C., 2012. Effects of image distortions
originating from susceptibility variations and concomitant fields on diffusion MRI
tractography results. Neuroimage 61, 275-288.

Jeurissen, B., Leemans, A., Jones, D.K., Tournier, J., Sijbers, J., 2011. Probabilistic fiber tracking
using the residual bootstrap with constrained spherical deconvolution. Hum. Brain Mapp. 32,
461-479.

Johnson, C.P., Christensen, G.E., Fiedorowicz, J.G., Mani, M., Shaffer, J.J.,Jr, Magnotta, V.A. et
al., 2018. Alterations of the cerebellum and basal ganglia in bipolar disorder mood states
detected by quantitative T1rho mapping. Bipolar Disord. 20, 381-390.

Jukuri, T., Kiviniemi, V., Nikkinen, J., Miettunen, J., Maki, P., Mukkala, S. et al., 2015.'Cerebellar
activity in young people with familial risk for psychosis--The Oulu Brain and Mind Study.
Schizophr. Res. 169, 46-53.

Jéarvelin, M-R., Hartikainen-Sorri, A-L., Rantakallio, P., 1993. Labour induction policy in hospitals
of different levels of specialisation. Brit J Obstet Gynaec 100:310<315.

Kanaan, R.A., Borgwardt, S., McGuire, P.K., Craig, M.C., Murphy, D.G., Picchioni, M. et al.,
2009. Microstructural organization of cerebellar tracts in schizophrenia. Biol. Psychiatry 66,
1067-1069.

Kelly, S., Jahanshad, N., Zalesky, A., Kochunov, P., Agariz, I, Alloza, C. et al., 2018. Widespread
white matter microstructural differences in schizophrenia across 4322 individuals: results
from the ENIGMA Schizophrenia DTI Working Group. Mol. Psychiatry 23, 1261-1269.

Keymer-Gausset, A., Alonso-Solis, A., Corripio, 1., Sauras-Quetcuti, R.B., Pomarol-Clotet, E.,
Canales-Rodriguez, E.J. et al., 2018. Gray.and white matter changes and their relation to
illness trajectory in first episode psychesis.\Eur. Neuropsychopharmacol. 28, 392-400.

Koivukangas, J., Bjornholm, L., Tervonen, O.,"Miettunen, J., Nordstrom, T., Kiviniemi, V. et al.,
2015. White matter structure in‘young adults with familial risk for psychosis - The Oulu Brain
and Mind Study. Psychiatry’Res. 233, 388-393.

Konarski, J.Z., Mcintyre, R.S,#Grupp, L.A., Kennedy, S.H., 2005. Is the cerebellum relevant in the
circuitry of neuropsychiatric disorders? J Psychiatry Neurosci 30(3): 178-186.

Kristo, G., Leemans, A./Raemaekers, M., Rutten, G.J., de Gelder, B., Ramsey, N.F., 2013.
Reliability of two clinically relevant fiber pathways reconstructed with constrained spherical
deconvolution."Magn. Reson. Med. 70, 1544-1556.

Kyriakopoulos,'M., Frangou, S., 2009. Recent diffusion tensor imaging findings in early stages of
schizoephrenia.~Curr. Opin. Psychiatry. 22, 168-176.

Lawyer, G, Nesvag, R., Varnas, K., Okugawa, G., Agartz, ., 2009. Grey and white matter
proportional relationships in the cerebellar vermis altered in schizophrenia. Cerebellum 8, 52-
60:

Le Bihan, D., Johansen-Berg, H., 2012. Diffusion MRI at 25: exploring brain tissue structure and
function. Neuroimage 61, 324-341.

Lebel, C., Deoni, S., 2018. The development of brain white matter microstructure. Neuroimage 182,
207-218.

Leemans, A., Jeurissen, B., Sijbers, J., Jones, D., 2009. ExploreDT]I: a graphical toolbox for
processing, analyzing, and visualizing diffusion MR data. 17th Annual Meeting of Intl Soc
Mag Reson Med , 3537.



Leemans, A., Jones, D.K., 2009. The B-matrix must be rotated when correcting for subject motion
in DTI data. Magn. Reson. Med. 61, 1336-1349.

Liu, H., Fan, G., Xu, K., Wang, F., 2011. Changes in cerebellar functional connectivity and
anatomical connectivity in schizophrenia: a combined resting-state functional MRI and
diffusion tensor imaging study. J. Magn. Reson. Imaging 34, 1430-1438.

McGlashan, T.H., Miller, T.J., Woods, S.W., Rosen, J.L., Hoffman, R.E., Davidson, L., 2001. SIPS,
Structured Interview for Prodromal Syndromes-Version for Present Prodromal Syndromes.
Version 3.0 PRIME Research Clinic. Yale School of Medicine, New Haven, CT.

Michielse, S., Gronenschild, E., Domen, P., van Os, J., Marcelis, M., for Genetic Risk.and Outcome
of Psychosis (G.R.0.U.P.), 2017. The details of structural disconnectivity in psychetic
disorder: A family-based study of non-FA diffusion weighted imaging measures. Brain Res.
1671, 121-130.

Minichino, A., Bersani, F.S., Trabucchi, G., Albano, G., Primavera, M., Delle Chiaie, R. et al.,
2014. The role of cerebellum in unipolar and bipolar depression:,a review of the main
neurobiological findings. Riv Psichiatr. 49, 124-131.

Oestreich, L.K.L., Randeniya, R., Garrido, M.I., 2018. White matter.connectivity reductions in the
pre-clinical continuum of psychosis: A connectome study."Hum.-Brain Mapp. Ahead of print.

Ordonez, A.E., Luscher, Z.1., Gogtay, N., 2016. Neuroimaging. findings from childhood onset
schizophrenia patients and their non-psychotic siblings: Schizophr. Res. 173, 124-131.

Owen, M.J., Sawa, A., Mortensen, P.B., 2016. Schizophrenia. Lancet 388, 86-97.

Perala, J., Suvisaari, J., Saarni, S.I., Kuoppasalmi, K., Jsemetsa, E., Pirkola, S. et al., 2007. Lifetime
prevalence of psychotic and bipolar I disorders in a general population. Arch. Gen. Psychiatry
64, 19-28.

R Core Team, 2016. R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna,ZAustria. URL https://www.R-project.org/

Rabellino, D., Densmore, M., Theberge;J.; McKinnon, M.C., Lanius, R.A., 2018. The cerebellum
after trauma: Resting-state functional connectivity of the cerebellum in posttraumatic stress
disorder and its dissociative subtype. Hum. Brain Mapp. 39, 3354-3374.

Schmahmann, J.D., Weilburg, J.B., Sherman, J.C., 2007. The neuropsychiatry of the cerebellum -
insights from the clinic. Cerebellum 6, 254-267.

Schutter, D.J.L.G.; Meuwese, R., Bos, M.G.N., Crone, E.A., Peper, J.S., 2017. Exploring the role of
testosterone in the cerebellum link to neuroticism: From adolescence to early adulthood.
Psychoneureendocrinology 78, 203-212.

Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17, 143-155.

Squarcina,.L., Bellani, M., Rossetti, M.G., Perlini, C., Delvecchio, G., Dusi, N. et al., 2017. Similar
white matter changes in schizophrenia and bipolar disorder: A tract-based spatial statistics
study. PLoS One 12, e01780809.

Stoodley, C.J., 2016. The Cerebellum and Neurodevelopmental Disorders. Cerebellum 15, 34-37.

Tamnes, C.K., Agartz, I., 2016. White matter microstructure in early-onset schizophrenia: a
systematic review of diffusion tensor imaging studies. J. Am. Acad. Child Adolesc.
Psychiatry 55, 269-279.

Tax, C.M., Otte, W.M., Viergever, M.A., Dijkhuizen, R.M., Leemans, A., 2015. REKINDLE:
robust extraction of kurtosis INDices with linear estimation. Magn. Reson. Med. 73, 794-808.




Tax, C.M.W., Jeurissen, B., Vos, S.B., Viergever, M.A., Leemans, A., 2014. Recursive calibration
of the fiber response function for spherical deconvolution of diffusion MRI data. Neurolmage
86, 67-80.

Tonnesen, S., Kaufmann, T., Doan, N.T., Alnaes, D., Cordova-Palomera, A., Meer, D.V. et al.,
2018. White matter aberrations and age-related trajectories in patients with schizophrenia and
bipolar disorder revealed by diffusion tensor imaging. Sci. Rep. 8, 14129-018-32355-9.

Travis, K.E., Leitner, Y., Feldman, H.M., Ben-Shachar, M., 2015. Cerebellar white matter pathways
are associated with reading skills in children and adolescents. Hum. Brain Mapp. 36, 1536-
1553.

van Baarsen, K.M., Kleinnijenhuis, M., Jbabdi, S., Sotiropoulos, S.N., Grotenhuis, J'A., van
Cappellen van Walsum, A.M., 2016. A probabilistic atlas of the cerebellarwhite matter.
Neuroimage 124, 724-732.

Veijola, J., Maki, P., Jaaskelainen, E., Koivukangas, J., Moilanen, I., Taanila, A. etal., 2013. Young
people at risk for psychosis: case finding and sample characteristics-of'the Oulu Brain and
Mind Study. Early Interv. Psychiatry. 7, 146-154.

Wang, L., Zou, F., Shao, Y., Ye, E., Jin, X, Tan, S. et al., 2014. Disruptive changes of cerebellar
functional connectivity with the default mode network in sehizophrenia. Schizophr. Res. 160,
67-72.

Wang, R., Benner, T., Sorensen, A.G., Wedeen, V.J., 2007. Diffusion toolkit: a software package
for diffusion imaging data processing and tractography. Proc. Int. Soc. Magn. Reson. Med,
May 2007.

Wolf, U., Rapoport, M.J., Schweizer, T.A., 2009:Evaluating the affective component of the
cerebellar cognitive affective syndrome=d. Neuropsychiatry Clin. Neurosci. 21, 245-253.



Figure legends

272 subjects with a parent with psychosis in the
Northemn Finland Birth Cohort 1986 were identified 193 control subjects selected at random
using the Finnish Hospital Discharge Register

- 1 dead
- 5 living abroad - : :;aadddress
- 4 no address

262 invited of which 78 willing to participate 191 invited of which 80 willing to participate

- 6 poor quality scans - 1 had head trauma

- two thirds (53) were scanned with the DWI - two thirds (55) were scanned with the DWI|
l - 1 had a history of psychotic episodes - 1 had history of psychotic episodes
- 3 poor quality scans

46 subjects in the familial risk group 50 subjects in the control group

Fig. 1. Flowchart of the study groups with,the explanations for exclusion.

Fig. 2. The locations of tractography ROIs for extracting cerebellar peduncles overlaid on MNI152
1-mm brain template. For extracting SCP, two vertical ‘AND’ gates were drawn on the right and
left dentate nuclei (red) and two horizontal ‘AND’ gates below thalamus (red, left panel), as located

in Oxford Thalamic Connectivity Atlas (Behrens et al., 2003). For the left SCP, the left cerebellar



gate was used in conjunction with the right thalamic gate, and vice versa for the right SCP. Middle
cerebellar peduncle: two ‘AND’ gates were placed in the pons at the left and right side of the mid-
sagittal plane (red)and separated with a large ‘NOT’ gate in the middle (blue). Parts 1-8 and 10
from  “Cerebellar Atlas in  MNI152 space after normalization with FNIRT”
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), thresholded at 50%, were combined and used as a
cerebellar ‘AND’ gate (red, middle panel). Inferior cerebellar peduncle was located by placing two
‘AND’ gates at the restiform body at z=24 (red) and using the same cerebellar /AND’ gate as
above. Part 9 in “Cerebellar Atlas in MNI152 space after normalization with FNIRT? thresholded at
50%, was used as a ‘NOT’ gate (blue) to prevent tracts from crossing the cerebello-medullary
fissure at tonsils. The scheme for extracting tract bundles was adapted-fromian article of cerebellar
white matter architecture (van Baarsen et al., 2016). To allowaxrobust detection of tracts after
transformation of ROIs from MNI152 1-mm space to native space, the ROIs included two adjacent

planes.

Fig. 3. Cerebellar tractography of an example participant for each peduncle. Colour scheme for tract

directions: blue for cranial-caudal, red for left-right and green for anterior-posterior.
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Table 1

Demographic and clinical data in the familial risk for psychosis (FR) and control groups.

Variable FR group (n =46) Control group (n Statistical test P-value
=50)
Age, years (M) 22.7 22.6 t=0.43 0.666
Gender, male (n) 16 17 %°=0.01 0.936
Handedness, right 43 49 x3=1.15 0.283
(n)
Education level x3=134 0.248
No matriculation 19 14
(n)
Matriculation (>11 27 36

school years) (n)

Estimated 1Q (M) 110.8 109.2 t=0435 0.727
GAF (M) 82.0 82.7 f=-0.45 0.652
Alcohol use: | drink #2=0.03 0.872

too much alcohol *

Not true (n) 30 36

Somewhat true or 13 13
very true (n)
Current substance 0 0 - -
use disorders
Current mood 3 3 - 1.000
disorder (n)
Current anxiety 2 3 - 1.000
disorders (n)
Current prodromal 5 0 - 0.022
syndrome (n)
Current psychotropic 0 1 - 1.000
medication/(SSRI)

(n)

Estimated 1Q = intelligence quotient estimated by two subtests from the Weschsler intelligence scale 111, Finnish

version. GAF = Global Assessment of Functioning. M = mean. * Missing data on two participants



