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Patterns of white matter microstructure in
individuals at ultra-high-risk for psychosis:
associations to level of functioning and
clinical symptoms
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Background. Individuals at ultra-high-risk (UHR) for psychosis present with emerging symptoms and decline in func-
tioning. Previous univariate analyses have indicated widespread white matter (WM) aberrations in multiple brain
regions in UHR individuals and patients with schizophrenia. Using multivariate statistics, we investigated whole
brain WM microstructure and associations between WM, clinical symptoms, and level of functioning in UHR indivi-
duals.

Methods. Forty-five UHR individuals and 45 matched healthy controls (HCs) underwent magnetic resonance diffusion
tensor imaging (DTI) at 3 Tesla. UHR individuals were assessed with the Comprehensive Assessment of At-Risk Mental
States, Scale for the Assessment of Negative Symptoms, and Social and Occupational Functioning Assessment Scale.
Partial least-squares correlation analysis (PLSC) was used as statistical method.

Results. PLSC group comparisons revealed one significant latent variable (LV) accounting for 52% of the cross-block
covariance. This LV indicated a pattern of lower fractional anisotropy (FA), axial diffusivity (AD), and mode of anisot-
ropy (MO) concomitant with higher radial diffusivity (RD) in widespread brain regions in UHR individuals compared
with HCs. Within UHR individuals, PLSC revealed five significant LVs associated with symptoms and level of function-
ing. The first LV accounted for 31% of the cross-block covariance and indicated a pattern where higher symptom score
and lower level of functioning correlated to lower FA, AD, MO, and higher RD.

Conclusions. UHR individuals demonstrate complex brain patterns of WM abnormalities. Despite the subtle psycho-
pathology of UHR individuals, aberrations in WM appear associated with positive and negative symptoms as well as
level of functioning.
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Introduction Cerebral white matter (WM) microstructure can be
examined in vivo by diffusion tensor imaging (DTI),
which is a magnetic resonance imaging (MRI) tech-
nique. From DTI data various tensor invariants can
be obtained: fractional anisotropy (FA) and mean dif-
fusivity (MD) reflecting the degree of directionality
and average magnitude of molecular displacement by
diffusion, and axial diffusivity (AD) and radial diffu-
sivity (RD) reflecting diffusion parallel and perpen-
dicular to the preferred direction of diffusion (Basser

Ultra-high-risk (UHR) individuals refer to a group of
individuals predominantly characterized by attenu-
ated psychotic symptoms and marked reductions in
level of functioning (Yung et al. 2003, 2005), but nega-
tive symptoms are also frequently reported (Meyer
et al. 2014; Schlosser et al. 2015).
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& Pierpaoli, 2011). Mode of anisotropy (MO) reflects
the degree to which anisotropy is planar (due to e.g.
crossing fibers) or linear (as in a single fiber population
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orientation) (Ennis & Kindlmann, 2006; Kindlmann
et al. 2007; Wigand et al. 2015).

DTI has been increasingly applied in studies of
patients with first episode psychosis (FEP) and schizo-
phrenia (FES). These studies have indicated wide-
spread aberrations in WM microstructure mainly
characterized by FA reductions in various regions
such as in the corpus callosum (Cheung et al. 2008;
Gasparotti et al. 2009; Perez-Iglesias et al. 2010), super-
ior longitudinal fasciculus (Perez-Iglesias et al. 2010;
Guo et al. 2012), inferior longitudinal fasciculus
(Cheung et al. 2008; Perez-Iglesias et al. 2010; Ebdrup
et al. 2016), internal capsule including the corticospinal
tracts and the anterior and superior thalamic radiations
(Cheung et al. 2008; Perez-Iglesias et al. 2010; Guo et al.
2012; Filippi et al. 2014; Ebdrup et al. 2016), external
capsule (Guo et al. 2012), and fronto-occipital fasciculus
(Cheung et al. 2008).

Fewer studies have investigated WM structure in
UHR individuals (Peters et al. 2008, 2009, 2010;
Karlsgodt et al. 2009; Bloemen et al. 2010; Carletti
et al. 2012; Pettersson-Yeo et al. 2013; Epstein et al.
2014; Mittal et al. 2014; von Hohenberg et al. 2014;
Bernard et al. 2015; Katagiri et al. 2015; Schmidt et al.
2015; Cooper et al. 2016; Rigucci et al. 2016; Wang
et al. 2016). Similar to findings in schizophrenia
patients most of the studies find that UHR individuals
have widespread regional FA reductions (Karlsgodt
et al. 2009; Peters et al. 2009; Bloemen et al. 2010;
Carletti et al. 2012; Epstein ef al. 2014; Bernard et al.
2015; Katagiri et al. 2015; Cooper et al. 2016; Rigucci
et al. 2016; Wang et al. 2016), although a few studies
find no aberrations in FA (Peters et al. 2008, 2010;
Mittal et al. 2014; von Hohenberg et al. 2014) or even
an increase in FA (Schmidt et al. 2015) in UHR indivi-
duals compared with healthy controls (HCs). Reduced
FA in the superior longitudinal fasciculus appears to
be the most consistent finding in UHR studies
(Karlsgodt et al. 2009; Bloemen et al. 2010; Carletti
et al. 2012; von Hohenberg et al. 2014; Rigucci et al.
2016; Wang et al. 2016)

Currently it is unclear to what extent WM aberra-
tions (if present) are associated with clinical symptoms
and/or level of functioning in UHR individuals.
Several studies have found a negative correlation
between FA and severity of positive symptoms in
UHR individuals and individuals experiencing sub-
threshold psychotic symptoms (Bloemen et al. 2010;
Cooper et al. 2016; DeRosse et al. 2016; Wang et al.
2016); however, one study found the inverse correl-
ation in some of the same areas (Schmidt et al. 2015).
Moreover, lower FA at baseline has been found to pre-
dict deterioration in level of functioning at follow-up
(Karlsgodt et al. 2009) and a longitudinal increase in
FA has been correlated to an improvement in severity
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of positive symptoms in UHR individuals (Katagiri
et al. 2015). In patients with schizophrenia findings
are heterogeneous with findings of FA being both
negatively and positively correlated to severity of posi-
tive (Hubl ef al. 2004; Seok et al. 2007; Shergill et al.
2007; Skelly et al. 2008; Szeszko et al. 2008; Whitford
et al. 2010; Catani et al. 2011; Cheung et al. 2011; Choi
et al. 2011; Cui et al. 2011; Mulert & Scarr, 2012; Boos
et al. 2013; Lee et al. 2013; Hatton et al. 2014;
Caprihan et al. 2015; Ohtani et al. 2015; Ebdrup et al.
2016; Seitz et al. 2016; Zhang et al. 2016) and negative
(Wolkin et al. 2003; Shin et al. 2006; Skelly et al. 2008;
Szeszko et al. 2008; Lee et al. 2013; Asami et al. 2014;
Ohtani et al. 2015; Sun et al. 2015; Zeng et al. 2016)
symptoms.

Previous UHR studies in WM microstructure have
employed univariate analysis investigating each diffu-
sion parameter separately. However, it is likely that the
complex pathological phenomena altering the tissue
microstructure will affect several diffusion parameters
simultaneously. In the present study, we are extending
previous findings by doing joint analysis of diffusion
parameters using multivariate analysis, which might
provide additional information than the widely used
univariate analysis (Konukoglu et al. 2016). To our
knowledge this is the first study to explore multivari-
ate patterns of WM microstructural pathology in
UHR individuals and associating the patterns to clin-
ical symptoms and level of functioning.

The clinical challenge of recruitment of UHR indivi-
duals is reflected in generally small samples sizes,
which further challenge the application of conven-
tional statistical procedures. Moreover, DTI data pro-
vide multiple interrelated measures, which require
careful attention to problems with multiple compari-
sons, especially when interpreting voxelwise whole
brain analyses. Multivariate statistical analyses, such
as the partial least-square correlation (PLSC) proced-
ure, may be superior to conventional univariate statis-
tics to handle small sample sizes and interrelated
measures (McIntosh et al. 1996; Nestor et al. 2002;
McIntosh & Lobaugh, 2004; Krishnan et al. 2011).

Hypothesis

We hypothesized different patterns of WM microstruc-
ture in UHR individuals compared with HCs, with
UHR individuals showing a pattern of low FA, high
RD, and unchanged or low AD. We also hypothesized
that clinical symptoms and the level of functioning
would be associated with patterns of WM microstruc-
ture within the UHR individuals.

We explored this using a multivariate approach
since the complex phenomena of UHR is more likely
associated to patterns of diffusion aberrations than to
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strongly localized effects (Konukoglu et al. 2016). We
used bootstrap tests to visualize the most reliable spa-
tial regions showing these WM patterns. However,
interpretation of the spatial localization should be
done with caution since the PLSC uses the entire set
of voxels as a single multivariate representation. We
therefore did additional univariate analysis exploring
voxelwise group differences in each DTI parameter,
and correlating each clinical measure to the DTI para-
meters separately. We also tried to quantify the PLSC
findings using the spatial regions found by PLSC as
regions of interest (ROIs) and compared mean values
of DTI parameters in these regions.

Method

The study was conducted in accordance with the dec-
laration of Helsinki and approved by the Regional
Ethics Committee of the Capital Region, Denmark
(H-D-2009-013). Participants signed informed consent.

Participants

As part of an UHR project at Mental Health Centre
Copenhagen, UHR individuals aged 18-40 years
were recruited between December 2008 and
December 2014 from psychiatric in- and outpatient ser-
vices in the Capital Region of Denmark. Individuals
had to be help-seeking and fulfill criteria for one or
more of the three UHR categories as assessed by the
Comprehensive Assessment of At-Risk Mental States
(CAARMS) (Yung et al. 2003, 2005): (1) attenuated
psychotic symptoms (APS); (2) brief limited intermit-
tent psychotic symptoms (BLIPS); (3) trait and state
(schizotypal personality disorder or a history of psych-
osis in a first-degree relative) (TS). An additional inclu-
sion criterion was a decline in functioning (>30% drop
for at least one month), or sustained low functioning
(<50 for at least a year) assessed with the Social and
Occupational Functioning Assessment Scale (SOFAS)
(Goldman et al. 1992; Hilsenroth et al. 2000).

Exclusion criteria were: organic brain disease, a
diagnosis of a serious developmental disorder (e.g.
Asperger’s syndrome), IQ<70 (as measured by the
Wechsler Adult Intelligence Scale — Third Edition
(WAIS-III)) (Wechsler, 1997), psychiatric symptoms
explained by acute intoxication or a physical illness
with psychotropic effect, past history of a psychotic
episode of more than one week, current treatment
with mood stabilisers or methylphenidate, anti-
psychotic medication exceeding a total lifetime dose
of 50 mg haloperidol or equivalent antipsychotic medi-
cation (Andreasen et al. 2010), and pregnancy (tested
with a urine HCG pregnancy test).
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HCs were included between April 2009 and May
2014 as part of the Pan European Collaboration
Antipsychotic-Naive ~ Studies at Psychiatric Centre
Glostrup. HCs had no first degree relatives with a
psychotic disorder and underwent psychopathology
assessments using the Schedules for Clinical
Assessment in Neuropsychiatry Version 2.1 (Wing
et al. 1990) to ensure that they had no current or previ-
ous psychiatric diagnoses including substance abuse or
dependency. The HCs were matched to the UHR indi-
viduals on gender and age (+3 years).

None of the participants had a history of major head
injury resulting in loss of consciousness, and MRI
scans were without overt pathology as evaluated by
a trained neuro-radiologist.

Clinical measures

All participants underwent comprehensive assess-
ments at baseline including socio-demographics, psy-
chopathology, level of functioning, and MRI

The Structured Clinical Interview for DSM-IV Axis I
Disorders (SCID-I) (First et al. 2001) and part of the
Structured Clinical Interview for DSM-IV Axis II
Disorders (SCID-II) (First et al. 1994) were used to diag-
nostically assess UHR individuals. All assessors
(authors KK, DN, and LR) were certified SCID
interviewers.

Positive symptoms were assessed with CAARMS
(Yung et al. 2003, 2005), and all assessors had under-
gone formal CAARMS training. Negative symptoms
were assessed with Scale for the Assessment of
Negative Symptoms (SANS) (Andreasen, 1982). Level
of functioning was assessed with the Social and
Occupational Functioning Assessment Scale (SOFAS)
(Goldman et al. 1992; Hilsenroth et al. 2000).
Handedness was assessed using the Edinburgh
Handedness Inventory (Oldfield, 1971).

Data on premorbid adjustment and systemic oxida-
tive DNA and RNA damage in part of the UHR cohort
has previously been published (Dannevang et al. 2016;
Nordholm et al. 2016).

Image acquisition and processing

All MRIs were acquired in a 3 Tesla scanner (Philips
Healthcare, Best, The Netherlands), using an 8-channel
SENSE head coil (Invivo, Orlando, Florida, USA).
Diffusion-weighted (DW)
using single shot spin-echo echoplanar imaging and
a total of 31 different diffusion encodings: one diffu-
sion un-weighted (b=0 s/mm?) and 30 diffusion
weighted (b=1000 s/mm® non-collinear directions.
Acquired matrix size=128x128 x75; voxel dimen-
sions=1.88x1.88 x2 mm® (slice gap=0); TR=7035
ms; TE=68 ms; flip angle=90°. Acquisition of each

images were acquired
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volume was repeated with opposite phase encoding
direction enabling correction for susceptibility distor-
tions (Andersson & Skare, 2002; Andersson et al.
2003). Foam-pads inside the head coil minimized
head movement during scanning.

Tools from the FSL FMRIB software library v5.0.9
were used for image processing (Smith et al. 2004;
Woolrich et al. 2009; Jenkinson et al. 2012). DW images
were corrected for eddy current and head motion
(Reese et al. 2003; Andersson & Sotiropoulos, 2015),
and absolute and relative head motion measures
were estimated. Next, a susceptibility artifact correc-
tion was performed (Andersson & Skare, 2002).
Motion corrected data were interpolated to 1.33 x
1.33 x 2 voxel dimensions using sinc interpolation and
non-brain tissue was removed with brain extraction
tool (BET) (Smith, 2002). DTIFIT was used to calculate
the diffusion parameter maps of FA, AD, RD, and MO
and residual maps. The tract-based spatial statistics
(TBSS) tool in FSL (Smith et al. 2004, 2006) was used
to align FA data using the nonlinear image registration
tool (FNIRT) (Andersson et al. 20074, b). The resulting
mean FA image (threshold of 0.2) was thinned to create
a mean FA skeleton, which represented the centers of
all tracts common to the group. Next, the nearest max-
imum FA values of each registered FA image were pro-
jected onto the mean FA skeleton. AD, RD, and MO
were also skeletonized by projecting onto the FA skel-
eton. The skeletonized images were corrected for abso-
lute and relative head motion (in scanner), age, gender,
parental socioeconomic status, antipsychotic medica-
tion, tobacco smoking, alcohol- and drug use using
fsl_glm, and the residuals were z-transformed by sub-
tracting the voxelwise mean and dividing by the vox-
elwise standard deviation across UHR individuals
and HCs (Geladi & Kowalski, 1986).

MRI quality metrics

Quality control was done by visually inspecting all
DW images slice by slice before processing and all
squared residual maps that were created after calculat-
ing the DTI derived parameters maps. Additionally,
four quality metrics [mean voxel intensity outlier
count (MEANVOX), maximum voxel intensity outlier
count (MAXVOX), mean relative head motion, and
temporal signal-to-noise ratio (TSNR)] were computed
from each DW image using a quality assessment
method (Roalf et al. 2016). Accordingly, these metrics
were compared with standardized values in three dif-
ferent quality groups. In general, the quality metrics in
the present study ranged between the ‘good’ and
‘excellent’ quality assessment group. For details see
online Supplementary Table SI1. Differences in
absolute- and relative head motion (in scanner)
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summary measures between UHR individuals and
HCs are provided in Table 1.

Statistical analysis on sociodemographic and clinical
data

Statistical Package for the Social Sciences software
(version 22.0, SPSS Inc., USA) was used to analyze
demographic and clinical data. Distribution of
continuous data was tested for normality with the
Kolmogorov-Smirnov test. Since data on age, years of
education, height, and weight were not normally dis-
tributed group comparisons were performed non-
parametrically using the Mann-Whitney U test. Data
on absolute- and relative head motion summary mea-
sures were normally distributed and analyzed with
independent samples t test. Ordinal data such as
tobacco smoking, alcohol and drug use were tested
using the Mann-Whitney U test. Handedness was
assessed using Pearson’s y* test. Gender differences
and parental socioeconomic status were assessed
using Fisher’s exact test.

A positive symptom severity score was calculated as
the summed scores of the product of global rating scale
scores (0-6) and frequency (0-6) scores of the four sub-
scales of CAARMS (Morrison et al. 2012). A negative
symptom severity score was calculated by averaging
the global scores on the first four items of the SANS
leaving out the attention global score (Arndt et al.
1995).

Statistical analysis of MRI data using multivariate
PLSC

Multivariate Partial Least Squares correlation analysis
(PLSC) [graphical user interface, Rotman Research
Institute, Baycrest Centre, University of Toronto;
downloaded from http://www.rotman-baycrest.on.ca/
pls/ running on MATLAB R2013b (MathWorks, Inc.,
Natick, Massachusetts, USA)] was used to explore
group differences in DTI parameters (i.e. FA, AD,
RD, and MO at each voxel) between UHR individuals
and HCs and to analyze co-variations between DTI
parameters and clinical measures (i.e. CAARMS,
SANS, and SOFAS) within the UHR individuals.

In the group analyses ‘mean-centered task PLSC’
(Krishnan et al. 2011; Guitart-Masip et al. 2016) was
employed. DTI parameters of both UHR individuals
and HCs were stored in a matrix denoted X, with
rows representing participants and DTI parameters
and columns representing spatial locations (i.e. voxels)
within a brain mask. Using task PLSC a matrix R was
constructed, so that each row contained the average of
one parameter within one group. In the present case, R
therefore had eight rows (four DTI parameters x two
groups). After singular value decomposition (SVD)
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Table 1. Demographics and clinical characteristics of participants

UHR individuals Healthy controls

Variable N/Mean %/s.p. N/Mean %]/s.p. p value

Gender (N=45) (N=45) 1.007

¢ Female 23 51.1 23 51.1

e Male 22 49.9 22 499

Age (N=45) 4.65 (N=45) 5.15 0.913°
23.71 23.80

* Range 19-38 1841

Years of education (N=45) 291 (N=45) 2.44 0.023°
12.97 14.18

* Range 3-21 10-21

Parental socioeconomic status (N=45) (N=44) 0.0017

¢ 1 (high) 28 62.2 13 29.5

e 2 (middle) 17 37.8 26 59.1

e 3 (low) 0 0 5 11.4

Height in cm (N=145) 9.98 (N=27) 8.45 0.056°
174.61 178.50

¢ Range 160-195 164-192

Weight in kg (N=145) 20.73 (N=38) 14.67 0.113°
76.27 69.23

* Range 46-137 52-120

Handedness (N=44) (N=44) 0.536°¢

* right 42 95.5 40 90.9

o left 2 45 3 6.8

® ambidextrous 0 0 1 2.3

Alcohol consumption (N=45) (N=45) 0.169°

® never 2 44 2 44

o few times 5 11.1 1 22

* regular use 28 62.2 42 93.3

e abuse 7 15.6 0 0

¢ dependency 3 6.7 0 0

Tobacco smoking (N=45) (N=44) <0.001°

® never 7 15.6 12 27.3

o few times 9 20 21 47.7

* regular use 15 33.3 10 22.7

e abuse 2 4.4 1 2.3

¢ dependency 12 26.7 0 0

Drug use (N=45) (N=45) <0.001°

® never 8 17.8 18 40.0

o few times 18 40.0 24 53.3

* regular use 8 17.8 3 6.7

® abuse 4 8.9 0 0

¢ dependency 7 15.6 0 0

Medication (N=45)

e lifetime antipsychotic 9 20 - - -

e current antipsychotic 7 15.6 - - -

e current antidepressant 12 26.7 - - -

e current mood stabilizers 0 0 - - -

e current benzodiazepines 0 0 - - -

CAARMS subgroups (N=45)

e APS 19 42.2 - - -
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Table 1 (cont.)

UHR individuals Healthy controls

Variable N/Mean %/s.D. N/Mean %/s.n. p value

e BLIPS 0 0 - - -

e TS 44 - - -

e APS+BLIPS 1 2.2 - - -

o APS+TS 21 46.7 - - -

e APS+BLIPS+TS 2 44 - - -

e TS+BLIPS 0 0 - - -

CAARMS (N=45) 14.88 - - -
47.67

SOFAS (N=45) 7.36 - - -
44.69

SANS (N=45) 0.65 - - -
1.82

MRI - absolute motion (N=45) 0.199 (N=45) 0.302 0.010¢
1.604 1.462

MRI - relative motion (N=45) 0.173 (N=45) 0.148 0.100¢
0.684 0.627

Table 1 shows demographics and clinical characteristics of participants

Drug use, Cannabis, opioids, hallucinogens, stimulants, other illicit drugs; Medication, UHR Individuals could be taking a
combination of the listed compounds; APS, attenuated psychotic symptoms; BLIPS, brief limited intermittent psychotic symp-
toms; TS, trait and state; CAARMS, Comprehensive Assessment of At-Risk Mental States; SOFAS, Social and Occupational
Functioning Assessment Scale; SANS, Scale for the Assessment of Negative Symptoms

? Fisher exact test

® Mann Whitney U

¢ Pearsons x>

4 Independent samples  test.

latent variables (LVs) were calculated by projecting the
left and right singular vectors onto the X and design
matrices. This produced eight pairs of LVs with corre-
sponding singular values [representing the proportion
of the covariance accounted for by that given LV (the
cross-block covariance)] and voxel saliences (indicating
the degree to which each voxel was related to the effect
characterized by that LV).

In the analysis exploring co-variations within UHR
individuals the DTI parameters and clinical measures
were considered two different data-blocks, each repre-
sented in matrix form. The DTI data block was repre-
sented by a matrix X, which was structured as the
one used in the group analysis however only including
the UHR individuals.
represented by a matrix Y, in which rows represented

The clinical measures were

UHR individuals and columns represented clinical
measures. The clinical measures were repeated to
obtain the same no. of rows as in the DTI data block.
Using ‘behavior PLSC’ a cross-correlation matrix (R)
was computed by estimating the covariance between
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Xand Y. SVD of R was then performed, and by project-
ing the resulting left and right singular vectors onto the
X or Y matrices 12 pairs of LVs (four DTI parameters x
three clinical measures) (McIntosh et al. 1996; Krishnan
et al. 2011) with corresponding singular values and
voxel saliences were computed.

Significance of the LVs was assessed using permuta-
tion tests. This involved a Monte-Carlo like procedure
in which a new data set (permutation sample) was
obtained by randomly reordering the rows of X but
leaving Y/design matrix unchanged (McIntosh et al.
1996; McIntosh & Lobaugh, 2004). The permutation
sample was then recomputed in the PLSC model
thereby obtaining new singular values. This procedure
was repeated 5000 times and the likelihood that the
singular values obtained in the original analysis were
due to random chance was determined (McIntosh
et al. 1996; McIntosh & Lobaugh, 2004).

Stability and reliability of the voxel saliences was
determined using bootstrap resampling (Krishnan
et al. 2011). In this procedure a new data set (bootstrap
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sample) was obtained by resampling with replacement
the rows of both X and Y/design matrix. The procedure
was repeated 500 times, and the standard error of the
saliences at each voxel was estimated. Bootstrap ratios
were obtained by dividing each voxels salience by its
standard error. Saliences with bootstrap ratios greater
than #1.96 were considered reliable since bootstrap
ratios are roughly analogous to Z scores (a Z score of
1.96 has p<0.05 two-tailed) (Grady et al. 2000;
Ziegler et al. 2013; Cha et al. 2015). We reported reliable
bootstrap clusters (cluster size >25 voxels) (Ersche
et al. 2013) with positive and negative correlations to
the pattern seen in LV. Coordinates in all tables were
extracted from JHU WM tractography atlas provided
by FSL (Mori & van, 2007; Wakana et al. 2007; Hua
et al. 2008) and reported in Montreal Neurological
Institute (MNI) co-ordinates.

Statistical analysis of MRI data using univariate
voxelwise analysis and ROI

In order to confirm the direction and localization of the
PLSC findings we used univariate voxelwise analysis
to compare DTI maps (FA, AD, MO, RD, and MD)
between UHR individuals and HCs, and correlated
the DTI maps to positive and negative symptoms
(CAARMS and SANS) and level of functioning
(SOFAS) within the UHR individuals. The univariate
analysis were performed non-parametrically using
the randomize function (5000 permutations) from the
FSL FMRIB software library v5.0.9 (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki) (Smith et al. 2004; Woolrich et al.
2009; Jenkinson et al. 2012). Family-wise error correc-
tion (Bullmore et al. 1999) with a threshold of p <0.05
was used to correct for multiple comparisons and
threshold-free cluster enhancement (Smith & Nichols,
2009) was applied to enhance cluster-like structures
but keeping the images fundamentally voxelwise.
The anatomical locations of significant regions were
identified in MNI co-ordinates using the JHU WM trac-
tography atlas (Mori & van, 2007; Wakana et al. 2007;
Hua et al. 2008).

To quantify the results found in the PLSC analysis
we used the three largest reliable spatial regions with
positive correlations and the largest reliable spatial
region with negative correlations to the pattern in
LV1 as ROIs. Mean FA, AD, MO, and RD in these
ROIs were compared between UHR individuals and
HCs.

Results

Two of the 50 individuals included in the study were
not MRI scanned due to dental braces, two did not
undergo the DTI-sequences due to technical problems,
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and one had to be excluded from analyses due to poor
MRI quality. Thus, 45 UHR individuals were included
in the current analyses. Forty-five HCs were included;
however, in one HC only one of the two DWI acquisi-
tions could be used.

Sample characteristics

The UHR individuals and HCs did not differ signifi-
cantly regarding handedness, height, weight, alcohol
consumption, or use of benzodiazepines. The groups
differed significantly in years of education, parental
socioeconomic status, tobacco smoking, and drug
abuse. Demographic and clinical data are presented
in Table 1.

WM differences between UHR and HCs

Multivariate PLSC analysis of UHR individuals v. HCs
identified one significant LV with p <0.001 accounting
for 52% of the cross-block covariance. This LV showed
a pattern where the UHR individuals had lower FA,
AD, and MO along with higher RD in widespread
brain regions (displayed in red-yellow color in
Fig. 1). One smaller region showed the inverse pattern
with higher FA, AD, and MO along with lower RD
(displayed in blue color in Fig. 1). Each DTI parameter
contributed significantly to this pattern as demon-
strated by the error-bars (based on bootstrapping);
see Fig. 1 and Table 2.

Univariate voxelwise analyses of UHR individuals v.
HCs found significantly lower FA in the UHR indivi-
duals in brain regions involving the superior longitu-
dinal fasciculus, inferior fronto-occipital fasciculus,
and anterior thalamic radiation. No significant voxel-
wise differences in AD, MO, and RD maps between
UHR individuals and HCs were found. See online
Supplementary Fig. S1.

When quantifying the PLSC results we compared
mean FA, AD, MO, and RD in UHR individuals v.
HCs in the three largest reliable clusters (used as
ROIs) found by PLSC with positive correlations and
the largest cluster with negative correlations (only
one was identified) to the pattern in LV. This showed
significantly different mean values for the majority of
DTI parameters. See online Supplementary Table S2.

Associations between DTI parameters and clinical
measures

Multivariate PLSC analysis correlating DTI parameters
to clinical scores revealed five significant LVs (all per-
muted p values <0.03). LVI-LV5 accounted for 31, 18,
15, 8, and 5% of the cross-block covariance, respect-
ively. Since LV1 explained a considerably larger pro-
portion of the cross-block covariance, only LV1 is
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Fig. 1. Multivariate analysis of white matter differences between UHR and healthy controls. It shows white matter differences
between UHR individuals and healthy controls. The panel to the left shows the pattern identified by LV1, in which UHR
individuals have lower FA, AD, and MO concomitant with higher RD than healthy controls. In the panel to the right the most
reliable spatial regions demonstrating this pattern (i.e. positive bootstrap-ratios) are highlighted in red-yellow color. Spatial
regions demonstrating the inverse pattern (i.e. negative bootstrap ratios) are highlighted in blue color. Only clusters with
bootstrap ratios greater than +1.96 and cluster size >25 voxels are shown. The brain is displayed according to radiological
convention (participant’s left is to the right) and in axial slices. Clusters are enhanced using tbss_fill (FSL version 5.09).

reported here. The pattern identified by LV1 showed
that more positive and negative symptoms (i.e. high
CAARMS and SANS scores) and low levels of func-
tioning (i.e. low SOFAS scores) were correlated to
lower FA, AD, MO, and higher RD (regions displayed
in red-yellow color in Fig. 2). A few brain regions
demonstrated the inverse correlations with more posi-
tive and negative symptoms (i.e. high CAARMS and
SANS scores) combined with low levels of functioning
(i.e. low SOFAS scores) being correlated to higher FA,
AD, MO, and lower RD (regions displayed in blue
color in Fig. 2). The error-bars (based on bootstrap-
ping) in Fig. 2 show that each DTI parameter contri-
butes significantly to the pattern in LV1. See Fig. 2
and Table 3.

Univariate voxelwise analysis correlating DTI maps
to positive and negative symptoms (CAARMS and
SANS) and level of functioning (SOFAS) showed that
SOFAS was significantly positively correlated to FA
in brain regions involving the left inferior longitudinal
fasciculus, that SOFAS was positively correlated to AD
in brain regions involving the left
fronto-occipital fasciculus and the right superior longi-
tudinal fasciculus, and that SOFAS was positively cor-
related to MO in brain regions involving the right
inferior fronto-occipital fasciculus, the left superior lon-

inferior

gitudinal fasciculus, and the right anterior thalamic
radiation. No significant correlations between SOFAS
and RD, and MD were found, and SOFAS was not
significantly negatively correlated to any of the DTI
parameters. Neither SANS nor CAARMS was signifi-
cantly correlated (positively or negatively) to any of
the DTI parameters. See online Supplementary Fig. S2.
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Discussion

The present study is the first to use PLSC to explore
WM microstructure in UHR individuals. In the PLSC
group analysis one pattern of DTI parameters could
significantly = differentiate UHR individuals from
matched HCs. This pattern indicated that UHR indivi-
duals had lower FA, AD, MO, and higher RD in wide-
spread brain regions compared with HCs. Similar
findings of low FA concomitant with high RD have
been reported in several studies in UHR, in studies of
first-episode of psychosis, and in studies of chronic
schizophrenia (von Hohenberg et al. 2014; Spalletta
et al. 2015; Zhu et al. 2015; Li et al. 2016; van Dellen
et al. 2016; Zeng et al. 2016). Findings of low AD are
more scarce, and have been reported in genetic- and
clinical high-risk cohorts (Kikinis ef al. 2013; Rigucci
et al. 2016) and in early psychosis (Hatton et al. 2014).

In DTI, the most frequently used summary measure
is FA. However, other DTI parameters such as AD, RD,
and MO may reflect more distinct aspects of WM
microstructure (Aung et al. 2013). Axonal damage
such as axonal swelling (Song et al. 2005; Kim et al.
2010) or diffuse axonal injury (Arfanakis et al. 2002;
Li et al. 2011; Bennett et al. 2012) has been shown to
be reflected by a decrease in AD. Demyelination has
been associated with an increase in RD (Song et al.
2002, 2005; Harsan et al. 2006; Sun et al. 2006a, b; Xie
et al. 2010) sometimes preceded or accompanied by a
decrease in AD probably due to minor axonal damage
early in the demyelination process (Harsan ef al. 2006;
Sun et al. 2006b; Tyszka et al. 2006). We speculate that
our findings of high RD accompanied by low AD
could reflect abnormalities in the myelination process,
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Table 2. Multivariate analysis of white matter differences between UHR and healthy controls
Brain regions with positive correlations Hemisphere Number of Boots-trap
to LV1 (|FA, |AD, [MO, 1RD in UHR) left/right voxels X Y? z? ratio
Cingulum (cingulate gyrus) R 304 17 —42 41 3.17
Corticospinal tract L 203 -21 —28 40 3.11
Superior longitudinal fasciculus R 134 31 =32 40 3.38
Anterior thalamic radiation R 108 10 —4 -7 3.15
Inferior fronto-occipital fasciculus L 86 —22 —44 39 3.18
Superior longitudinal fasciculus L 67 —40 -5 36 2.83
Inferior fronto-occipital fasciculus L 62 =35 —57 7 3.06
Corticospinal tract L 57 —12 —26 65 3.66
Superior longitudinal fasciculus R 51 33 -15 57 3.85
Cingulum L 48 —-16 21 42 2.72
Unknown NA 44 —15 2 52 2.70
Anterior thalamic radiation R 41 34 38 5 3.43
Corticospinal tract L 34 —17 -37 59 2.59
Superior longitudinal fasciculus L 34 —28 —28 47 2.59
Corticospinal tract L 34 -27 -23 11 2.95
Anterior thalamic radiation L 34 -3 -19 1 3.36
Corticospinal tract R 33 21 —25 42 2.76
Anterior thalamic radiation L 28 -11 -19 13 3.13
Inferior longitudinal fasciculus L 27 —34 —43 —16 2.69
Corticospinal tract L R 27 28 -17 26 3.15
Inferior fronto-occipital fasciculus L R 25 27 =77 4 3.33
Brain regions with negative correlations Hemisphere Number Boots-trap
to LV1 (TFA, TAD, TMO, |RD in UHR) left/right of voxels X2 Y? z? ratio
Uncinate fasciculus R 56 37 -6 -14 -3.54

NA, not applicable

Table 2 shows the most reliable spatial brain regions with white matter differences between UHR individuals and healthy

controls. In regions with positive correlations to the pattern in LV1 (i.e. positive bootstrap-ratios) the UHR individuals have: |

FA, |AD, |MO, 1RD compared with healthy controls, and in regions with negative correlations (i.e. negative bootstrap-ratios)
to the pattern in LV1 the UHR individuals have: 1FA, 1AD, TMO, |RD compared with healthy controls. Only regions with
bootstrap ratios greater than +1.96 and cluster size >25 voxels are displayed

Localization is performed using FSL

?Local maxima in MNI coordinates (mm) are extracted from JHU WM tractography atlas

which could in turn sub-serve the observed symptom-
atology. In our study, the abnormalities in FA, AD, and
RD were accompanied by abnormalities in MO. This is
in agreement with previous studies finding an associ-
ation between low FA, high RD, and low MO in
patients with schizophrenia (Kumar et al. 2015;
Wigand et al. 2015). Since MO has been found to be
low in regions of crossing fibers from two fiber popu-
lations and high in regions where only one fiber orien-
tation predominates (Ennis & Kindlmann, 2006;
Kindlmann et al. 2007; Wigand et al. 2015) our findings
could be indicative of aberrations in the underlying
fiber structure in UHR individuals.

In the PLSC analysis associating DTI parameters to
symptoms within the UHR individuals, the pattern
explaining the largest proportion of the cross-block
covariance (LV1) indicated that severity of symptoms

https://doi.org/10.1017/50033291717001210 Published online by Cambridge University Press

was negatively correlated to FA, AD, MO, and posi-
tively to RD in the majority of identified brain regions.
The negative correlation between positive symptoms
and FA is in accordance with findings in other studies
of UHR individuals (Bloemen et al. 2010), individuals
experiencing sub-threshold psychotic symptoms
(Cooper et al. 2016), and patients with first-episode
psychosis and chronic schizophrenia (Skelly et al.
2008; Catani et al. 2011; Cui et al. 2011; Boos et al.
2013; Hatton et al. 2014; Ohtani et al. 2015; Ebdrup
et al. 2016; Seitz et al. 2016; Zhang et al. 2016). Of
note, these studies find a negative correlation between
positive symptoms and FA in some of the same areas
where we also find a negative correlation namely the
left and right superior longitudinal fasciculus (Skelly
et al. 2008; Ebdrup et al. 2016) and the right inferior lon-
gitudinal fasciculus (Seitz et al. 2016). Most of the
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Fig. 2. Multivariate analysis associating white matter to symptoms and level of functioning within UHR individuals. It shows
the associations found by LV1 between DTI parameters, symptoms (CAARMS and SANS), and level of functioning (SOFAS)
within the UHR individuals. The panel to the left shows the pattern identified by LV1 in which more positive and negative
symptoms (high CAARMS and SANS scores) and low levels of functioning (low SOFAS scores) are correlated to |FA, |AD, |
MO and 1 RD. In the panel to the right the most reliable spatial regions demonstrating this pattern (i.e. positive
bootstrap-ratios) are highlighted in red-yellow color. Spatial regions demonstrating the inverse pattern (i.e. negative bootstrap
ratios) are highlighted in blue color. Only clusters with bootstrap ratios greater than +1.96 and cluster size >25 voxels are
shown. The brain is displayed according to radiological convention (participant’s left is to the right) and in axial slices.

Clusters are enhanced using tbss_fill (FSL version 5.09).

studies only report on FA, but a few studies also report
a positive correlation between positive symptoms and
RD and a negative correlation between positive symp-
toms and MO (Wigand et al. 2015; Seitz et al. 2016).

Our findings of a negative correlation between
severity of negative symptoms and FA are consistent
with many studies in first-episode of psychosis and
schizophrenia (Wolkin et al. 2003; Szeszko et al. 2008;
Asami ef al. 2014; Ohtani et al. 2015; Sun et al. 2015;
Zeng et al. 2016). Collectively, our data add to the
notion that in UHR individuals, abnormal WM micro-
structure in widespread brain regions may underlie
both positive and negative symptoms and low levels
of functioning.

Study limitations

Although our sample is larger than those in most pre-
vious DTI studies in UHR individuals, statistical
power may still be limited. We addressed this by
using PLSC, which limits the need for correction for
multiple comparisons (McLelland ef al. 2014; Protzner
et al. 2016). By means of this non-biased approach,
we identified clinical meaningful significant group dif-
ferences as well as with-in group associations. The
identified regional overlaps with previous studies of
patients with schizophrenia at different stages of ill-
ness, add to the external validity of our data-driven,
whole brain findings. The UHR individuals and HCs
were matched on gender and age (+3 years), however,
as could be expected the groups differed in terms of
years of education, parental socioeconomic status,
tobacco smoking, and drug use. Of these, especially

https://doi.org/10.1017/50033291717001210 Published online by Cambridge University Press

tobacco smoking and drug use could represent poten-
tial confounding factors. Effects of tobacco smoking on
WM have shown equivocal results. Some studies have
reported high FA (Jacobsen et al. 2007; Paul et al. 2008;
Liao et al. 2011; Hudkins et al. 2012; Huang et al. 2013;
van Ewijk et al. 2015; Viswanath et al. 2015; Yu et al.
2016), but tobacco use has been associated with low
FA in other studies (Lin et al. 2013; Savjani et al. 2014;
Umene-Nakano et al. 2014; Baeza-Loya et al. 2016).
Moreover, it has been suggested that the effect of nico-
tine may differ across the lifespan with FA increase in
young (age <30 years) and FA decrease in older smo-
kers (Gogliettino ef al. 2016). Long-term use of drugs
such as cannabis (Ashtari et al. 2009; Bava et al. 2009;
Yucel et al. 2010; James et al. 2011; Zalesky et al.
2012), inhalants (Yucel et al. 2010), and cocaine (Lim
et al. 2002; Moeller et al. 2005; Ma et al. 2009; Lane
et al. 2010; Narayana et al. 2014) has primarily been
associated to low FA and high RD. Post hoc analyses
comparing the subgroup of 26 UHR individuals, who
never had an abuse or dependency of alcohol, drugs,
or tobacco to the HCs revealed a significant (p<
0.001) pattern similar to the one seen in the analysis
including all 45 UHR individuals, suggesting that
these confounders have not substantially influenced
the present results. See online Supplementary Fig. S3.

Some of the UHR individuals had received anti-
psychotic medication, although in very modest cumu-
lative lifetime doses (not exceeding 50 mg haloperidol
or equivalent other antipsychotic medication). Post
hoc analyses comparing the subgroup of 36 UHR indi-
viduals, who had never taken antipsychotic medica-
tion to the HCs revealed a significant (p<0.001)
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Table 3. Multivariate analysis associating white matter to symptoms and level of functioning within UHR individuals

Hemisphere Number of Boots-trap

Brain regions with positive correlations to LV1 left/right voxels x® Y? z? ratio
Superior longitudinal fasciculus L 1759 —40 -13 27 5.88
Inferior fronto-occipital fasciculus L 696 -33 -36 9 5.54
Superior longitudinal fasciculus R 542 25 —61 32 4.88
Superior longitudinal fasciculus R 529 43 —11 27 4.49
Inferior fronto-occipital fasciculus R 428 33 —18 -9 5.15
Superior longitudinal fasciculus L 365 -22 —40 42 4.62
Forceps minor 353 11 30 12 5.58
Forceps major 314 -21 —50 14 6.58
Inferior fronto-occipital fasciculus R 245 22 22 4 4.47
Anterior thalamic radiation L 229 -17 —22 19 4.96
Forceps minor 205 16 36 -13 4.78
Inferior fronto-occipital fasciculus L 198 -29 —24 -8 4.26
Superior longitudinal fasciculus R 192 30 12 35 412
Inferior fronto-occipital fasciculus R 190 36 —42 6 4.93
Inferior longitudinal fasciculus L 136 —40 —53 2 6.09
Unknown 119 25 —34 —28 3.63
Uncinate fasciculus L 108 —-16 39 -9 5.16
Forceps major 89 16 —42 12 5.44
Superior longitudinal fasciculus R 87 50 —40 32 417
Superior longitudinal fasciculus R 86 28 -11 22 3.23
Inferior longitudinal fasciculus L 80 —46 —27 -15 4.32
Corticospinal tract L 78 -11 —67 —27 3.79
Cingulum (cingulate gyrus) R 78 9 14 30 6
Superior longitudinal fasciculus R 77 32 8 26 4.48
Inferior fronto-occipital fasciculus L 75 —36 -13 -10 3.94
Cingulum (cingulate gyrus) L 73 -7 5 33 4.24
Uncinate fasciculus R 70 23 15 -12 4.12
Superior longitudinal fasciculus L 69 =32 —37 35 3.81
Forceps minor 68 —27 41 14 3.81
Anterior thalamic radiation L 66 —25 =33 8 3.42
Corticospinal tract R 58 20 —12 41 3.34
Superior longitudinal fasciculus R 58 19 21 39 2.69
Inferior fronto-occipital fasciculus R 57 27 33 0 3.96
Inferior longitudinal fasciculus R 55 34 —62 2 3.37
Superior longitudinal fasciculus R 48 50 3 31 3.54
Corticospinal tract L 47 -10 —28 —21 3.98
Forceps minor 46 -10 23 19 3.38
Cingulum (cingulate gyrus) L 44 -7 -15 35 4.07
Cingulum (hippocampus) R 44 26 -32 -13 3.72
Anterior thalamic radiation R 43 15 5 -7 3.39
Anterior thalamic radiation R 43 3 -17 2 423
Uncinate fasciculus L 40 -22 17 -10 5.05
Unknown 39 36 =71 =32 3.22
Cingulum (cingulate gyrus) L 39 -17 —43 33 4.14
Corticospinal tract L 37 —-16 -12 —6 3.09
Superior longitudinal fasciculus R 36 55 —24 27 5.02
Inferior longitudinal fasciculus L 35 —34 5 —32 3.36
Inferior longitudinal fasciculus L 34 —44 1 —22 4.75
Corticospinal tract L 34 —12 -53 —26 412
Inferior fronto-occipital fasciculus R 33 34 -79 14 4.24
Superior longitudinal fasciculus R 32 38 14 —-10 5.49
Superior longitudinal fasciculus L 32 =32 4 18 3.46
Inferior longitudinal fasciculus L 32 —21 —68 33 5.76
Superior longitudinal fasciculus L 31 -29 —61 38 3.84
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Table 3 (cont.)

Hemisphere Number of Boots-trap
Brain regions with positive correlations to LV1 left/right voxels X? Y? z? ratio
Anterior thalamic radiation R 31 11 -23 1 427
Inferior longitudinal fasciculus L 30 -33 -71 17 3.2
Inferior longitudinal fasciculus R 29 54 —18 2 4.42
Anterior thalamic radiation R 29 27 28 16 3.3
Inferior fronto-occipital fasciculus L 29 —34 36 7 3.67
Inferior fronto-occipital fasciculus L 28 -29 —21 2 3.41
Superior longitudinal fasciculus L 28 —43 —49 39 3.41
Corticospinal tract L 27 —14 —61 —28 3.42
Superior longitudinal fasciculus R 27 28 —38 39 3.34
Inferior longitudinal fasciculus L 27 -37 —55 —11 3.86
Cingulum (cingulate gyrus) R 27 10 36 14 4.22
Cingulum (cingulate gyrus) R 26 11 -33 36 3.69
Forceps minor 26 13 41 36 3.26
Inferior fronto-occipital fasciculus R 26 40 -22 —6 3.31
Forceps minor 26 —16 35 26 3.52
Uncinate fasciculus L 25 —41 10 —26 3.48
Superior longitudinal fasciculus R 25 46 —38 19 411
Inferior fronto-occipital fasciculus R 25 25 —67 2 3.28
Anterior thalamic radiation R 25 22 36 9 2.85
Superior longitudinal fasciculus L 25 —45 -22 45 3.38
Brain regions with negative correlations to LV1 Hemisphere Number Boots-trap

left/right of voxels X? Y? z? ratio
Corticospinal tract L 166 -8 —27 -33 —4.49
Anterior thalamic radiation R 51 7 —40 -25 -3.65
Cingulum (hippocampus) L 48 —22 —42 —4 —-3.88
Anterior thalamic radiation R 39 15 =31 12 -2.92
Corticospinal tract L 32 -13 —19 —15 -3.72

NA, not applicable

Table 3 shows the most reliable spatial brain regions in which DTI parameters are correlated to symptoms (CAARMS and
SANS), and level of functioning (SOFAS) within the UHR individuals. In regions with positive correlations (i.e. positive
bootstrap-ratios) to the pattern in LV1, more positive and negative symptoms (i.e. high CAARMS and SANS scores) and low
levels of functioning (i.e. low SOFAS scores) are correlated to |[FA, |AD, MO, and TRD, while regions with negative correla-

tions (i.e. negative bootstrap-ratios) to LV1 show the inverse pattern. Only brain areas with bootstrap ratios greater than +1.96

and cluster size >25 voxels are displayed
Localization is performed using FSL

?Local maxima in MNI coordinates (mm) are extracted from JHU WM tractography atlas

pattern similar to the one found in the analysis, includ-
ing all 45 UHR individuals. See online Supplementary
Fig. S4. Post hoc analyses comparing the subgroup of 33
UHR individuals who did not take antidepressant
medication to the HCs showed a significant pattern
(p<0.001) similar to the one including all 45 UHR indi-
viduals. See online Supplementary Fig. S5. These
findings suggest that exposure to neither antipsychotic
nor antidepressant medication substantially influenced
the present results.

Interpretation of DTI findings can be challenging.
The measured diffusion effects are averaged over a
voxel with much larger dimensions (measured in
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mm) than individual axons (measured in pm).
Therefore, it can be difficult to disentangle signals
reflecting aberrations in myelination from signals
reflecting aberrations in fiber architecture, since both
will influence RD and MO. Future MRI studies in
UHR may benefit from combining DTI with other
imaging contrasts, such as magnetization transfer
ratio or myelin water fraction, which are putative mea-
sures of WM myelination (Mandl et al. 2015).

When visualizing the most reliable spatial regions
showing the identified WM patterns we designated a
bootstrap ratio threshold of +1.96 (corresponding to
approximately p<0.05). However, since the PLSC
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uses the entire set of voxels as a single multivariate
representation the exact extent and localization of the
identified WM patterns are difficult to ascertain. We
addressed this by doing additional univariate voxel-
wise analysis and by quantifying the mean values of
the DTI parameters in the largest spatial regions
found by the PLSC (used as ROlIs).

Since the contrast in DTI is generated by measuring
the microscopic diffusion of water molecules in brain
tissue it is sensitive to macroscopic head motion
(Ling et al. 2012; Yendiki et al. 2014). It seems that
more head motion is associated to an overestimation
of RD and underestimation of AD and FA (Yendiki
et al. 2014). In the present study foam-pads inside the
scanner were used to minimize head motion, neverthe-
less more absolute but not relative head motion was
observed in the UHR individuals compared with the
HCs. No linear correlation was observed between
relative head motion and CAARMS, SANS, or
SOFAS [Pearson correlation =0.006/0.049/—0.234 and
p=0.968/0.749/0.122 (2-sided)] or between absolute
head motion and CAARMS or SANS [Pearson
correlation=0.167/0.110 and p=0.272/0.941 (2-sided)].
However there was a significant correlation between
absolute head motion and SOFAS [Pearson correlation
=—0.298 and p=0.047 (2-sided)]. We addressed this by
visually inspecting all DW images before processing
and discharging those where head motion led to visibly
poor quality. Additionally DW images were corrected
for eddy current and head-motion as part of the FSL pro-
cessing pipeline, and furthermore we corrected for head
motion parameters (absolute and relative) in both the
univariate and the multivariate analysis.

Conclusion

In conclusion, we confirm the presence of subtle abnor-
malities in WM microstructure in UHR individuals
with minimal antipsychotic exposure. The UHR indivi-
duals displayed a pattern of low FA, AD, and MO,
concomitant with high RD compared with HCs.
Within UHR individuals, the same pattern was asso-
ciated to both positive and negative symptoms as
well as level of functioning. Cerebral dysmyelination
or aberrations in WM fiber architecture may play an
important role in the emerging symptoms constituting
a vulnerability for developing a psychotic disorder.

Supplementary material

The supplementary material for this article can be
found at https://doi.org/10.1017/50033291717001210.
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