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Impaired fiber bundle connectivity between brain regions is a key neuropathological finding in schizophrenia.
Symptom dimensions in schizophrenia can be clustered into factor models. Single syndromes have been related
to grey and white matter brain structure alterations. We associated all core syndromes of schizophrenia in a
single patient group with changes in white matter integrity.
Diffusion weighted images (3T MRI) and SAPS/SANS scores were measured in 26 male patients and 26 healthy
controls. First, group differences in fractional anisotropy (FA) were calculated with TBSS. Second, core symptom
dimensions of schizophrenia were correlated with FA within these altered tracts.
We found differences between groups in ninewhitematter tracts. Hallucinationswere positively correlatedwith
FA in the left uncinate fasciculus and left corticospinal tract. Ego-disturbances (passivity phenomena) showed a
positive correlation with FA in the right anterior thalamic radiation. Positive formal thought disorders (FTD)
corresponded negatively with FA in the right cingulum bundle. Negative symptoms were positively associated
with the right anterior thalamic radiation and negatively with the right ventral cingulum bundle.
For the first time,we analyzed thewhole range of psychopathological factors in one schizophrenia patient group.
We could validate our novel results for positive FTD and passivity phenomena by replicating findings for halluci-
nations and negative symptoms. Only those brain circuits which are most vulnerable at a given time during
neurodevelopment are affected by a particular pathological impact (genetic, environmental). This scenario
could explain the predominance of particular psychopathological syndromes related to specific white matter
anomalies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Factor-analytic studies of symptoms in schizophrenia have usually
grouped psychopathological phenomena into three syndromes: reality
distortion (mainly delusions, hallucinations and ego-disturbances), dis-
organization (mainly positive formal thought disorder) and psychomo-
tor poverty (negative symptoms) (Liddle, 1987). The reality distortion
factor can further be divided into hallucinations and ego-disturbances
(passivity experiences, ego-disorders, Ich-Störungen) (Peralta and
Cuesta, 1999). These factors have been widely replicated (Grube et al.,
1998; Malla et al., 1993; Nenadic et al., 2010; Peralta and Cuesta,

1999; Thompson and Meltzer, 1993) and found their way into the
DSM-5 (Diagnostic and Statistical Manual of Mental Disorders, version
5) as core diagnostic symptoms.

Regarding brain pathology associated with schizophrenia, anatomi-
cal and functional disconnectivity between brain regions has long
been proposed (Andreasen et al., 1999; David, 1994; Friston, 1998;
Friston and Frith, 1995; Wernicke, 1900). Grey matter regions
(“neurons”) are connected by white matter (WM) (“axons”; fiber bun-
dles). White matter integrity in vivo is typically assessed by fractional
anisotropy (FA) using diffusion tensor imaging (DTI). Comparing
schizophrenia patients versus healthy controls applying voxel based
morphometric (VBM) analyses and tractography approaches, following
hypothesis on affected white matter tracts/regions or exploratory
approaches on thewhole brain or wide selection of whitematter tracts ,
widespread FA alterations (Asami et al., 2014; Bijanki et al., 2015; Bora
et al., 2011; Camchong et al., 2011; Fitzsimmons et al., 2013; Kanaan et
al., 2005; Kubicki et al., 2007; Kubicki et al., 2005; Kuswanto et al., 2012;
Seitz et al., 2016), differing with respect to extent and location (Kanaan
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et al., 2009), have been reported. Studies thereby applied in part
hypothesis driven approaches (e.g. ROI based) or hypothesis-free
approaches (whole brain, wide selection of white matter tracts of inter-
est. Analyzing the involvement of white matter tracts in schizophrenia
vs. healthy controls reported results were found in part only using hy-
pothesis driven approaches or were present in exploratory approaches.
In some cases, results of hypothesis driven approaches were replicated
by exploratory approaches. Thereof, FA alterations were found in the
(left) uncinate fasciculus (UF) (hypothesis of UF involvement) (Kitis et
al., 2012), bilateral superior longitudinal fasciculus (SLF) (Nakamura et
al., 2012), left SLF (Clark et al., 2011) and right SLF (hypothesis of SLF
involvement) (Rowland et al., 2009), bilateral inferior fronto-occipital
fasciculus (IFOF) (Clark et al., 2011; Nakamura et al., 2012), left IFOF
(Ellison-Wright et al., 2008), left inferior longitudinal fasciculus (ILF)
(Clark et al., 2011; Ellison-Wright et al., 2008), especially left anterior
limb of the internal capsule (ALIC) (hypothesis of ALIC involvement
and exploratory approach) (Asami et al., 2014; Lee et al., 2012), genu
and splenium of the corpus callosum (Asami et al., 2014; Ellison-
Wright et al., 2008; Lee et al., 2012; Nakamura et al., 2012), left anterior
thalamic radiation (ATR) (Ellison-Wright et al., 2008), fibers of the for-
nix/stria terminalis (Ellison-Wright et al., 2008) and the cingulumbundle
(CB) (Ellison-Wright et al., 2008; Ellison-Wright et al., 2014; Kunimatsu
et al., 2012; Lee et al., 2012;Whitford et al., 2014). Nevertheless, reported
alterations arewidely varying across studies, in part also being contradic-
tory (Kanaan et al., 2005; Kubicki et al., 2007).

The heterogeneous psychopathological symptomatology of schizo-
phrenia patients possibly explains part of these differing results. To
reduce heterogeneity, particular symptomdimensions have been corre-
lated with white matter integrity within phenomenologically defined
sub-groups of patients. The underlying concept is based on the idea
that particular syndromes within schizophrenia are related to distinct
brain networks (Kircher, 2015; Kircher and Gauggel, 2008). While
there are several studies on the relation of negative symptoms and au-
ditory hallucinations with white matter integrity, reports on correla-
tions between ego-disturbances and disorganization are lacking. The
relation of negative symptoms with white matter integrity has been
studied most frequently applying exploratory approaches and resulted
in bivariate correlations between SANS (Scale for the Assessment of
Negative symptoms (Andreasen, 1983)) rating and the right inferior
frontal white matter (Hoptman et al., 2002; Szeszko et al., 2008;
Wolkin et al., 2003), left internal capsule, left superior fronto-occipital
fasciculus, anterior parts of the corpus callosum (Asami et al., 2014),
and connections of themedial orbito-frontal cortex and the rostral ante-
rior cingulate cortex (Ohtani et al., 2014a). Correlations between audi-
tory hallucinations and FA have been found applying hypothesis
driven approaches in the arcuate fasciculus (AF) (McCarthy-Jones et
al., 2015). More exploratory approaches reported correlations between
auditory hallucinations and FA also within the AF but also in other
fronto-temporal connections, corpus callosum, SLF, ATR, forceps
minor, forceps major, CB and IFOF (Curcic-Blake et al., 2015; Hubl et
al., 2004; Seok et al., 2007). Correlations between ego-disturbances
andwhitematter integrity have rarely been studied. A region of interest
(ROI) study on the CB showed FA-values of the fibers connecting the
rostral anterior and caudal anterior cingulate gyrus to correlate nega-
tively with SAPS (Scale for the Assessment of Positive Symptoms
(Andreasen, 1984)) rating of ego-disturbances (Whitford et al., 2015;
Whitford et al., 2014). Interrelationships of white matter integrity and
disorganization (mainly positive formal thought disorders) have only
been investigated once. Focusing on white matter integrity of the mid-
dle longitudinal fascicle in an ROI approach, a negative correlation
with the disorganized thought factor (Asami et al., 2013) derived from
the Positive and Negative Symptom Scale was found. Looking at five se-
lected white matter tracts in early onset schizophrenia integrity of the
ILF and AF was associated with positive symptoms, while white matter
integrity of the CB was associated with memory performance and pro-
cessing speed (Seitz et al., 2016).

These previous DTI studies have focused only on one particular
symptom dimension at a time either by correlating it with FAmeasures
or by comparing groups of patients with vs. without this one syndrome
in question. In the vastmajority, they only looked at negative symptoms
or auditory hallucinations rather than ego-disturbances and disorgani-
zation. But different syndromes usually occur together in the same
patient. This has not been controlled for in the previous studies. There-
fore, we now studied the whole range of symptom dimensions in one
patient cohort. We aimed to correlate the core psychopathological syn-
dromes of schizophrenia with changes in white matter integrity. To re-
duce heterogeneity, we only studiedmale subjects (Kanaan et al., 2012;
Kanaan et al., 2014). First, we performedwhole-brain tract based spatial
statistics (TBSS) analysis comparing WM changes utilizing FA between
schizophrenia patients and age-matched healthy controls. Second, we
correlated the symptom dimensions “negative symptoms”, “disorgani-
zation”, “hallucinations”, “ego-disturbances” - derived from a large psy-
chopathological factor-analytic study (Peralta and Cuesta, 1999) - with
FA-values for those tracts differing between patients and controls.

2. Material and methods

2.1. Subjects

All subjects were recruited from the Department of Psychiatry and
Psychotherapy, University of Marburg, Germany, during January 2011
and April 2014. Written informed consent was provided by all subjects
after complete description of study procedures, approved by the local
ethics committee at the University of Marburg according to the declara-
tion of Helsinki.

Inclusion criteria for all participants were age between 18 and
60 years, estimated verbal IQ higher than 80 assessed by the Multiple
Choice Vocabulary Test (MWT-B) (Lehrl et al., 1995) and willingness
to provide written informed consent. Exclusion criteria were organic
brain disease, severemedical and/or neurological conditions potentially
affecting brain physiology or structure, life-time substance dependence
and general contra-indications forMRI data acquisition. To avoid effects
of sex (Kanaan et al., 2012; Kanaan et al., 2014), only male participants
were included in the study.

After visual inspection of MRI images, data of 26 male inpatients di-
agnosed with schizophrenia (n = 23) or schizoaffective disorder (n =
3) according to the ICD-10 criteria thoroughly assessed by two experi-
enced psychiatrists (using all available sources i.e. patient interviews
and observation, chart notes from previous admissions and outpatient
clinics, proxy interviews, physical examination,MRI/CCT, EEG, laborato-
ry tests) were included in the study. We included patients with schizo-
phrenia and schizoaffective disorder, because we were interested in
brain correlates of symptoms/syndromes as it is unlikely that the
same symptomatology arises from different brain networks in these
two phenomenologically defined ICD-10 diagnoses. All patients re-
ceived atypical antipsychotic medication; the doses were standardized
into chlorpromazine (CPZ) equivalents (Woods, 2003). 26male healthy
control subjects were matched for age and education (Ho et al., 2007).
There was no significant difference between the groups in age, years
of education, estimated IQ and handedness (“lateralization score”
(Oldfield, 1971)). Healthy controls had no current or life-time history
of psychiatric disorders, verified by the German version of the
Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I)
(Wittchen et al., 1996). Sociodemographic and clinical characteristics
are provided in Table 1.

2.2. MRI data acquisition

Image data of all subjects was acquired using a 3TMR Scanner (Trio,
Siemens, Erlangen, Germany), equippedwith a 12-channel headmatrix
Rx-Coil at the Department of Psychiatry and Psychotherapy, University
ofMarburg, Germany, including a T1-weightedmagnetization prepared
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