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Background: Individuals with subclinical psychotic
symptoms provide a unique window on the pathophysi-
ology of psychotic experiences as these individuals are
free of confounders such as hospitalization, negative and
cognitive symptoms and medication use. Brain network
disturbances of white matter connections are thought
to play a central role in the pathophysiology of psy-
chosis. Based on the structural network disconnection
hypothesis in schizophrenia, we expect less and weaker
connections, and altered brain network organization in
individuals with clinical and those with subclinical psy-
chotic symptoms. Methods: We used diffusion tensor
imaging to study 35 patients with a psychotic disorder,
35 subjects with subclinical psychotic symptoms, and
36 healthy controls. The structural brain network was
analyzed on 3 levels: connection density, white matter
microstructure (fractional anisotropy, mean diffusivity,
and magnetic transfer ratio), and network organization.
Network organization was studied with minimum span-
ning tree analysis, a method to reconstruct a backbone
of structural highways in the brain. Results: Decreased
fractional anisotropy and increased mean diffusivity was
found in both groups with psychotic symptoms, while
their network topology showed decreased overlap with
a healthy reference network. Decreased centrality was
found in several brain regions, including parietal hubs
and language areas, in both groups with psychotic symp-
toms. Deviation of network characteristics was more
apparent in clinical subjects than in subclinical subjects.
Discussion: Weaker connections and decreased centrality
of parietal hubs characterize the structural brain network
in subjects with psychotic symptoms. These differences
are more notable in clinical than in subclinical subjects
with psychotic experiences.
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Introduction

Psychotic symptoms such as auditory verbal hallucina-
tions (AVH) are present not only in patients with psy-
chosis, but also in a minority of subclinical individuals,
which suggests that there is a psychosis continuum (for
a review see van Os et al.!). In this spectrum, individu-
als may function within normal limits while they have
psychotic symptoms, as these symptoms remain below
the threshold for a clinical disorder!' and are not associ-
ated with negative symptoms or cognitive dysfunction.??
Subjects with subclinical psychotic symptoms (SCP) in
the general population take an intermediate place in the
spectrum between schizophrenia patients and healthy
subjects. Compared to healthy controls (HCs), nonclin-
ical individuals with AVH have a lower level of global
functioning in daily life, have an increased schizotypal
and delusional tendency, and have more family members
with psychotic disorders.®* However, these subjects have
no clinically defined delusions, disorganization or nega-
tive symptoms, and they do not meet criteria for schizo-
typal personality disorder.> They can thus be considered
to experience psychotic features, in the relative absence
of other symptoms, without an interrupted intellec-
tual development, and, importantly, without medica-
tion effects. Neurobiological evidence for the psychosis
continuum is scarce but promising.** Cortical thickness
in subjects with SCP was recently shown to be globally
decreased compared to HCs, but higher than in patients
with a psychotic disorder.® Furthermore, white matter
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microstructure is known to be affected in first-degree rel-
atives of patients with psychosis, which are unaffected by
psychosis but tend to show higher rates of cluster A and
B personality traits.””

Schizophrenia is thought to be a disconnection syn-
drome, where symptoms arise from disturbed connectiv-
ity between spatially remote brain regions.!” Structural
connectivity disturbances in schizophrenia consist of
a loss of physical connections, and of altered micro-
structure of white matter.!" A lower density of white
matter connections has also been described in subjects
with SCP."> In addition, the higher level organization of
the human brain network as characterized with graph
theoretical analysis is also disturbed in schizophrenia.'
Alterations seem to specifically affect hub nodes (ie, nodes
with a central role in the network), leading to decreased
efficiency of communication between brain regions.!41
Together these findings suggest altered connectivity and
network organization in patients with psychosis on mul-
tiple levels. However, network analysis is hindered by a
methodological problem when both the number of con-
nections in the structural brain network and the topo-
logical organization are altered simultaneously. Graph
characteristics such as efficiency are affected by differ-
ences in connection density, which makes it difficult to
disentangle network organization alterations from the
effects of global loss of measured connections.!” Indeed,
a recent study in subjects with SCP described both
decreased connection density and lower efficiency of net-
work organization compared to controls.!> We propose
that the minimum spanning tree (MST), a subnetwork
containing only the strongest backbone connections
from the original network, may be analyzed to overcome
these issues (figure 1).'%1

We aimed to study whether a “dose-effect™is present for
network disturbances in the psychosis spectrum, where
the level of network disturbance scales with the sever-
ity of psychotic symptoms. We hypothesized that sub-
jects with SCP (ie, AVH, suspicion and magical beliefs)
have intermediate structural brain network disturbances
between patients with a clinical psychosis (CP) and HCs.
Disturbances were hypothesized to be 3-fold: decreased
connection density, altered white matter microstructure,
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and a less optimal topology of the backbone of the net-
work with a decreased centrality of hub regions.

To test these hypotheses, we used diffusion weighted
imaging (DWI) to study structural brain networks (fig-
ure 2). Firstly, we compared the connection density
between the 3 groups. We then mapped the backbone of
the network using MST analysis. In this network, white
matter integrity was analyzed using fractional anisotropy
(FA) and mean diffusivity (MD), and the magnetization
transfer ratio (MTR) was used to characterize white mat-
ter myelination. Finally, we characterized the topology of
the MST to study the organization structural backbone
of the brain on a macroscopic level, which was the pri-
mary outcome measure of our study.

Methods

Subjects

Thirty-five patients diagnosed with a psychotic disor-
der, 35 subclinical individuals with AVH but without a
psychiatric diagnosis,’> and 46 HC subjects without hal-
lucinations or other psychotic features participated in the
study. A reference network was based on data of all con-
trol subjects as described below. For group comparisons,
36 subjects were selected from the control group in order
to obtain matched samples for age, gender, and handed-
ness. Subjects were recruited via a website (www.verkenu-
wgeest.nl.). Diagnoses (or their absence) were assessed
by an independent psychiatrist using the comprehensive
assessment of symptoms and history interview (CASH)
according to DSM-IV criteria.” The positive and nega-
tive syndrome scale (PANSS) was used for the assessment
of symptoms on the day of the magnetic resonance imag-
ing (MRI) scan.?! The psychotic symptoms rating scales
(PSYRATS) questionnaire was used to test hallucination
severity in SCP.?> All HC and SCP subjects were con-
firmed to have no psychiatric disorder including substance
abuse in the CASH interview and the SCID-II interview
to screen for axis II pathology. Schizotypal tendency was
assessed in these groups using the schizotypal personal-
ity questionnaire (SPQ).? Handedness was assessed in all
participants with the Edinburgh handedness inventory.*
The study was approved by the medical ethical committee
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Fig. 1. The concept of the minimum spanning tree. Three minimum spanning tree network types. Left a path tree is shown, where every
node except the 2 end nodes or leafs (red) is connected to its 2 neighbors (low leaf number), but it takes a lot of steps to reach the other
end of the network (large diameter). The right figure shows a star tree, which consists of a central node (high betweenness centrality,
green) that is connected to all other nodes (high degree), which are all leaf nodes. This network is highly efficient (small diameter), but
may result in an overload of information flow through the central hub node. The middle panel represents a hierarchical tree, which is a

possible intermediate between the 2 extremes.
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Fig. 2. Data analysis pipeline. Overview of data processing steps. The cortex was parcelated in 68 cortical and 14 subcortical regions. Structural
connections between these regions were reconstructed, and the connection density was calculated for each subject. Subsequently, the minimum
spanning tree was used to obtain the backbone of the network. Connection quality measures were calculated of connections present in a
reference network based on a sample of healthy control subjects. Furthermore, the overlap with this reference network was calculated for each
subject (% of overlapping connections), and global and local network characteristics were analyzed.

of the University Medical Center and all participants
signed a written informed consent. The majority of the
MRI scans in this study were also reported on in an
entirely different investigation, namely FA of the arcuate
fasciculus in these 3 groups.?

Imaging Acquisition, Scan Processing, and Network
Reconstruction

See supplementary materials for a detailed description
of the imaging acquisition and processing steps. In brief,
MRI scans were acquired on a 3 Tesla Philips Achieva as
previously reported in.? DWI scans, a T1-weighted scan,
and an MTI scan were collected from each participant.
The T1-weighted image was used for anatomical refer-
ence and for network node definition. Gray matter brain
regions (network nodes) were selected automatically
using the FreeSurfer segmentation pipeline (V5.1;http://
surfer.nmr.mgh.harvard.edu).?® The brain was divided
into 82 distinct anatomical regions using an automated
segmentation procedure, consisting of 14 subcortical
structures, and a parcellation of the neocortex into 68
regions.”’ An individual mask was created containing
all 82 regions for each subject. All possible tracts in the
brain were reconstructed individually using the diffusion
tensor images in native space using the fiber assignment
by continuous tracking (FACT) algorithm.?®** The pres-
ence of a white matter connection between 2 grey mat-
ter regions was determined by labeling each streamline
with the grey matter region it connects based on the ana-
tomical segmentation mask. The number of streamlines
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(NOS) was summed between all possible node pairs and
represented in an 82 X 82 weighted structural connectiv-
ity matrix.

Connection Density and Microstructural Measurements

Connection density was calculated as the number of non-
zero connections for each subject, based on the whole
brain connectivity matrix. The reference MST (MST _;
see description below) was used as a template or mask
of connections to characterize white matter structure, to
ensure that this characterization was based on the same
connections for all subjects. MD and FA and the MTR
were calculated for each subject over all edges that par-
ticipated in the MST _ to characterize the microstructure
of white matter fibers (see supplementary methods for a
detailed description). FA and MD are thought to reflect
the coherence of the fiber orientation and free water con-
centrations, whereas MTR is sensitive to the proportion
of macromolecules within a voxel and is thought to be
sensitive to myelin.’®3' FA, MD, and MTR values over
all connections in the MST matrix were respectively aver-
aged to obtain 1 overall mean FA, MD, and MTR value
for each subject.

Graph Analysis

Graph analysis was performed in Matlab R2011b (The
Mathworks, Inc). The connectivity matrices were ana-
lyzed as graphs, consisting of nodes (ie, each gray matter
region of the atlas is a node) and edges (ie, all connections
between any pair of nodes). We used MST analysis to
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further characterize network topology from the weighted
adjacency matrix using Kruskal’s algorithm.?> The MST
is a subnetwork of the original network, which con-
nects all nodes such that the connections with minimum
cost (ie, maximum connectivity) are included, but with-
out forming loops.** Although the MST discards most
connections, its characteristics can still be interpreted
along the lines of conventional network metrics, with
the advantage that the MST is insensitive to connec-
tion density of the underlying network.!* We applied this
procedure to reconstruct the tree containing the connec-
tions with the maximum number of fibers, resulting in an
MST for each subject containing 82 nodes and 81 edges.
The unweighted MST (ie, binary graph containing edge
weights of 0 and 1 only) was used to further characterize
network topology.

In order to test the hypothesis that the MST in the
(sub)clinical psychosis group differed from controls, a
MST . was calculated based on the average connectivity
matrix of 46 control subjects. The overlap between the
MST of each individual subject (MST,,...) and MST
was quantified by calculating the fraction of edges that
was present in both MSTs (MST.> ranging between 0
(no matching edges) and 1 (exact match); similar to the
survival rate of an MST connection described by?**). The
value of MSTOVWIp was used to test whether there was a
significant difference in the MST between the controls
and the 2 hallucinating groups. Networks were visualized
using BrainNet Viewer v1.43.%

MST Topology

Several measures can be used to characterize the topol-
ogy of the MST (figure 1). When group differences were
found for MST_ . . these differences were further char-
acterized with MST measures of network topology.!-3
Two measures were used to describe regional network
characteristics (computed using the brain connectivity

toolbox [https://sites.google.com/site/bctnet/]):

* Degree, which is the number of links connected to node
i. We used the degree fraction normalized for network
size to characterize nodal degree, obtained by dividing
the degree by the total number of links.

» Betweenness centrality (BC) of a node u is defined as
the number of shortest paths (of the MST) between any
2 nodes i and j in the network that are passing through
u but not including u, divided by the total number of
shortest paths. BC ranges between 0 (leaf node) and 1
(central node in a star-like network).

In addition, 4 measures were used to characterize global
MST topology: leaf fraction (measure of centrality),
diameter (measure of network efficiency), kappa (mea-
sure that characterizes the degree distribution, and tree
hierarchy (measure of hierarchical network organiza-
tion). See supplementary methods for formal definitions.
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Statistical Analysis

Statistical analyses of group characteristics were per-
formed in IBM SPSS Statistics 22. SCP and HC SPQ
scores were compared using Mann-Whitney U tests.
Jonckheere-Terpstra trend tests (Monte Carlo 2-sided
test, 10 000 permutations, P < .05) were used to test the
a priori hypothesized (ie, HC<SCP<CP or vice versa)
ordered differences in connection density, FA, MD,
MTR, and MST Overlap.”* Since 5 tests were per-
formed of nonindependent variables, the false discovery
rate was used to correct for inflated type I errors.*

When significant group effects were found, spearman
correlation tests were performed to explore correlations
between PANSS scores and outcome measures in CP, and
between PSYRATS scores and SCP.

Regional characteristics were compared between
groups using Matlab R2011b (The Mathworks, Inc). We
used permutation tests corrected for multiple testing to
compare regional MST characteristics between groups (P
< .05).* Nodal degree of all 82 regions tested for group
differences between CP and HC, CP and SCP, and SCP
and HC. The same design was used to test for group dif-
ferences of nodal BC.

Results

Subject characteristics are shown in table 1. Groups
were well matched for age, gender and handedness. As
expected, SPQ scores were higher in SCP than in controls
(Mann-Whitney U = 137; P < .001).

Table 1. Subject Characteristics

Clinical Subclinical Healthy
Psychosis  Psychosis ~ Controls
(N=35 (N=35) (N =36)
Gender (male/female) 18/17 14/21 16/20
Mean age (SD) 36 (11) 41 (13) 39 (16)
Age range (min-max) 20-61 20-65 20-61
Handedness (right/left) 31/4 29/6 30/6
Diagnosis (schizophrenia/ 20/5/10
schizoaffective disorder/
psychosis NOS)
PANSS score (total/positive/ 57 (13)/14
negative/general [SD])* 4)/14
(5)/28 (7)
Antipsychotic medication 8/6/20/1
(None/typical/atypical/
typical + atypical)
SPQ 28 (13) 7 (6)
PSYRATS 16 (3,7)
GAF 82 (8)

Note: NOS = not otherwise specified; SPQ = schizotypal
personality questionnaire; PANSS = positive and negative
symptoms scale; PSYRATS = psychotic symptoms rating scales;
GAF = global assessment of functioning.

*PANSS scores were available of 31 patients.
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Connection Density and Microstructure

Although connection density varied between subjects,
no group differences were found (Std. J-T = —1,1;
P = .250; supplementary table S1). White matter micro-
structure did differ between groups: FA was decreased
in subjects with psychotic symptoms compared to HC,
such that values were intermediate in SCP, and lowest
in CP (Std. J-T = =2.5; P = .013). MD was increased
in subjects with psychotic symptoms, and MD in SCP
was intermediate between HC and CP (Std. J-T = 2.6;
P = .011). No group effects were found for MTR (Std.
J-T =1.1; P = .270).

MST Topology

We tested alterations in network topology by compar-
ing individual MSTs to a reference network based on a
group of 46 HCs. MST overlap was lowest in CP, and
for SCP, MST overlap was intermediate between HC and
CP (Std. J-T = —2.6; P = .007; supplementary table S1).
Post hoc tests showed no differences between groups for
MST leaf fraction (Std. J-T = —1.1; P = .285), diameter
(Std. J-T = 0.7; P = .494), tree hierarchy (Std. J-T = —1.1;
P = .283), or kappa (Std. J-T = 0.4; P = .720).

No significant correlations were found between
PANSS scores and any of the outcome measures in CP,
nor between PSYRATS scores and outcome measures in
SCP.

Regional Analysis

Using permutation analysis, we found that the degree of
the left caudate and left insula was lower in CP than in
HC (figure 3). No other group differences in degree were
found.

Several differences in regional BC were found between
groups (figure 4). BC of the left precuneus and superior
parietal lobule were lower in CP and SCP compared to
controls. Left inferior parietal BC was lower in CP than
in HC. Lower BC was found in CP than in SCP in the pars
opercularis of the left inferior frontal gyrus and the left
lateral occipital gyrus, and right superior temporal gyrus.
BC of the left posterior cingulate, right parahippocampal

Subclinical

Controls .
psychosis

gyrus, precuneus and superior parietal lobule was lower
in SCP than in HC.

Discussion

In this study, we analyzed the backbone of the structural
brain network in patients with a clinical psychotic disorder
(CP), subclinical subjects with psychotic symptoms (SCP),
and HCs. We found that microstructure of white matter
connections, as measured with FA and MD, and topology
of the backbone differed between subjects with psychotic
symptoms and controls. These differences were more nota-
ble in clinical than in subclinical subjects, and are in line
with the hypothesis of a psychosis continuum.! Regional
network characteristics differed between the 3 groups
with alterations in several central hub regions, and regions
involved in conscious perception and language processing.

Microstructural Alterations

Connection density and structural network organization
have not been studied in individuals with SCP. One pre-
vious study analyzed connection quality in the arcuate
fasciculus in subjects who were also analyzed in the pres-
ent study.” FA was decreased in clinical but not in sub-
clinical subjects with psychotic symptoms. We found a
global decrease of FA and increase of MD, which shows
that microstructural disturbances are not restricted to
the arcuate fasciculus. White matter loss is found glob-
ally in the structural backbone as characterized by MST
connections in patients with a psychotic disorder, while
these alterations are less pronounced in subjects with
SCP. Differences in MTR, which is sensitive to the pro-
portion of macromolecules within a voxel and is thought
to be sensitive to myelin, were not observed. Therefore,
the pattern over all 3 white matter parameters may be
interpreted to reflect a general loss of coherence of white
matter fiber orientation or an increase of free water con-
centrations,’®! as opposed to a loss of myelin.

MST Analysis of Structural Brain Networks

This is the first study to use MST analysis to compare the
structural backbone of the brain between patients and

@® Degree < Controls

Degree

Clinical
psychosis

Fig. 3. Group averaged networks. Visualization of the mean minimum spanning tree for controls, subjects with subclinical psychosis,
and patients with a psychotic disorder. The connections show the backbone connections of the network of each group. In the clinical
psychosis group, red nodes mark regions with a significantly lower degree compared to the control group.
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® BC <Controls
Non-clinical

® BC< .
psychosis

. 9 Y X X J

BC

Fig. 4. Betweenness centrality (BC). Visualization of the BC in the structural backbone controls, subjects with subclinical psychosis, and
patients with a psychotic disorder. The size of the nodes corresponds to the BC. Red and green nodes mark regions with a significant

group difference in BC.

controls. This is also the first study to measure structural
network alterations in a specific population by quan-
tifying overlap with a reference network. This method
might provide additional information, as we found sev-
eral topological differences between CP, NPC, and HC,
while no group differences were found in global network
characteristics.

Topological Network Alterations

Networks of CP deviated more from HC than from SCP,
which is in line with the psychosis continuum hypothe-
sis. Nodal network characteristics showed several group
differences, and some findings are in line with previous
work on network alterations related to psychosis and
AVH.">44 BC of the left precuneus and superior parietal
gyrus were lower in CP and SCP compared to controls.
These regions play a central role in the backbone struc-
ture of the MST, and are part of the so-called “rich club,”
a subset of highly interconnected hub nodes, which is
explicitly altered in schizophrenia.* This finding provides
further evidence that disruption of the backbone of the
structural brain network is relevant for psychotic symp-
toms, and for the hypothesis that hub regions are gener-
ally implicated in brain disorders.'>!® The contralateral
homologues of the left precuneus and superior parietal
gyrus differed between SCP and HC, but not between CP
and HC nor between HC and SCP. Qualitative analysis
of the data suggests that a difference between CP and HC
in these regions may be found in larger samples (supple-
mentary figure S2).

We found that BC of the pars opercularis of the left
inferior frontal gyrus (overlapping with Broca’s area)

and right superior temporal gyrus (overlapping with the
homologue of Wernicke’s area and the right primary
auditory cortex) was lower in CP than in SCP. Previous
studies showed that language lateralization is significantly
decreased in schizophrenia patients but not in subclini-
cal subjects with AVH.** Interhemispheric connectivity
in patients with long term auditory hallucinations was
also decreased, which fits with our findings in CP.* The
decreased centrality in these regions seems to reflect an
altered structural organization of the language system in
CP but not in SCP. Lower BC in CP than in SCP was also
found in the left lateral occipital gyrus, suggesting that
structural connections with visual sensory areas may also
be altered in CP. In previous work, decreased connectiv-
ity was found of the left frontal lobe in subjects at ultra-
high risk for psychosis,* which was not found in our SCP
population.

We found lower BC of the left posterior cingulate, right
parahippocampal gyrus, right precuneus and right supe-
rior parietal lobule in SCP than in HC. In an functional
MRI study comparing SCP to controls, an increase in
functional connectivity strength was found in right lim-
bic regions and bilateral temporal regions, while BC was
increased in the left superior temporal gyrus but decreased
in the left paracentral lobule, right inferior temporal
gyrus, and right amygdala.* Although these findings are
not entirely in line with ours, increased (contralateral)
functional connectivity in regions with decreased central-
ity in the structural network fits with the hypothesis of
a mismatch between functional and structural networks
in subjects with psychotic symptoms, ie, that functional
connectivity may both decrease and increase as a result
of decreased structural connectivity.!!
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In summary, regional network alterations revealed
decreased centrality in CP of language areas and con-
tralateral homologues, as well as in hub regions in both
CP and SCP, which suggest a global alteration of con-
nections between association areas that facilitate global
integration of information.

Limitations

This study has several limitations. Subclinical individuals
were included on the basis of their experience of AVH,
and may not be a representative sample of subjects with
subclinical psychosis.® Sixty percent of subjects in our
SCP population were females, and CP and control sub-
jects were included to match this population. This gen-
der distribution is considered to be in line with previous
reports on the SCP population.*’® In patients with a psy-
chotic disorder, medication effects may have influenced
white matter connections, and qualitative analysis of our
data suggests that group effects may be underestimated
due to relatively small sample sizes. Based on the box-
plots in supplementary figure S1, we do not expect effect
sizes to be large enough for the DTI metrics to serve as a
diagnostic marker. Rather, our results may be used to gain
insight in the pathophysiology of psychotic symptoms.

Assessment scales for AVH differed between CP and
SCP, and the use of the same scale would have had addi-
tional value for the interpretation of our findings in the
psychosis continuum. Finally, a previous study of the
SCP group showed significantly lower (but not clinically
impaired) cognitive performance in the verbal domain
and executive functioning domain.* Future studies may
elucidate whether DTI metrics are related to these cogni-
tive performance deficits in the SCP group.

Conclusion

The backbone of the structural brain network differs
between subjects with psychotic experiences and controls,
and deviations from controls are more severe in patients
with a clinical psychotic disorder than in subjects with
SCP. These brain network alterations are present both in
the microstructure and global topological organization
of white matter pathways. Our findings are in line with
the hypothesis of a psychosis continuum, ranging from
healthy subjects to patients with a psychotic disorder.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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