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ORIGINAL INVESTIGATION

The decoupling of structural and functional connectivity of auditory
networks in individuals at clinical high-risk for psychosis
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Suheyla Cetin-Karayumakb, Fan Zhangd, Jonas Rauha, Marius Mußmanna, Tashrif Billahb, Nikos Makrisb,c,
Ofer Pasternakb,d, Lauren J. O’Donnelld, Yogesh Rathib,d, Gregor Leichta , Marek Kubickib,c,
Martha E. Shentonb,c,d and Christoph Mulerta,e

aPsychiatry Neuroimaging Branch, Department of Psychiatry and Psychotherapy, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany; bPsychiatry Neuroimaging Laboratory, Department of Psychiatry, Brigham and Women’s Hospital, Harvard
Medical School, Boston, MA, USA; cDepartment of Psychiatry, Massachusetts General Hospital, Harvard Medical School, Boston, MA,
USA; dDepartment of Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA; eCentre for Psychiatry,
Justus-Liebig-University, Giessen, Germany

ABSTRACT
Objectives: Disrupted auditory networks play an important role in the pathophysiology of
psychosis, with abnormalities already observed in individuals at clinical high-risk for psychosis
(CHR). Here, we examine structural and functional connectivity of an auditory network in CHR
utilising state-of-the-art electroencephalography and diffusion imaging techniques.
Methods: Twenty-six CHR subjects and 13 healthy controls (HC) underwent diffusion MRI and
electroencephalography while performing an auditory task. We investigated structural connectiv-
ity, measured as fractional anisotropy in the Arcuate Fasciculus (AF), Cingulum Bundle, and
Superior Longitudinal Fasciculus-II. Gamma-band lagged-phase synchronisation, a functional con-
nectivity measure, was calculated between cortical regions connected by these tracts.
Results: CHR subjects showed significantly higher structural connectivity in the right AF than
HC (p < .001). Although non-significant, functional connectivity between cortical areas con-
nected by the AF was lower in CHR than HC (p ¼ .078). Structural and functional connectivity
were correlated in HC (p ¼ .056) but not in CHR (p ¼ .29).
Conclusions: We observe significant differences in structural connectivity of the AF, without a
concomitant significant change in functional connectivity in CHR subjects. This may suggest that
the CHR state is characterised by a decoupling of structural and functional connectivity, possibly
due to abnormal white matter maturation.
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Introduction

Psychosis is a group of severe mental disorders and is

among the top ten causes of long-term disability in

the world (Mueser and McGurk 2004). While treatment

is often challenging (Owen et al. 2016), early targeted

interventions have been shown to improve treatment

response and clinical outcomes (Keshavan et al. 2010;

Fusar-Poli et al. 2017). To implement early treatment

interventions, the clinical research community has

defined a set of behavioural criteria to characterise

individuals at clinical high-risk (CHR) for developing

psychosis (Addington et al. 2011, 2015). Research in

this area has increasingly focussed on not only
describing the CHR state, but also on examining the
neuropathological factors that may underlie the emer-
gence of clinical symptoms in these individuals.

In particular, results from different research fields
point towards a crucial role of disrupted auditory net-
works in CHR individuals (Karlsgodt et al. 2009; Perez
et al. 2013; von Hohenberg et al. 2014; Leicht et al.
2016). Studies in these at-risk populations have
reported structural and functional impairments in
auditory pathways (Karlsgodt et al. 2009; Perez et al.
2013; von Hohenberg et al. 2014; Leicht et al. 2016).
For instance, an array of electroencephalography
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(EEG)-linked abnormalities in auditory networks have
been observed, with studies consistently reporting
altered gamma-band oscillations (30–100Hz) in sub-
jects across the psychosis illness course, including CHR
subjects (Reilly et al. 2018). More specifically, the reac-
tion to auditory stimuli, the so-called auditory-evoked
gamma-band response (aeGBR), has been shown to be
diminished in CHR subjects (Perez et al. 2013). In our
previous work (Leicht et al. 2016), utilising a combined
EEG-functional magnetic resonance imaging paradigm,
we found that the network of regions which gener-
ated the aeGBR in healthy controls was impaired in
CHR individuals. The identified network, critical for the
cognitive processing of auditory stimuli (Polomac et al.
2015), is comprised of the bilateral primary auditory
cortices (PAC), the thalamus, and frontal brain regions,
including the dorsal anterior cingulate cortex (dACC)
and the bilateral dorsolateral prefrontal cortex (DLPFC)
(Leicht et al. 2016).

In addition to functional magnetic resonance imag-
ing and EEG findings, studies employed diffusion mag-
netic resonance imaging (dMRI) for the in vivo analysis
of white matter microstructure in psychosis based on
the magnitude and directionality of water diffusion
along axons (Pierpaoli and Basser 1996; Mori and
Zhang 2006). The primary outcome measure, fractional
anisotropy, is a putative marker of overall white mat-
ter microstructure and may represent structural con-
nectivity of underlying fibre tracts (Assaf and
Pasternak 2008; Jones et al. 2013). Changes in frac-
tional anisotropy in auditory pathways in subjects with
psychosis and CHR subjects have been frequently
reported (Kn€ochel et al. 2012; Mulert et al. 2012;
�Cur�ci�c-Blake et al. 2017), albeit with some inconsisten-
cies (Peters et al. 2008, 2010; Domen et al. 2013;
Wigand et al. 2015). Taken together, these results
point towards both functional and structural altera-
tions in auditory networks in the CHR state.

In order to understand better the neuropathology
underlying the CHR state, more studies are needed
which examine both structural and functional connect-
ivity in auditory networks in CHR individuals. As aber-
rant communication between distributed brain areas is
the potential source of pathology in psychosis, the
investigation of an entire network by means of struc-
tural and functional connectivity offers a unique
insight into mechanisms that are likely to be impaired
in psychosis and at-risk states (van den Heuvel et al.
2013; van den Heuvel and Fornito 2014).

In the present study, we investigate the structure
and function of the previously described aeGBR-spe-
cific network combining EEG and dMRI. Here, we

analyse the functional connectivity of the aeGBR-spe-
cific network (i.e. bilateral dACC, PAC, DLPFC) using a
source localisation approach. Next, we examine the
white matter pathways that provide connectivity
between the structures of this network (Arcuate
Fasciculus (AF), Cingulum Bundle (CB), Superior
Longitudinal Fasciculus II (SLF-II)) with unscented
Kalman Filter (UKF) tractography with free-water cor-
rection (Malcolm et al. 2009; Lienhard et al. 2011;
Gong et al. 2018). Based on previous literature, we
hypothesise that we will observe both structural and
functional abnormalities in CHR subjects compared to
healthy controls (HC). Moreover, we believe that these
abnormalities will be more pronounced in CHR sub-
jects who later convert to psychosis (CHR-P) as
opposed to those who do not later convert (CHR-NP)
(Wang et al. 2016; N€agele et al. 2021). Last, we explore
the relationship between structural and functional
connectivity measures to understand the role of neur-
onal networks in the neuropathology of CHR.

Materials and methods

Participants

The current study includes 26 CHR subjects and 13 HC
who received a baseline dMRI scan and underwent an
EEG recording while performing an auditory choice
reaction task. This study was approved by the Ethics
Committee of the Medical Association Hamburg, and
written informed consent was obtained from all partic-
ipants or their legal guardians in the case of minors.
The present study was part of a larger project investi-
gating functional and structural connectivity in psych-
osis within the context of the Collaborative Research
Centre 936 (‘multi-site communication in the brain,’
www.sfb936.net). Portions of these data have already
been published (Leicht et al. 2016, 2021; N€agele et al.
2021; Steinmann et al. 2021).

We defined CHR individuals following the Early
Detection and Intervention Program of the German
Research Network on Schizophrenia (GRNS) (W€olwer
et al. 2006). Current substance abuse or dependence,
the presence of major somatic or neurological disor-
ders, or a hearing range lower than 30 dB at a pitch of
1000Hz were exclusion criteria for all subjects. Further
exclusion criteria for HC included the treatment for
any previous psychiatric disorder or a family history of
psychotic disorders. Psychiatrists assessed the applic-
ability of inclusion and exclusion criteria using a semi-
structured interview. To preclude a diagnosis of
schizophrenia spectrum disorder and to record comor-
bid psychiatric diagnoses, we conducted the Mini-
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International Neuropsychiatric Interview (Sheehan
et al. 1998) for CHR subjects. In addition, the CHR sub-
jects underwent neuropsychiatric testing to assess
symptom severity using the Positive and Negative
Syndrome Scale (PANSS) (Kay et al. 1987), as well as
the Scale of Prodromal Symptoms (SOPS) (Miller et al.
2003). We repeated the testing after a follow-up
period of approximately one year. Four CHR subjects
dropped out before follow-up. If subjects reached a
score of six in any of the positive SOPS symptom
domains at the follow-up assessment, they were con-
sidered to have converted to psychosis. We used the
Structured Clinical Interview for DSM-IV Axis I
Disorders (SCID-I) to specify the type of psychosis.

Overview

We acquired dMRI and EEG data from all 39 partici-
pants between 2012 and 2016. This study used brain
regions of interest that were previously reported to be
impaired in CHR subjects by Leicht et al. (Leicht et al.
2016) (i.e. bilateral dACC, PAC, DLPFC). Next, we con-
sulted with a neuroanatomist who helped identify the

underlying structural connections present in this net-
work leading to the selection of bilateral AF, CB, and
SLF-II (Figures 1 and 2). For an overview of the study
process, please see Figure 1.

Image acquisition

All dMRI scans were acquired on a 3T MRI scanner
(Siemens Magnetom Trio) at the University Medical
Centre Hamburg-Eppendorf, using a 12-channel head
coil and a spin-echo single-shot echo-planar imaging
sequence (EPI) (TR ¼ 7.7 s, TE ¼ 85ms, flip angle ¼
90�, 64 interleaved slices, slice thickness ¼ 2mm, field
of view (FOV) ¼ 216� 256mm2, matrix ¼ 108� 128).
Thirty non-colinear gradient directions with b¼ 1000 s/
mm2 were acquired twice in addition to 10 images
with b¼ 0 s/mm2.

Image preprocessing

Diffusion images were visually inspected and
corrected for head motion and eddy current distortion
by applying an affine registration of each gradient dir-
ection to the baseline B0 utilising FLIRT (FSL, Oxford;

Figure 1. Study Protocol. DLPFC, PAC and dACC generate the auditory-evoked gamma-band response. CHR: Clinical High-Risk;
-NP: Non-Psychosis; -P: Psychosis; dACC: dorsal Anterior Cingulate Cortex; DLPFC: Dorsolateral Prefrontal Cortex; HC: Healthy
Controls; PAC: Primary Auditory Cortex.
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http://fsl.fmrib.ox.ac.uk/fsl (Jenkinson et al. 2002)).
Brain masks were then automatically generated using
3D Slicer (software version 4.5; www.slicer.org
(Fedorov et al. 2012)) employing Otsu’s method and
manually edited to guarantee anatomical precision.
After preprocessing, each gradient was averaged from
both acquisitions using an in-house developed script
(Billah et al. 2019).

Clustering and diffusion parameter extraction

Whole-brain UKF tractography was conducted employ-
ing a two-tensor multi-fibre tracking algorithm
(Malcolm et al. 2009; Lienhard et al. 2011) with free-
water correction (Lienhard et al. 2011; Gong et al.
2018). In addition to the two cylindrically symmetric
tensors, the free-water model estimates a third iso-
tropic tensor with a fixed diffusivity to represent freely
diffusing water in the extracellular compartment
(Gong et al. 2018). This method provides accurate
results despite noise, uncertainty, and crossing fibres
(Malcolm et al. 2009; Lienhard et al. 2011).
Furthermore, adding the free-water model eliminates
the partial volume effects of freely diffusing water,
enabling more precise analysis of tissue properties
(Pasternak et al. 2009). We performed visual and quan-
titative quality control of the tractography using a
quality control tool in the white matter analysis soft-
ware (https://github.com/SlicerDMRI/whitematteranaly-
sis). A fibre clustering anatomical annotation method
independent from cortical or subcortical segmenta-
tions was utilised (Zhang et al. 2018). First, an individ-
ual subject’s tractography was aligned to the atlas
space. Each fibre was then assigned to the closest
cluster, removing outliers with a low affinity to their
cluster to reject uncommon tractography errors (for
details, see (O’Donnell et al. 2017; Zhang et al. 2018)).
After this, the clusters were transformed back into the
subject-specific diffusion-weighted image space. Next,
we conducted anatomical tract identification separ-
ately for each hemisphere by finding each tract’s

corresponding annotated atlas clusters. For each tract,
we extracted the free-water corrected fractional
anisotropy (FA) by averaging across all obtained
streamlines (Pasternak et al. 2009; Zhang et al. 2018;
Zekelman et al. 2022) as our measure of structural
connectivity within the network.

EEG paradigm

We used a cognitively demanding auditory choice
reaction task (Mulert et al. 2001) that had previously
been demonstrated to increase the aeGBR amplitude
in HC (Mulert et al. 2007). During the task, 300 tones
of three different pitches (33% 800Hertz (Hz), 33%
1000Hz, and 33% 1200Hz; duration: 200ms, gener-
ated using the Presentation software version 17) were
presented with pseudo-randomised interstimulus inter-
vals (ISI: 2.5–7.5 s; mean 5.0 s) via earphones at 85 dB
sound pressure level. Tones at a pitch of 800Hz and
1200Hz were considered target stimuli and had to be
responded to differentially by button-press with the
left or the right index finger as fast and accurately as
possible. Reaction times and the number of correct tri-
als (correct responses within 2000ms after target
stimulus presentation) were registered during the
experimental run.

EEG acquisition

Participants were seated in a sound-attenuated and
electrically-shielded room, eyes open, in a slightly
reclined chair with a headrest, and looked at a fixation
cross presented at a 19‶ computer monitor. We
recorded the EEG with a sampling rate of 1000Hz,
with 66 active electrodes mounted on an elastic cap
(ActiCaps, Brain Products, Munich, Germany) using the
Brain Vision Recorder software Version 1.10 (Brain
Products, Munich, Germany). Electrodes were posi-
tioned in a modified 10/10 system without electrodes
at FPz, F9, F10, T9, T10, CP3, CP4, P9, P10, PO7, PO8,
and additional electrodes positions PO9 and PO10. Eye

Figure 2. Clustering results of the (a) AF, (b) CB and (c) SLF-II of a CHR subject. White matter fibre clustering was used to extract
tracts for each subject. AF: Arcuate Fasciculus; CB: Cingulum Bundle; CHR: Clinical High-Risk; SLF-II: Superior Longitudinal
Fasciculus II.
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movements were recorded through four EOG chan-
nels. An electrode at the FCz position was the refer-
ence electrode. The electrode at position AFz served
as ground. Impedances were always below 5 kX.

EEG preprocessing

Data analyses were performed using Brain Vision
Analyser Version 2.1 (Brain Products, Munich,
Germany). We excluded channels PO9 and PO10 from
further analyses due to persistent muscle artefacts.
After band-pass filtering (1–120Hz), topographic inter-
polation (spherical splines) of up to six channels was
conducted (M¼ 2.89, SD¼ 1.88). Channels were
selected for interpolation if more than 5% of data in
the respective channel was affected by technical arte-
facts or muscle artefacts exceeding amplitudes of
70 lV. Continuous EEG was segmented into epochs of
1024ms starting 400ms prior to the auditory stimulus.
We automatically rejected segments including incor-
rect responses or amplitudes exceeding 70 lV within a
410ms window starting 210ms pre-stimulus in any
channel. Subsequently, the number of trials incorpo-
rated in further analyses was matched to the subject
with the least number of trials (30), based on a ran-
dom choice, to control sample size bias (Helfrich et al.
2016; Clayson and Miller 2017; Meier et al. 2019).

Lagged phase synchronization

Functional connectivity analysis was executed in
source space, applying the LORETA KEY software
package (http://www.uzh.ch/keyinst/loreta.htm). The
eLORETA approach is an inverse solution that allows
exact, zero-error localisation in the presence of meas-
urement and structured biological noise (Pascual-
Marqui 2007a; Pascual-Marqui et al. 2011). Lagged

phase synchronisation (LPS) measures functional con-
nectivity in the low gamma band (30–50Hz). In con-
trast to power measures (used in the previous analysis
(Leicht et al. 2016)), it offers the opportunity to investi-
gate connectivity between the regions that are
involved in the generation of the aeGBR (Pascual-
Marqui 2007b; Pascual-Marqui et al. 2011; Steinmann
et al. 2014). These were extracted from the eLORETA
software, which is based on the Talairach Daemon
(http://www.talairach.org). LPS is specified as the
coherency between normalised Fourier transformed
signals, thus incorporating only phase information in a
highly nonlinear way. Additionally, it eliminates the
effects of zero-lag phase synchrony (Pascual-Marqui
2007b), mainly attributed to non-physiological effects,
such as volume conduction and low spatial resolution,
making it more precise than conventional connectivity
measures (Nolte et al. 2004; Stam et al. 2007). In the
present analyses, we investigated the average LPS
from stimulus onset up to 200ms post-stimulus pres-
entation. This timeframe includes the typical aeGBR
with its peak between 30 and 100ms post-stimulus
(Tiitinen et al. 1993; Mulert et al. 2007; Leicht et al.
2010; Mulert et al. 2010) and is based on findings
from Leicht et al. (2016) who identified the investi-
gated brain regions as generators of the aeGBR in
EEG-informed functional magnetic resonance imaging.

Statistical analyses

We carried out all statistical analyses using SPSS
Statistics Version 24. We compared CHR individuals
with HC and subsequently CHR-P with CHR-NP in sep-
arate analyses for all group comparisons. First, differ-
ences in FA were assessed between groups employing
univariate ANCOVAs for both left and right AF, CB,
and SLF-II, controlling for age, sex, and education

Table 1. Demographic and clinical characteristics.
Variable HC (n¼ 13) CHR (n¼ 26) v2/t p CHR-NP (n¼ 15) CHR-P (n¼ 7) v2/t p

Sex (m/f) 9/4 13/13 1.30 .25 7/8 5/2 1.18 .28
Age†,a 22.31 ± 4.50 21.08 ± 3.72 0.91 .37 21.33 ± 3.74 20.86 ± 4.38 �0.29 .77
Education†,a 14.35 ± 3.02 13.10 ± 3.02 1.22 .23 13.03 ± 2.88 13.79 ± 4.14 �0.50 .63
Handednessb 1/12 2/24 0.00 1 1/14 1/6 0.34 .56
Antipsychotic Medication† n ¼ 9 n¼ 6 n¼ 3 0.28 .60
CPZEc (mg/day) 168.75 ± 148.92 180 ± 172.16 150 ± 132.29 0.26 .81
Durationd 3.09 ± 3.30 4.38 ± 5.13 2.23 ± 2.42 0.66 .56
PANSS†,e

Positive 11.19 ± 2.87 11.20 ± 3.28 11.29 ± 2.50 �0.06 .95
Negative 9.58 ± 2.72 9.47 ± 3.11 10.14 ± 1.95 �0.53 .61
Global 25.27 ± 5.50 26.33 ± 6.41 24.14 ± 4.53 0.81 .43

SOPS†,f

Positive 5.58 ± 4.67 4.73 ± 4.54 7.86 ± 3.80 �1.57 .13
Negative 5.83 ± 5.33 5.43 ± 4.88 7.00 ± 6.39 �0.60 .55
Disorganisation 2.28 ± 2.37 1.93 ± 2.12 3.33 ± 3.27 �1.17 .26
Global 4.37 ± 3.29 4.54 ± 3.80 4.00 ± 2.00 0.27 .79

†Values are M ± SD. CHR: Clinical High-Risk; -NP: Non-Psychosis; -P: Psychosis; HC: Healthy Controls; aYears; bLeft/Right; cChlorpromazine Equivalents;
dMonths; ePositive and Negative Syndrome Scale; fScale of Prodromal Symptoms.
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years (p � .008, Bonferroni-corrected threshold for six
tracts, Figure 1(a)).

In the event of significant group differences for a
given tract, we calculated functional connectivity
between the regions connected by that tract.
Univariate ANOVAs were utilised to detect group dif-
ferences, using the average LPS from stimulus onset
up to 200ms post-stimulus presentation as the
dependent variable (Figure 1(b)).

Additionally, given a significant group difference in
a tract, we correlated the FA and LPS measures with
the PANSS (Positive, Negative, Global) and the SOPS
(Positive, Negative, Disorganisation, Global) scores. We
repeated the same analyses for reaction time and
number of correct trials using Spearman’s rho (non-
parametric two-tailed; p � .006, Bonferroni-corrected
threshold for nine measures).

Finally, we correlated the LPS with the FA of the
corresponding tract that showed significant group dif-
ferences utilising Spearman’s rho (p � .05 for one
comparison; non-parametric one-tailed, Figure 1(c)).
Subsequently, Fisher’s Exact Score was used to identify
correlation coefficients that differed significantly
from 0.

Results

Participants

CHR subjects and HC were matched regarding age,
sex, and years of education (Table 1). Nine out of the
26 CHR individuals were receiving one or two atypical
antipsychotics during the study (aripiprazole [n¼ 3];
quetiapine [n¼ 2]; olanzapine [n¼ 3]; risperidone
[n¼ 2]). Two CHR individuals were concomitantly
medicated with anti-depressants (citalopram [n¼ 1];

escitalopram [n¼ 1]) and one with ADHD medication
(atomoxetine).

The prevalence of psychiatric comorbidities in the
CHR group was relatively high (n¼ 20); the most com-
mon comorbidity was mood disorders (n¼ 12), fol-
lowed by substance use disorders (n¼ 9 [all subjects
were currently abstinent]). Within the follow-up period
(M¼ 15.62months, SD¼ 6.83), seven CHR subjects
(27%) converted to psychosis, as assessed using the
SCID-I (DSM-IV). The groups remained matched for all
demographic and clinical characteristics when compar-
ing the CHR converters to the non-converters (Table 1).

White matter microstructure

CHR subjects showed significantly higher FA in the
right AF than HC (p < .001, g2 ¼ .31, Figure 3). We
did not find significant group differences in any other
tract (left AF, bilateral CB, and SLF-II), and there were
no significant differences when comparing CHR-P with
CHR-NP (Table 2).

Gamma band connectivity

The number of correct trials during the performance
of the auditory choice reaction task was significantly
lower in CHR subjects compared to HC (CHR:
73.54 ± 7.75; HC: 77.23 ± 2.35; t(33) ¼ 2.23; p ¼ .033).
The average reaction time to the auditory stimulus did
not significantly differ between CHR subjects and HC
(CHR: 718.86 ± 116.85ms; HC: 663.43 ± 124.34ms; t(23)
¼ �1.34; p ¼ .19). In an ANOVA with the average LPS
between right PAC and DLPFC from stimulus onset up
to 200ms, CHR subjects displayed a lower LPS com-
pared to HC, although the significance level of p � .05

Figure 3. FA and LPS compared between CHR subjects and HC. CHR subjects exhibited significantly increased FA in the right AF
compared to HC (CHR: .64 ± .02; HC: .61 ± .03; F(1, 34) ¼ 12.41; p < .001, g2 ¼ .31). The LPS between right PAC and DLPFC,
which are connected by the AF, was decreased in CHR subjects compared to HC (CHR: .69 ± .14; HC: .77 ± .12; F(1, 37) ¼ 3.3;
p ¼ .078, g2 ¼ .08). AF: Arcuate Fasciculus; CHR: Clinical High-Risk; DLPFC: Dorsolateral Prefrontal Cortex; FA: free-water corrected
Fractional Anisotropy; HC: Healthy Controls; LPS: Lagged Phase Synchronisation; PAC: Primary Auditory Cortex.

392 M. LANGHEIN ET AL.



was not reached (CHR: .69 ± .14; HC: .77 ± .12; F(1, 37)
¼ 3.3; p ¼ .078, g2 ¼ .08, Figure 3). Conducting the
same analysis to compare both subgroups, CHR-P did
not significantly differ from CHR-NP (CHR-NP: .69 ±
.16; CHR-P: .70 ± .12; F(1, 24) ¼ 0.03; p ¼ .87).

Correlation with clinical scores and
behavioral data

We did not find a significant correlation between the
FA in the right AF, the corresponding LPS between
right PAC and DLPFC, and any PANSS (Positive,
Negative, Global) or SOPS (Positive, Negative,
Disorganisation, Global) sub-scores. Also, we did not
find significant correlations between the FA in the
right AF or the corresponding LPS and measures of
task performance (i.e. number of correct trials, reaction
time) (Supplementary Table 1).

Correlation between measures of connectivity

We detected a positive correlation between FA in the
right AF and the LPS between right DLPFC and PAC
for HC, although the significance did not reach the
threshold of p � .05 (r ¼ .46, p ¼ .056, Figure 4). This
correlation was not present in the CHR group
(r¼�.11, p ¼ .29; CHR-NP: r ¼ .032, p ¼ .46; CHR-P:
r¼�.32, p ¼ .24).

Discussion

The present study combines a white matter structural
connectivity analysis with an EEG functional connectiv-
ity analysis to investigate the aeGBR-specific network
in CHR individuals and matched HC. We find that CHR
subjects exhibit significantly higher FA in the right AF
and, while non-significant, show reductions in func-
tional connectivity between brain regions connected
by the AF compared to HC. Furthermore, structural
and functional connectivity measures were correlated
in HC but not CHR, indicating that the network of
aeGBR generators is not intact in CHR subjects.

Structural connectivity

Given its central role in auditory and language proc-
essing, the AF has been reported to be tightly linked
to the emergence of auditory verbal hallucinations
(Catani and Thiebaut de Schotten 2008; Wu et al.
2015), making it a tract of great interest in psychosis
research (�Cur�ci�c-Blake et al. 2015). Our finding of sig-
nificantly higher FA in CHR subjects than HC in the
right AF has previously been described in the litera-
ture in unaffected populations with a high genetic risk
for schizophrenia (Hoptman et al. 2008; Kim et al.
2012; Kn€ochel et al. 2012; Boos et al. 2013). Moreover,
a recent large-scale study found significantly increased
whole-brain FA in CHR adolescents, yet the whole-
brain FA began to decrease by the age of 30 (Di Biase
et al. 2021). The finding of higher FA in CHR contrasts
a large number of reports of widespread FA reduc-
tions in populations of first-episode and chronic
schizophrenia subjects (Holleran et al. 2014; Zhuo
et al. 2016; Del Re et al. 2019; Mamah et al. 2019).
Authors have interpreted these seemingly contradict-
ing findings as evidence of potentially altered

Table 2. ANCOVAs for group differences in each tract.
FA CHR HC F(1, 34) p CHR-NP CHR-P F(1, 21) p

Left AF† .63 ± .03 .62 ± .04 2.17 .15 .64 ± .02 .62 ± .02 2.19 .15
Right AF† .64 ± .02 .61 ± .03 15.19 < .001� .64 ± .02 .65 ± .02 0.02 .89
Left CB† .51 ± .04 .50 ± .04 2.93 .10 .51 ± .05 .53 ± .05 0.00 .99
Right CB† .50 ± .04 .50 ± .02 0.03 .87 .51 ± .03 .51 ± .05 0.17 .68
Left SLF-II† .57 ± .03 .56 ± .03 1.68 .20 .57 ± .03 .58 ± .03 0.06 .80
Right SLF-II† .60 ± .03 .59 ± .04 0.69 .41 .59 ± .04 .61 ± .03 0.42 .52
†Values are M ± SD. AF: Arcuate Fasciculus; CB: Cingulum Bundle; CHR: Clinical High-Risk; -NP: Non-Psychosis; -P: Psychosis; FA: free-water corrected
Fractional Anisotropy; HC: Healthy Controls; SLF-II: Superior Longitudinal Fasciculus II. �Significant difference after Bonferroni correction with p � .008.

Figure 4. Correlation of functional and structural connectivity
measures. In HC, the FA of the right AF was positively corre-
lated with the LPS between the respective regions, right PAC
and DLPFC. This correlation was absent in CHR individuals. AF:
Arcuate Fasciculus; CHR: Clinical High-Risk; DLPFC: Dorsolateral
Prefrontal Cortex; FA: free-water corrected Fractional
Anisotropy; HC: Healthy Controls; LPS: Lagged Phase
Synchronisation; PAC: Primary Auditory Cortex.
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maturational trajectories for specific white matter
tracts in CHR individuals. Findings regarding the CB
and SLF have also been ambiguous, with some prior
studies reporting increases and decreases in FA in
individuals at CHR (Karlsgodt et al. 2009; Bloemen
et al. 2010; Carletti et al. 2012; Schmidt et al. 2015;
Tang et al. 2019). Our findings provide additional sup-
port that the AF might be particularly relevant for
psychosis pathology. However, studies aimed to char-
acterise long-term white matter development across
the illness course will help construct a more complete
picture of its involvement in emerging psychosis.

Functional connectivity

The reductions in functional connectivity, as measured
by LPS in CHR individuals, though non-significant, sup-
plement the prior work by Leicht and colleagues
(Leicht et al. 2016). In the earlier study on this sample,
the authors reported diminished gamma power in the
aeGBR-specific network. While power is a commonly
used EEG metric, LPS is more advanced because it
allows for the analysis of the physiological connectivity
between cortical regions of interest, thereby providing
more specific insights into the communication of dis-
tributed brain areas (Pascual-Marqui 2007b; Pascual-
Marqui et al. 2011). Gamma-band oscillations are the
basis of local and long-range synchronisation during
higher-order cognitive tasks (Engel et al. 2001; Fries
2005), and have been shown to be correlated to func-
tional magnetic resonance imaging connectivity pat-
terns (Leicht et al. 2021). Their impairment in CHR
subjects has been frequently described (Perez et al.
2013; Ramyead et al. 2015; Tada et al. 2016; Lepock
et al. 2020). In the present study, the altered func-
tional connectivity in response to the auditory stimu-
lus was accompanied by poorer task performance in
CHR subjects. This poorer task performance has previ-
ously been demonstrated for individuals at CHR
(Leicht et al. 2016), across all stages of schizophrenia
(Leicht et al. 2010, 2015), in healthy first-degree rela-
tives (Leicht et al. 2011), as well as in the ketamine-
model of schizophrenia (Curic et al. 2019; Haaf et al.
2022) and was attributed to deficits in the cognitive
processing of the auditory stimulus.

Investigating the relationship between structural
and functional connectivity

As suggested above, our findings of increased FA in
the AF may indicate a shift in white matter matur-
ation, potentially manifesting as a premature peak in

FA in CHR individuals, which could represent acceler-
ated myelin development, deficient axonal pruning or
oligodendroglial hyperplasia (Di Biase et al. 2021).
Previous studies support the notion of accelerated
white matter maturation in CHR individuals and also
demonstrate signs of accelerated ageing (shown by
faster FA decline after 30) in individuals who convert
to psychosis (Kochunov et al. 2013; Kochunov and
Hong 2014; Cetin-Karayumak et al. 2020; Di Biase et al.
2021). When considering the possibility for altered tra-
jectories, our functional connectivity findings present
an interesting avenue to explore as well. Contrary to
previous studies of individuals with psychosis, we only
observe slight functional connectivity abnormalities in
our CHR population. We also find an association
between structural and functional connectivity in HC,
but not in CHR individuals. This aligns with prior work
that has reported a significant relationship between
another structural measure, cortical thickness, and
gamma oscillations in HC but not in individuals with
psychosis (Edgar et al. 2014; Kim et al. 2019). The
authors interpreted these findings as evidence for
altered structure-function relationships underlying the
pathophysiology of psychosis (Edgar et al. 2014; Kim
et al. 2019). Combining existing literature with our
findings might suggest that structural abnormalities
precede functional impairments in the auditory net-
work and that the CHR state may be characterised by
a decoupling of structural and functional connectivity.
However, it is also possible that the FA increase in
CHR may represent a failed compensatory mechanism
to counteract early functional impairments of the
aeGBR-specific network such that increased connectiv-
ity does not compensate for functional deficits
(Hoptman et al. 2008; Kim et al. 2012; Boos et al.
2013; Di Biase et al. 2019). Given the high degree of
entanglement between aberrant structural and func-
tional changes in CHR, it is difficult to parse causality
within the present study design. To understand better
the nature of maturational trajectories and possible
compensatory mechanisms in psychosis, multi-modal
longitudinal studies, specifically those that collect EEG
and structural MRI data, of individuals at risk
are needed.

In line with some other studies, we did not observe
a significant difference in FA or LPS when comparing
CHR-P with CHR-NP (Carletti et al. 2012; Perez et al.
2013). In contrast, differences in FA (Bloemen et al.
2010) and LPS (Ramyead et al. 2015) between convert-
ers and non-converters have been shown previously.
Interestingly, N€agele et al. (2021) report differences
between CHR-P and CHR-NP in several white matter
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regions in a cohort that includes the subjects of this
study. We believe that the divergence in this study is
potentially due to methodological differences. In con-
trast to our tractography-based approach of a priori
defined tracts, N€agele and colleagues (2021) used a
voxel-based whole-brain analytic approach.

Limitations and future directions

The present study is limited by the relatively small
sample size, especially when subdividing the CHR-P
and CHR-NP subjects, which may account for the lack
of significant results in several analyses. Additionally,
the HC group was relatively small. However, the
groups were well matched regarding demographic
and clinical characteristics and the effect sizes were
robust for results with trend level significance.
Moreover, the analyses were controlled for age, sex,
and education years, and there was no observed influ-
ence of medication on our outcome variables.
Differences between other dMRI studies of CHR popu-
lations and ours could potentially arise from deviations
in CHR criteria. While the SOPS and Comprehensive
Assessment of At-Risk Mental State (CAARMS) are
commonly used to identify CHR subjects (Wang et al.
2016; Tang et al. 2019), this study utilised the German
Research Network on Schizophrenia (GRNS) (W€olwer
et al. 2006) criteria, that additionally allow for at least
two subjective cognitive or perceptual disturbances.
Furthermore, our sample of CHR subjects exhibited
less severe symptoms than CHR populations in several
of the respective studies (Karlsgodt et al. 2009; Saito
et al. 2017; Tang et al. 2019).

The lack of identification of differences between
future converters and non-converters in the current
study might be related to the sample size or the
length of the follow-up period, which was comparably
short (15.6months). For this reason, longitudinal stud-
ies with more, and preferably medication-free subjects,
are needed to stratify the risk of conversion through
white matter microstructure and functional
connectivity.

Moreover, future assessment of the influence of
psychiatric comorbidities on structural and functional
connectivity will be important, as this is an inherent
limitation of studies investigating individuals at CHR.
While our study did not offer enough power to further
subdivide the CHR group into individuals with and
without varying comorbidities, studies with a sufficient
number of individuals are needed to establish whether
or not comorbidities affect structural and functional
connectivity.

Furthermore, future studies should shift from the
conversion to psychosis as the only outcome measure
to focus on the long-term functionality. Recent find-
ings suggest that anatomical structure could predict
the long-term outcome of CHR subjects independent
of conversion status (Reniers et al. 2016; Di Biase et al.
2021). Thus, the assumption that conversion to psych-
osis determines the long-term functionality of individ-
uals is an area of active investigation.

Conclusion

The present study shows alterations in the auditory
network in individuals at CHR for psychosis. This find-
ing corroborates the idea of structural and functional
dysconnectivity as a significant pathological underpin-
ning of psychosis and the CHR state. Importantly, we
observed decoupling of structural and functional con-
nectivity in CHR subjects, which was absent in HC.
Reliably identifying CHR subjects will allow for early
and targeted treatment to have a more significant
impact on the long-term outcome of psychosis
(Keshavan et al. 2010; Fusar-Poli et al. 2017), which is
possibly independent of the clinical conversion status.
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