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Patients with schizophrenia exhibit structural and functional dysconnectivity but the relationship to the well-documented cognitive
impairments is less clear. This study investigates associations between structural and functional connectivity and executive
functions in antipsychotic-naive patients experiencing schizophrenia. Sixty-four patients with schizophrenia and 95 matched
controls underwent cognitive testing, diffusion weighted imaging and resting state functional magnetic resonance imaging. In the
primary analyses, groupwise interactions between structural connectivity as measured by fixel-based analyses and executive
functions were investigated using multivariate linear regression analyses. For significant structural connections, secondary analyses
examined whether functional connectivity and associations with executive functions also differed for the two groups. In group
comparisons, patients exhibited cognitive impairments across all executive functions compared to controls (p < 0.001), but no
group difference were observed in the fixel-based measures. Primary analyses revealed a groupwise interaction between planning
abilities and fixel-based measures in the left anterior thalamic radiation (p = 0.004), as well as interactions between cognitive
flexibility and fixel-based measures in the isthmus of corpus callosum and cingulum (p = 0.049). Secondary analyses revealed
increased functional connectivity between grey matter regions connected by the left anterior thalamic radiation (left thalamus with
pars opercularis p =0.018, and pars orbitalis p = 0.003) in patients compared to controls. Moreover, a groupwise interaction was
observed between cognitive flexibility and functional connectivity between contralateral regions connected by the isthmus (precuneus
p = 0.028, postcentral p = 0.012), all p-values corrected for multiple comparisons. We conclude that structural and functional connectivity
appear to associate with executive functions differently in antipsychotic-naive patients with schizophrenia compared to controls.
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INTRODUCTION fibre orientation or the presence of crossing fibres at the

The dysconnectivity hypothesis posits that disturbances in both
structural and functional connectivity are central and interdepen-
dent aspects of the pathophysiology of schizophrenia'2. While
evidence supports overlapping anatomical and functional dys-
connectivity in patients3, the relationship between these mod-
alities is complex?, and studies examining the combined interplay
with cognitive functions are sparse.

Structural dysconnectivity as measured by white matter (WM)
alterations has been associated with clinical symptoms®, cogni-
tion%, and disease course in schizophrenia’. Diffusion weighted
imaging (DWI) is a non-invasive magnetic resonance imaging
(MRI) technique used to measure WM properties in vivo. Common
methods for modelling MRI data, such as diffusion tensor imaging
(DTI), have been extensively applied to investigate WM. Although
derived measures such as fractional anisotropy are sensitive
indicators of WM organization, they are nonspecific to the
underlying microstructure, are confounded by partial volume
effects of grey matter and cerebrospinal fluid and cannot resolve

conventional spatial resolution of DWI data®.

To address these limitations, new approaches as fixel-based
analyses (FBA) have been developed, providing more biologically
specific micro- and macrostructural measures of WM'%'7, A “fixel”
refers to each individual fibre-population within a voxel, and FBA
enables the estimation of orientations for multiple fiber popula-
tions within a single voxel'. Thus, the FBA-derived measure of
fibre density (FD) captures microstructural information propor-
tional to the total intra-axonal volume of a specific fibre
population within a voxel. At a macrostructural level the
morphological measure of fibre-bundle cross-section (FC) reflect
the total cross-sectional size of an individual fibre bundle'®. The
combined measure of fibre density and fibre-bundle cross-section
(FDCQ) integrates the properties of FD and FC, providing a metric
sensitive to both intra-axonal volume and the cross-sectional size
of a specific fibre bundle'? (see Supplementary Figure S1 for
illustration). Decreases in fixel-wise metrics seem to indicate
neurodegenerative processes'>'%, which, along with significant
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neurodevelopmental factors'>'®, have been proposed as con-
tributing elements to the pathophysiology of schizophrenia'”-2.

In a previous FBA-study, we identified aberrant WM fibres and
associations with clinical symptoms in patients with first episode
psychosis'®. In the present study with a partially overlapping
sample, we additionally included cognitive measures, and resting
state functional magnetic resonance imaging (rs-fMRI) data from
patients and healthy controls (HC), see flowchart Supplementary
Figure S3 for detailed description of data inclusion.

Executive functions (EF) encompass a range of cognitive
processes, including planning, flexibility, working memory, and
fluency®®. EF regulate cognition, behaviour and emotions while
enabling decision making and goal-directed responding®'. Cog-
nitive deficits are core symptoms of schizophrenia®*?3, with
deficits in EF proposed as a cognitive endophenotype?*. Associa-
tions between EF and structural connectivity in patients with
schizophrenia are documented, particularly involving prefrontal
dysfunctions and dysconnectivity?>?®. However, the specific
microstructural properties underlying these cognitive impairments
and their functional implications remain unclear?’, and previous
studies have typically investigated more chronic patients receiving
antipsychotic treatment, potentially confounding results. Given
the central role of executive dysfunctions in schizophrenia,
investigating associations between EF and structural and func-
tional connectivity in antipsychotic-naive patients with first-
episode schizophrenia may provide valuable insight into under-
lying disease mechanisms, clarifying the complex interplay
between cognition and multiple neurobiological modalities.

Aims

The present study compares antipsychotic-naive, first-episode
patients with schizophrenia to HCs using fixel-based measures
and EF. Drawing upon our previous study using FBA in a partly
overlapping sample'®, we expected that patients would have
lower FD and FC in corpus callosum, along with overall EF
impairments when compared to HCs.

In the primary analyses we examined group difference and
interactions between WM characteristics (FD, FC, and FDC) and EF.
In the secondary analyses we examined group differences in the
functional connectivity (rs- fMRI) between those regions of interest
(ROIs) connected by WM tracts identified in the primary analyses.
Additionally, potential interaction effects on the groupwise
associations between functional connectivity and the EFs, and
the tract-wise FBA measures (FD, FC; and FDC) identified in the
primary analyses are examined. See the a priori analysis-plan in
Supplementary Fig. S2 for details.

METHODS

Data was acquired as part of two consecutive studies (PECANS |
and Il) conducted in the Capital Region of Copenhagen, Denmark,
in the period 2008-2019%%2°, The studies comply with the
Committee on Biomedical Research Ethics (H-D-2008-088, H-3-
2013-149) and with the Helsinki Declaration of 1975. Both studies
were registered at Clinicaltrials.gov  (NCT01154829, and
NCT02339844). All participants provided oral and written informed
consent prior to inclusion in the study.

Participants

Patients aged 18-45 years were recruited from psychiatric hospitals
and outpatient clinics. Patients met the criteria for the non-affective
psychotic spectrum (DF2x) according to the International Classifica-
tion of Diseases 10th edition (ICD-10). Diagnostic status of patients
was confirmed using the Schedules for Clinical Assessment in
Neuropsychiatry (SCAN), version 2.1°°. Trained raters assessed
psychopathology using the Positive And Negative Syndrome Scale
(PANSS)®'. In total, 109 antipsychotic-naive patients with diagnoses
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of schizophrenia or psychosis were included. Exclusion criteria for
patients were previous treatment with antipsychotics or methyl-
phenidate, a current diagnosis of drug abuse or dependency
according to ICD-10, treatment with antidepressant medication
within the last month, involuntary admission or treatment, or severe
physical illness. Previous substance abuse, and current occasional
substance and benzodiazepine use were accepted for patients. In
the current analyses, we only included 64 patients with schizo-
phrenia (DF20.x) to increase sample homogeneity, and excluded
participants with life substance abuse, see Supplementary Fig. S3 for
inclusion flow chart. Furthermore, we included new data from
resting state f-MRI and cognitive testing of executive functions from
HCs and patients.

118 HCs were recruited using online advertising and matched
to patients based on age, sex, and parental socioeconomic status.
Exclusion criteria for HCs were any physical or mental illness,
having a first degree relative with psychotic symptoms, or
substance abuse during the last 3 months before inclusion. All
participants reported quantity and frequency of their substance
use (alcohol, tobacco, cannabis, stimulants, hallucinogens, opioids,
other illicit drugs) and provided a urine drug-screen test (Rapid
Response, Jepsen HealthCare, Tune, DK). A neuroradiologist
examined all MRI scans and participants with overt MRI pathology
were excluded. Figure S3 displays details of the recruitment and
inclusion process for patients and healthy controls.

Assessments

Cognitive assessments. A comprehensive neuropsychological bat-
tery was administered by trained personnel, examining a broad
range of cognitive domains as proposed by MATRICS (Measurement
and Treatment Research to Improve Cognition in Schizophrenia)32,
In the current study we report data from five a priori selected tests:
DART and four tests assessing EF. The Danish version of the National
Adult Reading Test (DART)*® was used to obtain estimates of
premorbid intelligence. The EF tests were selected based on i)
previous studies in patients with schizophrenia reporting associa-
tions between WM and EF?° and ii) studies employing latent
variable analyses reporting the shared and unique contribution of
various EFs***°, Planning and cognitive flexibility were assessed
using Stockings of Cambridge (SOC, problems solved in minimum
moves) and Intra-Extra Dimensional Set Shift (IED, total errors
adjusted) from the Cambridge Neuropsychological Test Automated
Battery (CANTAB). Verbal working memory (digit sequencing) and
verbal fluency were tested using Brief Assessment of Cognition in
Schizophrenia (BACS)*’.

Image acquisition. Acquisition parameters for DWI data are
described in details elsewhere'®. Briefly, the MRI scans were
acquired with a Philips Achieva 3.0 T MRI scanner. In the first cohort
an 8-channel SENSE Head Coil was used, while a 32-channel Head
Coil was used in the second cohort. Diffusion weighted images
were obtained using single shot spin-echo echo-planar imaging
with 5 non-diffusion-weighted (b=0s/mm? and 30 diffusion
weighted (b = 1000 s/mm?) in non-collinear directions. The acqui-
sition matrix was 128 x99, FOV =240 x 240 mm?, number of
slices =75, slice thickness =2 mm (no gap), reconstructed voxel
dimensions = 1.88 x 1.88 x 2mm?3, TR/TE =7035/68 ms, parallel
imaging SENSE factor = 3(AP), flip angle = 90°, and the total scan
duration was 522s.

In the first cohort, functional images were acquired using a
T2*-weighted echo planar imaging sequence (TR=2s,
TE=25ms, flip angle=75°. The matrix size was
128 x 128 x 38 and the field of view was 230 x 230 X 128 mm,
resulting in a voxel size of 1.8 x 1.8 x 3.4 mm. The acquisition
resulted in 300 volumes, and the total scan time was 10 min. In
the second cohort, functional images were acquired using a T2*-
weighted echo planar imaging sequence (TR=3034ms,
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TE =35 ms, flip angle =90°). The matrix size was 80 x 80 x 37
and the field of view was 230 x 126 x 230 mm?>, resulting in a
voxel size of 2.9 x 2.9 x 3.4 mm3. The acquisition resulted in 200
volumes, and the total scan time was 10 min.

For anatomical reference, high-resolution three-dimensional T1-
weighted structural brain images were acquired sagittally using the
following parameters: acquisition matrix = 304 x 299, field of view
(FOV) =240x240mm? ~ number of  slices=200, slice
thickness = 0.8 mm, reconstructed voxel dimensions=0.75x
0.75 x 0.80 mm>, TR/TE = 10/4.6 ms, inversion time =964 ms, flip
angle = 8°, total scan duration = 10.01 min.

Image processing. Structural T1 scans were processed using
Freesurfer (version 7.1.1) software. Sequence Adaptive Multimodal
SEGmentation (SAMSEG) tool was used to calculate intracranial
volumes (ICV) for all the subjects®.

DWI data were processed using a previous described pipeline’®.
Briefly, images were denoised®® and corrected for bias*® and eddy
currents*#2 using FMRIB diffusion tool box (part of FSL 6.00)*3*
and MRtrix3Tissue (https://3Tissue.github.io)®®. The data were
resampled to 1.3 mm3 resolution using cibic b-spline interpola-
tion*, and a whole brain mask were generated using ‘dwi2mask’.
Single-Shell 3-Tissue CSD (SS3T-CSD) was performed for each
subject to obtain WM-like fiber orientation distribution (FOD)
maps*>. FODs were normalized and registered non-linearly to the
population template?®*” using ‘mtnormalise’’®*°. FODs were
segmented to produce fiber-specific fixels and were reoriented'%42,
Apparent FD, FC, and the combined measure of FDC (Fiber density
and cross-section) across all WM fixels were computed for each
subject, and we performed a whole brain probabilistic tractography
on the FOD template using the spherical-deconvolution informed
filtering of tractograms (SIFT)*8, After SIFT filtering, the whole brain
tractogram was smoothed, and statistical inference was obtained
based on connectivity-based fixel enhancement*.

Resting-state functional images were preprocessed using FSL
FEAT version 6.0. Motion correction was performed with MCFLIRT#?,
and brain extraction with BET in FSL were applied®®. Spatial
smoothing using a 5 mm Gaussian kernel enhanced signal-to-noise
ratio. High-pass filtering (200 s) removed low-frequency noise and
drift. Registration to the T1-weighted anatomical image was
achieved using FLIRT*" and FNIRT*? to the MNI152 standard brain
template. Motion-related artifacts and physiological noise were
removed with ICA-AROMA>3>4,

Desikan-Killiany cortical parcellation® and subcortical segmenta-
tion in FreeSurfer space were registered to the native anatomical
space using mri_convert with nearest neighbor interpolation and
converted to RAS coordinates for alignment with FSL. Linear
registration aligned the native structural image to the high-
resolution structural image in FSL, and the transformation was
applied to the Desikan-Killiany segmentation to obtain segmenta-
tion in functional space.

Average timeseries were extracted from those ROIs identified in
the primary WM analyses. This included four bilateral ROIs (isthmus
cingulate, precuneus, postcentral, and superior parietal regions), and
eight left hemisphere ROIs (thalamus, lateral orbifrontal, rostral
middle frontal, superior frontal, pars opercularis, pars orbitalis, pars
triangularis, and rostral anterior-cingulate regions). Timeseries were
motion-corrected using the Friston 24-parameter model, which
includes six head motion parameters, six head motion parameters
from the previous time point, and their corresponding squared
items>S, Additionally, timeseries were corrected for the global signal.

Additional details on processing of DWI and rs-fMRI data can be
found in Supplementary Table S4 and Text S4.

Statistical analyses

Analyses of descriptive data were performed using SPSS version
25.0, Armonk, NY and reported with count, percent, means and
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standard deviations. Distributions of continuous data were tested
for normality by visual inspection of histograms, and outliers were
examined. When skewness was detected, cognitive data were
normalized with square root transformation, and standardized
Z-scores were calculated for between group- and correlation
analyses. Group differences on nominal data were tested using
Pearson’s x? test or Fisher's Exact Test, while ordinal data were
tested using the Mann-Whitney U test or Fisher's Exact Test as
appropriate. Group differences on continuous data was tested
using ANOVA. Cognitive data were bootstrapped to attain
confidence intervals.

The primary FBA was performed using MATLAB software
(version 2017b). For each subject, FD, FC, and FDC were computed
across all white matter fixels. We conducted whole-brain analysis
using General Linear Modeling (GLM) to compare patients with
controls and to test associations between EF and fixel-based
measures. In a multivariate model, the fixel-wise measures of
apparent FD, FC, and FDC were entered as predictors, and the 4 EF
as outcome. The effect of a major scanner upgrade, as well as
potential random effects of cohort were examined by both
visually plotting global mean FD across scandate and scanner
upgrade, as well as testing the effect of scandate and cohort. As
we observed a significant negative correlation (RHO = —0.18;
p = 0.02) between global FD and scandate and a drop in global FD
after major scanner upgrade, we added cohort and scanner
upgrade as covariate, along with age, sex, cohort, ICV, and six
motion parameters. Family-wise error (FWE) corrected p-values
were calculated for each fixel using non-parametric permutation
testing with 5000 permutations with a significance threshold of
p<0.05°’. To obtain t statistics, mean fixel-based values were
extracted from the significant clusters and tested post hoc.

ROIs for the secondary analyses were selected based on the
results from the primary analyses. The functional connectivity
between cortical grey matter ROIs connected anatomically by the
WM tracts identified in the primary analyses were estimated by
first extracting time-course of activity for each ROl and then
computing the Pearson correlation between ROl pairs>®. The
correlation coefficients were Fisher transformed. We tested a
potential groupwise interaction effect of the association between
functional connectivity between the ROIs and the EFs that
associated significantly in the primary analyses. Results were
corrected for multiple comparisons using FWE, and we included
six motion parameters, global signal, age, sex, cohort, and major
scanner upgrade as covariates.

RESULTS

We included 64 antipsychotic-naive patients with first-episode
schizophrenia (DF20.x) and 95 HC. Demographic and clinical
characteristics are reported in Table 1. Participants were balanced
on age, sex, parental socioeconomic status, and handedness.
Patients had a higher recreational use of alcohol (p=0.019),
nicotine (p =0.003), cannabis (p <0.001), and other illicit drugs
(opioids, stimulants, hallucinogens).

Patients presented with significant lower premorbid IQ (DART,
p=0.012, F=6.544), impaired cognitive flexibility (IED, p < 0.001,
F=11.648) and planning abilities (SOC, p=0.006, F=7.927),
impaired verbal working memory (digit sequencing p <0.001,
F=15.667), and verbal fluency (p < 0.0001, F = 36.683) (see Fig. 1
for illustration of the groupwise distribution).

Structural connectivity and the associations to executive
functions

We observed no group differences on FBA measures but identified
a groupwise interaction on the association between planning
abilities (SOC) and FC in a cluster (1846 voxels) located to the left
anterior thalamic radiation (I-ATR), t(3,755) =2.768, p = 0.006. The
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Table 1. Sociodemographic, clinical, and cognitive data.

Variable mean (S.D.)/Percent Controls (N =95)

Patients (N = 64) Significance group effect

Age, years, mean (SD) 24 (5)
Sex
Male 55%
Female 45%
Parental SES high/middle/low, % 33/53/15%
Handedness
FUNCTIONAL LEVEL (GAF TOTAL) na
PANS POSITIVE na
PANSS NEGATIVE na
PANSS GENERAL na
PANSS TOTAL na

SUBSTANCES, % (never tried/ tried few times/ use regularly/ harmful use)

Alcohol 2.1/7.4/90.4/0.0
Nicotine 50.5/31.2/15.1/3.3
Cannabis 41.5/52.1/6.4/0.0
Opioids 96.8/3.2/0.0/0.0
Stimulants 87.0/13.0/0.0/0.0
Hallucinogens 95.7/4.3/0.0/0.0
Other drugs 97.6/2.4/0.0/0.0
COGNITION, mean (SD)
Estimated premorbid intelligence 22.81 (5.97)
Planning 10.34 (1.32)
Cognitive Flexibility 6.12 (8.31)
Verbal Working Memory 23.09 (3.52)

Verbal Fluency 66.14 (12.60)

24 (6) p=0.88
p=0.34

50%

50%

32/49/19% p=0.76
p=0.19

36 (10) -

19 (4) -

19 (7) -

38 (9) -

76 (17) -

5.3/24.6/61,4/8.8 p <0.001

39.7/17.2/34.5/8.6 p=0.010

32.8/43.1/17.2/6.9 p =0.008

79.3/19.0/1.7/0.0 p =0.002

67.9/28.6/3.6/0.0 p =0.009

88.9/11.1/0.0/0.0 p=0.112

90.0/10.0/0.0/0.0 p =0.085

19.74 (8.57) p=0.01

9.53 (2.21) p =0.006

12.90 (16.21) p <0.001

20.57 (4.30) p <0.001

5241 (15.10) p <0.001

Significant effect of group is marked in bold.

tested using Brief Assessment of Cognition in Schizophrenia (BACS).

GAF Global assessment of Functioning Scale, N number, PANSS Positive And Negative Symptom Scale, SD standard deviation, SES socio-economic status.

Cognitive tests: Estimates of premorbid intelligence were obtained using the Danish version of Dutch adult reading test (DART). Planning and cognitive
flexibility were assessed using Stockings of Cambridge (SOC, problems solved in minimum moves) and Intra-Extra Dimensional Set Shift (IED, total errors
adjusted) from the Cambridge Neuropsychological Test Automated Battery (CANTAB). Verbal working memory (digit sequencing) and verbal fluency were

correlation between planning and FC was positive in patients, and
negative in HCs, see Fig. 2 for details.

Furthermore, we found a groupwise interactions on the
association between cognitive flexibility (IED) and FC located to
isthmus of corpus callosum (cluster sized 244 voxels); as well as FD
and FDC located to left cingulum (three clusters sized 80, 24, and
16 voxels), t(3,155) = 1.986, p =0.049 corrected. The association
between cognitive flexibility and FD, FC and FDC were positive in
patients, and negative in HCs. See Supplementary Table S5 for
specifics on location and interaction coefficients.

Functional connectivity and the associations to executive
functions

The grey matter ROIs connected via the major WM tracts identified
in the primary analysis were:

a) I-ATR connecting the thalamus with prefrontal ROIs, such as
the lateral orbifrontal, rostral middle frontal, superior frontal, pars
opercularis, pars orbitalis, pars triangularis, and rostral anterior-
cingulate regions. We tested the group difference on the
functional connectivity between thalamus and the ROIs and
found that patients had increased functional connectivity
between left thalamus and pars opercularis (t(3,755) =3.052,
p =0.011 corrected) and pars orbitalis (t(3,755) = 3.499, p = 0.003
corrected), respectively, when compared to HCs, see Fig. 3 for
illustration and Supplementary Table S6_B for details.

Next, we tested the groupwise association between the EF and
the functional connectivity between ROIls. No significant
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interaction effects were observed after correction (see Supple-
mentary Table S6_A for details).

b) Isthmus of the corpus callosum connecting the parietal
lobules between hemispheres. The term homotopic connectivity®®
denotes the functional connectivity across hemispheres as
measured by directly correlating activity of a region in one
hemisphere to the corresponding mirror region in the contral-
ateral hemisphere®®. Hence, we examined the homotopic
connectivity between isthmus cingulate, precuneus, postcentral,
and superior parietal mirror regions. No group difference in the
functional connectivity between the homotopic ROIs was
observed.

Testing the groupwise association between the EF and the
functional connectivity between the homotopic ROIs we
identified a groupwise interaction on the association between
IED and the homotopic connectivity between the precuneus
regions (t(3,155) = 2.384, p = 0.03 corrected). Increased homo-
topic connectivity between the precuneus regions was corre-
lated with reduced cognitive flexibility in HCs, but not in
patients.

Additionally, we identified a groupwise interaction on the
association between |ED and the homotopic connectivity between
the postcentral regions (t(3,155)=2.90, p=0.012 corrected).
Increased homotopic connectivity between the postcentral
regions was correlated with higher IED in HCs (RHO 0.369,
p < 0.005), see Fig. 3 for illustration.
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Fig. 1 Executive functions. lllustrates the density plots of the
groupwise distribution of Z-Scores on the x-axis across executive
functions, comparing patients with first episode schizophrenia (FES)
in red plots with healthy controls (HC) in blue plots.
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DISCUSSION

In a uniquely unconfounded sample of antipsychotic-naive
patients with first-episode schizophrenia and without any
substance abuse, we observed groupwise interaction effects in
the association between the EF of planning and FD of the IATR; as
well as cognitive flexibility and FC of the isthmus. Furthermore,
secondary analyses of functional connectivity elucidated the
implications of the divergent associations between EF and
connectivity in patients.

As expected, patients demonstrated impaired EF across all tests
with moderate to large effect sizes. However, in the groupwise
interaction analysis on the associations between EF and FBA
measures, only planning and cognitive flexibility tested significant.
Notably, all associations between fibre metrics and cognitive
functions were positive in patients, with increased FD, or larger FC
associated with better performance on EF in contrast to HC.

The positive association between planning and FD of IATR
suggest that higher fibre density may support planning abilities in
patients, which is consistent with previous studies in patients with
schizophrenia®'~%3, The ATR is a projection tract which anatomi-
cally connects the thalamus with prefrontal cortex, known to be
involved in EF%4. Notably, the functional processes involved in
planning are mainly mediated by the prefrontal cortex®®. A recent
review provided substantial evidence linking prefrontal hypoacti-
vation to impaired cognitive control, including EF®. No

FCIATR &

S

40. 60.
Cognitive flexibility

Fig. 2 Group-wise interaction between structural connectivity and executive functions. A Illustrates the area of the left anterior thalamic
radiation (IATR) in an axial plane where the group-wise interaction on the association between planning abilities and fibre-bundle cross-
section (FC) was located. B Displays the location of the significant area in IATR in a sagittal plane (all images presented in radiological
orientation). C Shows the significant fixels coloured yellow, indicating the direction of the significant fibres, precluding nonsignificant crossing
fibres within the voxels. D Illustrates the IATR tract using the John Hopkins University white matter tractography atlas. E Scatterplots illustrates
the distribution of FC in IATR on the y-axis and planning abilities scores on the x-axis. F Shows the distribution of FC in Isthmus on the y-axis
and cognitive flexibility scores on the x-axis. The groupwise interaction effect on the association is depicted with turquoise lines for controls,

and purple lines for patients.
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Fig.3 Group-wise interaction between functional connectivity and executive functions. Left Panel illustrates the location of the groupwise
interaction effect on the association between cognitive flexibility and fibre-bundle cross-section (FC) in the Isthmus (dark red). In the
homotopic grey matter regions connected by the Isthmus, a groupwise interaction between cognitive flexibility and the functional
connectivity between the precuneus regions (dark green) and the postcentral regions (orange) were identified. Right Panel (top) illustrates the
left anterior thalamic radiation (IATR, blue). A groupwise interaction effect on the association between planning and fibre-bundle cross-section
(FC) were identified. The IATR connects thalamus (pink) to prefrontal grey matter regions. Post hoc analysis revealed significantly different
functional connectivity between the thalamus and left pars opercularis (light-green), and left pars orbitalis (green) in patients compared to

controls.

correlations between planning and functional connectivity sur-
vived correction for multiple comparisons in our secondary
analyses, but patients exhibited increased left lateralized func-
tional connectivity between the thalamus and specific prefrontal
regions, namely pars orbitalis and pars opercularis. We observed
that the thalamocortical connectivity was increased in patients
compared to HC. This finding may appear contra-intuitive, as
reduced thalamic-prefrontal connectivity previously has been
associated with cognitive deficits and more severe symptomatol-
ogy in patients with psychosis®’. However, previous studies have
also reported an overall asymmetry of the lateralized functional
connectivity across the psychosis spectrum®%°, where the specific
directionality (hypo- or hyper-activation) appeared dependent on
the sample and tract of interest’>. Moreover, the distinct
functional nuclei of thalamus may drive hypo- or hyperconnectiv-
ity respectively, dependent on the specific anatomical connec-
tions, making interpretations of the averaged connectivity across
thalamic subregions difficult”’.

Cognitive flexibility is consistently found to be disrupted in
patients with schizophrenia’?, and influenced by illness state,
clinical profile”®, and antipsychotic medication’*. While task based
or rs-functional MRI studies on cognitive flexibility are common”?,
studies examining WM correlates of cognitive flexibility are less
frequent. Impaired WM of the middle cerebellar peduncles has
been associated to poorer cognitive flexibility in patients with
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schizophrenia’. In our present study, the main localization for the
interaction between cognitive flexibility and FC was within the
isthmus of CC. Our results indicate that increased FC is associated
with more cognitive flexibility in patients, which correspond with
previous associations of reduced FC with brain atrophy and
degeneration'®. Consistent with our findings, a recent study on
WM integrity reported deceased FA in CC associated with poorer
cognitive flexibility in patients in later clinical stages of mental
disorders, such as psychotic disorders”®.

Both SOC and IED are complex higher-order tasks that rely on
the coordinated interaction and information transfer across
multiple processing stages within extensive brain networks’”78,
CC play a crucial role in integrating and synchronizing large scale
neuronal activity across hemispheres’®8. The size of CC affects
the balance between local and global interference®’, with larger
callosal axons facilitating the interhemispheric synchronization of
activity between contralateral cortical regions and supporting
global processing®2. The positive correlation between FC in
isthmus and cognitive flexibility observed in patients suggest
that better cognitive flexibility may be associated with micro-
structural properties supporting increased information transfer
between hemispheres, indicative of greater reliance on global
processing®3. Notably, psychosis spectrum disorders have been
linked to a preference for global over local cognitive processing®*.
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We identified a groupwise interaction effect on the association
between cognitive flexibility and the homotopic connectivity of
the postcentral and precuneus regions, respectively. Specifically,
better cognitive flexibility in HCs was strongly associated with
increased homotopic connectivity between postcentral regions,
whereas more cognitive flexibility in patients was associated with
increased homotopic connectivity between precuneus regions.
Hence, more cognitive flexibility was associated with increased
homotopic connectivity in both patients and HCs, albeit within
different functional networks.

Precuneus, located in the posteromedial parietal lobe, is
involved in broader functional networks implicated in EF,
including flexibility®>®¢, and serves as a key structural hub of the
default mode network (DMN)&28, Studies have documented DMN
hyperactivity in, drug naive patients, emphasizing its relevance in
the neurobiology of schizophrenia®®, although the underlying
mechanisms remain unclear®®. Our findings align with previous
research indicating altered precuneus engagement in patients
with schizophrenia. Mashal et al. used task-based fMRI to
demonstrate that patients recruited precuneus to compensate
for deficits in cognitive processing®'. Our results support this
observation, suggesting that patients rely on different, or less
specialized networks involving precuneus for cognitive proces-
sing. Likewise, Wang et al. examined deficits in cognitive flexibility
in patients with schizophrenia using task-based functional
connectivity, and reported less efficient information transfer
during task-processing”’’, implying reduced cognitive flexibility
despite compensatory activation of more global networks. In
support of this speculation, one study reported that cognitive
flexibility in healthy adults mainly relied on specialized lateralized
processing®?, while increased global interhemispheric processing
constrained cognitive flexibility®>.

Contrary to expectations, patients did not exhibit reduced FBA
measures compared to HC. In a previous study with a partially
overlapping sample, we found reduced FD in corpus callosum
among patients with first-episode psychosis compared to HC'®. We
attribute the discrepancy in findings between studies to the reduced
sample size in the current study, which excluded participants with
substance abuse and missing cognitive data. In a confirmatory post
hoc test, we found that the mean percentage effect size of FD in
corpus callosum of patients compared to controls was similar in the
previous study (3.5%) and in the current study (3.6%).

Concluding, we have observed how structural and functional
connectivity appear to subserve EF differently in antipsychotic
naive patients with first-episode schizophrenia. Patients may
engage compensatory global networks, yet EF remain reduced
compared to HCs.

A major strength of this study is the unique sample of
antipsychotic naive patients with first-episode schizophrenia
without any substance abuse, which enables high internal validity
of data due to the lack of confounding effects from medication
and duration of disease. However, several limitations must be
considered. One methodological challenge arises from the
pooling of data from independent cohorts. Variations in scanner
parameters and random effects of study cohorts can serve as
potential confounders in MRI-studies®®. To address this, we
thoroughly investigated the effects of a major scanner upgrade,
scan date, and cohort differences, including these variables as
covariates in our analyses. Although such statistical corrections are
not optimal, our data and analyses were not initially designed to
address our specific research questions, preventing us from fully
eliminating potential confounding effects. Another issue arises
from considering general intelligence as an explanatory factor for
variations in executive function performance, which may impact
the associations between cognitive measures and biomarkers. We
decided not to include general 1Q as a covariate, as it is
challenging to disentangle its effects from the pervasive cognitive
impairments characteristic of schizophrenia®. Consequently,
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controlling for general 1Q could undermine the statistical power
needed to detect subtle effects of the illness®®. Nonetheless, our
results, while not necessarily generalizable, provide a valuable
hypothesis-generating foundation for future studies aimed at
exploring the complex relationship between cognitive functioning
and both structural and functional networks in parallel.

Furthermore, the diffusion data were acquired using a single-
shell, with a low b-value of 1000s/mm? and 30 gradient
directions. This may compromise the specificity to intra-axonal
signals. However, studies using SSMT-CSD technique have shown
that single-shell DWI data produces similar results compared to
multi-shell DWI data®’. The biological accuracy of single-shell
data processed with CSD has also been confirmed in post-
mortem histological studies®®. We believe that the biological
interpretation of our results conveys biologically relevant and
reliable findings, even though they rely on less optimal data
acquisition parameters.
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