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Abstract

Background. Schizophrenia (SZ) is a complex disorder characterized by a range of behavioral
and cognitive symptoms as well as structural and functional alterations in multiple cortical
and subcortical structures. SZ is associated with reduced functional network connectivity
involving core regions such as the anterior cingulate cortex (ACC) and the thalamus.
However, little is known whether effective coupling, the directed influence of one structure
over the other, is altered during rest in the ACC-thalamus network.

Methods. We collected resting-state fMRI and diffusion-weighted MRI data from 18 patients
and 20 healthy controls. We analyzed fronto-thalamic effective connectivity using dynamic
causal modeling for cross-spectral densities in a network consisting of the ACC and the
left and right medio-dorsal thalamic regions. We studied structural connectivity using frac-
tional anisotropy (FA).

Results. We found decreased coupling strength from the right thalamus to the ACC and from
the right thalamus to the left thalamus, as well as increased inhibitory intrinsic connectivity in
the right thalamus in patients relative to controls. ACC-to-left thalamus coupling strength
correlated with the Positive and Negative Syndrome Scale (PANSS) total positive syndrome
score and with delusion score. Whole-brain structural analysis revealed several tracts with
reduced FA in patients, with a maximum decrease in white matter tracts containing fronto-
thalamic and cingulo-thalamic fibers.

Conclusions. We found altered effective and structural connectivity within the ACC-thal-
amus network in SZ. Our results indicate that ACC-thalamus network activity at rest is char-
acterized by reduced thalamus-to-ACC coupling. We suggest that positive symptoms may
arise as a consequence of compensatory measures to imbalanced fronto-thalamic coupling.

Background

Schizophrenia (SZ) is a complex disorder characterized by a range of behavioral, cognitive, and
emotional symptoms. Structural and functional alterations in multiple cortical and subcortical
structures have been implicated in the neurobiology of SZ (Birur, Kraguljac, Shelton, & Lahti,
2017). A recent meta-analysis of regional brain volumes in patients with SZ suggested the
anterior cingulate cortex (ACC) as a core structure affected by the disorder due to its consist-
ently lower mean volume (Brugger & Howes, 2017). Grey matter reductions have been found
to be accompanied by reductions in neuronal, synaptic, and dendritic density (Fornito, Yucel,
Patti, Wood, & Pantelis, 2009). ACC volume (Choi et al., 2005; Palaniyappan, Mallikarjun,
Joseph, White, & Liddle, 2011), regional cerebral blood flow (Sabri et al.,, 1997), dopamine
D2 receptor binding (Suhara et al., 2002), and activation during reward anticipation
(Walter, Kammerer, Frasch, Spitzer, & Abler, 2009) correlate with positive symptoms.
Beside metabolic (Fujimoto et al,, 2007) and functional (Adams & David, 2007; Nelson,
Bjorkquist, Olsen, & Herbener, 2015) abnormalities, within- (Wang, Rau, Li, Chen, & Yu,
2015) and between-region connectivity of the ACC (Allen et al., 2010; Cui et al,, 2015;
Fletcher, McKenna, Friston, Frith, & Dolan, 1999; White, Joseph, Francis, & Liddle, 2010;
Yan et al,, 2012) has been found to be altered in SZ. ACC hypoactivity in patients has been
associated with persecutory delusions (Blackwood et al., 2004), whereas hyperactivity in a net-
work of prefrontal regions including the ACC has been suggested to underlie the delusions of
reference (Lariviere et al., 2017). Furthermore, patients with auditory verbal hallucinations are
characterized with reduced functional connectivity in neural circuitry involving the ACC
(Alderson-Day, McCarthy-Jones, & Fernyhough, 2015; Chang et al, 2017; Vercammen,
Knegtering, den Boer, Liemburg, & Aleman, 2010). Thus, a remarkable body of evidence indi-
cates that ACC dysfunction in SZ might underlie or contribute to psychotic symptoms.
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The fronto-thalamic circuitry has long been implicated in SZ
(Andreasen, Paradiso, & O’Leary, 1998). Structural (Adriano,
Spoletini, Caltagirone, & Spalletta, 2010; Byne, Hazlett,
Buchsbaum, & Kemether, 2009; Dorph-Petersen & Lewis, 2017;
Haijma et al., 2013; Konick & Friedman, 2001), metabolic (Soyka,
Koch, Moller, Ruther, & Tatsch, 2005), and cognitive functional
(Andrews, Wang, Csernansky, Gado, & Barch, 2006; Minzenberg,
Laird, Thelen, Carter, & Glahn, 2009) neuroimaging studies
reported alterations of the thalamus in SZ. Thalamo-cingulate con-
nectivity, in particular, was reported using functional (Anticevic
et al., 2014) and effective connectivity (Wagner et al., 2013, 2015)
measures during a task, and a recent review on the role of the thal-
amus in SZ concluded that a growing body of evidence clearly sug-
gests the relevance of thalamo-prefrontal interactions (Pergola,
Selvaggi, Trizio, Bertolino, & Blasi, 2015).

Evidence for reduced functional ACC-thalamic connectivity
in SZ was found also in the resting state (Wang et al., 2015).
Resting-state functional connectivity in functional magnetic res-
onance imaging (rs-fMRI) is widely used to assess the intrinsic
neural activity that supports cognitive functioning (e.g. Buckner,
Krienen, Castellanos, Diaz, & Yeo, 2011; Yeo et al, 2011).
Rs-fMRI focuses on spontaneous, low-frequency fluctuations
(<0.1Hz) in the blood oxygenation level-dependent (BOLD)
signal that occur in the absence of a task or stimulus to identify
functional networks by mapping coupling based on correlations
between regions (e.g. Cole, Smith, & Beckmann, 2010; Lee,
Smyser, & Shimony, 2013; Tomasi & Volkow, 2011). This method
is particularly suited for patient studies as it may offer a better
signal to noise ratio than conventional task-based approaches
and allows for a broader sampling of patient populations (Fox
& Greicius, 2010). Using this method, multiple networks have
been found to be altered in SZ (Damoiseaux et al., 2006;
Moussa, Steen, Laurienti, & Hayasaka, 2012; Sheffield & Barch,
2016), and alteration of resting-state thalamo-cortical functional
connectivity has been suggested as a potential marker to distin-
guish patients from healthy controls (Cheng et al, 2015).
Furthermore, a recent review of thalamo-cortical rsfMRI studies
in SZ (Giraldo-Chica & Woodward, 2017) concluded that altera-
tions are characterized by reduced prefrontal-thalamic connectivity.

While functional connectivity measures can demonstrate tem-
poral correlations between brain regions, they do not allow infer-
ring the directed influence of one region over the other. Since
fronto-thalamic connections are reciprocal, to better understand
the underlying cause of reduced prefrontal-thalamic connectivity
in SZ, the causal impact one region has over the other should be
considered. Dynamic causal modeling (DCM) (Friston, 2009;
Friston et al., 2017) has been widely used for modeling casual
interactions in neuroimaging data.

Diftusion tensor imaging (DTI) is often used to study structural
neural connectivity. It is unique in its ability to assess in vivo the
structural integrity of white matter (WM) fiber bundles (Pierpaoli,
Jezzard, Basser, Barnett, & DiChiro, 1996). DTI studies of SZ
revealed abnormalities in WM tracts in several areas, which are
already present at the early stages of the disease (for a review, see
Samartzis, Dima, Fusar-Poli, & Kyriakopoulos, 2014). Combining
fMRI and DTI allows assessing both functional and structural con-
nectivity in the same patient. Studies employing both techniques
mostly suggest altered connectivity involving frontal regions in SZ
(Ellison-Wright & Bullmore, 2009; Fitzsimmons, Kubicki, &
Shenton, 2013; Wagner et al., 2013, 2015).

Several lines of evidence suggest that SZ is associated with con-
nectivity reductions involving frontal structures (Pettersson-Yeo,

Gabor Csukly et al.

Allen, Benetti, McGuire, & Mechelli, 2011). While previous studies
demonstrated reduced prefrontal-thalamic functional coupling,
here we focus on the effective connectivity between a core pre-
frontal structure, the ACC, and the bilateral thalamus in resting
state and investigate a potential relationship between symptom
severity and coupling strength. To this end, first we estimated coup-
ling strength between nodes of a network comprising the ACC and
the left and right thalamus using DCM. Based on the study by
Tomasi and Volkow (2011) on resting-state networks in a large
sample of healthy individuals, we focused on the medial dorsal
(MD) thalamic nuclei, since they have a central role in the so-called
‘thalamus-hub network’. Next, we explored the relationship
between altered effective connectivity parameters in the SZ group
and psychotic symptoms. Treatments of the dysconnection hypoth-
esis in the predictive coding framework explain core symptoms (e.g.
hallucinations and delusions) as false inference involving disrupted
message passing between various levels of cortical hierarchies
(Adams, Stephan, Brown, Frith, & Friston, 2013; Corlett, Taylor,
Wang, Fletcher, & Krystal, 2010; Fletcher & Frith, 2009). Thus,
we expected coupling strength within the ACC-thalamus network
to show a relationship with symptoms. Based on previous findings,
we expected decreased connectivity between the ACC and thalamic
areas in patients. Furthermore, we used DTI to explore structural
whole-brain connectivity to potentially link the alterations of effect-
ive connectivity to the structural integrity of WM tracts.

Methods
Subjects and procedures

Eighteen patients with SZ and 20 neurotypical control volunteers,
with no known history of psychiatric disorder, participated in the
study. The two groups did not differ in age and education
(Table 1). Selection criteria for all participants were no history
of any central nervous system disease, mental retardation, epilep-
tic seizure, substance dependence or substance abuse (in 3
months prior to enrollment), and no history of head injury
with loss of consciousness for more than 10 min.

All patients met the criteria for SZ based on the Structured
Clinical Interview for Diagnostic and Statistical Manual of
Mental Disorders, 4th Edition (DSM-IV) (American Psychiatric
Association, 1994). In the SZ group, the Positive and Negative
Syndrome Scale (PANSS) was administered by a trained psych-
iatrist (Kay, Fiszbein, & Opler, 1987). At the time of testing, all
patients were taking antipsychotic medication with a mean chlor-
promazine equivalent dose of 648.6 mg/day (Gardner, Murphy,
O’Donnell, Centorrino, & Baldessarini, 2010) and benzodiaze-
pines with a 0.6 mg/day clonazepam equivalent. All participants
gave written informed consent. The study was carried out at the
Semmelweis  University, Department of Psychiatry and
Psychotherapy, Budapest, Hungary and was approved by the
Institutional Ethics Board. Demographics and the characteristics
of participants are shown in Table 1.

Image acquisition

Image acquisitions were done at the MR Research Center,
Semmelweis University on a 3 Tesla Philips Achieva whole-body
MRI scanner (Philips Medical Systems, Best, The Netherlands)
equipped with an eight-channel SENSE head coil.

The high-resolution, whole-brain anatomical images were
obtained using a T1-weighted three-dimensional spoiled gradient
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Table 1. Demographic and clinical characteristics

SCH Control
N=18 N=20 x>/t test p value
Age, years, mean (s.0.?) 35.4 (7.18) 35.5 (8.82) t=0.04 0.97
Gender, n (%)
Female 8 (44.4) 7 (35.0) x*=03 0.73
Male 10 (55.6) 13 (65.0)
Education, years, mean (s.n.) 15.0 (3.37) 16.8 (2.96) t=1.7 0.09
Employed/student 62.5% 100% Y’ =T74 p=0.007*
Lives in his/her own flat/house 82.4% 100% Fisher’s exact test 0.23
Married 12.5% 37.5% =21 p=0.11
Satisfaction with life (0= entirely unsatisfied; 4 = neutral; 4.8 (1.2) 5.3 (0.6) t=1.6 p=0.12
7 =entirely satisfied), mean (s.o.)
Pharmacotherapy dose, mg/day, mean (s.o.)
Benzodiazepines® 0.6 (1) -

Antipsychotics®

648.64 (282.1) =

PANSS total?, mean (s.p.) 76.1 (16.9) =
PANSS positive, mean (s.p.) 16.4 (5.8) -
PANSS negative, mean (s..) 20.5 (6.9) -
PANSS general, mean (s.o.) 39.1 (8.6) -
Illness duration, years, mean (s.p.) 11.4 (6.9) -

Standard deviation.

bClonazepam equivalent.

“Chlorpromazine equivalent.

9PANSS, Positive And Negative Syndrome Scale.
*Significant between-group difference.

echo (T1W 3D Turbo Field Echo) sequence. A total of 180 con-
tiguous slices were acquired from each subject with the following
imaging parameters: TR (time resolution)=9.7 ms; TE (echo
time) = 4.6 ms; flip angle = 8° FOV (field-of-view) of 240 mm X
240 mm; voxel size of 1.0 x 1.0 x 1.0 mm.

Brain diffusion-weighted MRI images were collected with a
single-shot spin-echo echo-planar imaging (EPI) sequence, with
b =800 s/mm* diffusion weighting in 32 directions and one b=
0 image. In-plane resolution was 1.67 x 1.67 mm; whole-brain
coverage was achieved with 70, 2 mm-thick axial slices with no
gap; TR =9660 ms repetition time, TE = 75.6 ms echo time, and
90° flip angle was used. The total acquisition time was 8:32 min.

The ‘resting state’ part of the fMRI acquisition took approxi-
mately 8.5 min. During that time, subjects were instructed to fix-
ate on a cross in the center of the screen. Subjects were briefed
whether they fell asleep during the recording process, and no sub-
ject reported doing so. Head motion was minimized using foam
padding. Functional images were acquired using a T2* weighted
EPI sequence with the following parameters: TR =2.0's; TE =30
ms; flip angle=70°% FOV of 240 mm x 240 mm; voxel size of
3.0 x 3.0 X 4.0 mm; number of slices = 36.

Preprocessing for rsfMRI

Image preprocessing was performed using Statistical Parametric
Mapping (SPM12, v7219; RRID: SCR_007037; Wellcome
Department of Cognitive Neurology, London, UK) in Matlab
(Mathworks, Natick, MA, USA). Preprocessing of functional

images of each subject included slice timing correction, realign-
ment, and normalization into a standard template (Montreal
Neurological Institute, MNI). Normalized images were smoothed
in space with an 8 mm full-width at half-maximum 3D isotropic
Gaussian kernel and high-pass filtered (128, ~0.008 Hz) to
remove low-frequency drifts. Higher frequencies (>0.1 Hz) were
not removed, since they are known to contain meaningful infor-
mation in resting-state studies (Feinberg et al., 2010; Lin et al.,
2015). Furthermore, fMRI time series were preprocessed by
regressing out the effects of six rigid motions and the principal
components of signal fluctuations in WM and cerebrospinal
fluid masks.

DCM for cross-spectral density

Our analysis consisted of the following steps at the first (subject)
level: region of interest (Rol) specification, extraction of time ser-
ies, model specification, and estimation of model parameters. We
defined Rols as the spheres of 7 mm radius centered on voxels in
the ACC, and the left and right thalamus that showed strong func-
tional connectivity in a previous study that investigated resting-
state networks on a sample of >900 healthy subjects (Tomasi &
Volkow, 2011). Talairach coordinates: ACC [-1 12 38], the left
[-12 -19 8], and the right thalamus [12 -19 8]. It is worth noting
that due to the location of the ACC, this ROI likely included vox-
els from both hemispheres.

DCM employs a neurobiologically informed model for the
observed BOLD response and allows the estimation of effective
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connectivity, i.e. the strength and direction of interaction between
nodes of the network thereby revealing causal relationships
(Daunizeau, David, & Stephan, 2011). Recent DCM studies in
SZ revealed abnormal effective coupling involving prefrontal
regions (Deserno, Sterzer, Wustenberg, Heinz, & Schlagenhauf,
2012; Wagner et al, 2013, 2015; Zhou et al,, 2018). In DCM,
for cross-spectral densities (CSD) (Moran et al., 2009), neuronal
activity is summarized in terms of its spectral density (when mod-
eling a single source) or CSD (when modeling multiple sources).
Spectral DCM for fMRI models coupled neuronal fluctuations
within a network and identifies the effective coupling parameters
that best explain functional connectivity observed in hemo-
dynamic responses (Friston, Kahan, Biswal, & Razi, 2014; Razi,
Kahan, Rees, & Friston, 2015). In the current study, we employed
spectral DCM using a bilinear model with one state per region
and with no stochastic effects, as it is more computationally effi-
cient than stochastic DCM and has shown higher sensitivity to
group differences for the estimation of effective connectivity para-
meters (Friston et al., 2014; Zeidman et al., 2019a).

At the second (group) level, the following procedures were
applied using Parametric Empirical Bayes (PEB): Bayesian
model reduction, searching over nested models, and comparison
of effective connectivity parameters (Zeidman et al, 2019b).
‘Empirical Bayes refers to the Bayesian inversion or fitting of hier-
archical models. In hierarchical models, constraints on the poster-
ior density over model parameters at any given level are provided
by the level above. These constraints are called empirical priors
because they are informed by empirical data’ (Friston et al,
2016). The aim of the group-level analysis was twofold: (1) deter-
mine the mean connection strength across all subjects (group
mean for the whole sample); (2) determine the difference in con-
nection strengths between study groups. To this end, first we spe-
cified a full model containing all possible connections between the
above described three nodes (Fig. 1). In the subsequent PEB ana-
lysis, a Bayesian model reduction was applied (Friston & Penny,
2011; Friston, Li, Daunizeau, & Stephan, 2011) which involved
Bayesian inversion and comparison of models that are reduced
forms of the full (or parent) model. It can be applied whenever
models can be specified in terms of (reduced) prior densities.
Connections between the three nodes were switched on and off
in an iterative process to test their effect on free energy, an
approximation of the log model evidence (Friston et al., 2016).
Parameters that did not contribute to the free energy were
switched off by setting their prior mean and variance to zero.
Finally, a leave-one-out (LOO) method was applied to validate
the group-level results (Friston et al., 2016), where a PEB model
was fitted to all but one subject, and covariates for the left-out
subject were predicted. This was repeated with each subject left
out and the accuracy of the prediction was recorded.

Preprocessing for DTI and diffusion tensor fitting

The ExploreDTI toolbox (Leemans, Jeurissen, Sijbers, & Jones,
2009) was used to preprocess DTI data. In order to correct for
subject motion, rigid body transformation was applied, while
non-rigid transformations were used to correct for
susceptibility-related and EPI-induced distortions with the local
rotation of the b-matrix (the diffusion weighting directions) to
avoid angular inaccuracies (Leemans & Jones, 2009). Coordinate
system transformation was also applied. The high-resolution
T1-weighted images were used as templates for registration to cor-
rect the distortions inherent to the EPI-acquisition method
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(Jezzard, Barnett, & Pierpaoli, 1998); thereby DTI-images were
spatially aligned to the T1-weighted images.

After tensor fitting, fractional anisotropy (FA), a voxel-wise
DTI-measure (Alexander et al., 2011; Basser & Pierpaoli, 1996;
Pierpaoli & Basser, 1996), was calculated from the tensor eigenva-
lues using the Robust Estimation of Tensors by Outlier Rejection
(RESTORE) algorithm (Chang, Jones, & Pierpaoli, 2005). (See
online Supplementary Material for details on tensor fitting and
DTI scalar calculations.) Differences in FA between-study groups
were analyzed by a general linear model with age and gender as
covariates.

Correlation analyses

The correlations between effective connectivity (derived from
DCM of rsfMRI), DTI measures, and clinical parameters
(PANSS positive and negative scores) were analyzed. Correlation
between DCM coupling parameter estimates and PANSS scores
were limited to connections of the winning model following
Bayesian model comparison and reduction by PEB (Friston
et al,, 2016). If a correlation was found between the PANSS
total positive or negative score and a functional connectivity
measure, then the correlations between the connectivity strength
and the items of the given PANSS sub-score were also analyzed.
The Bonferroni correction for multiple testing was applied in
case of PANSS sub-scores resulting in a corrected a-value of
(0.05/7 =) 0.007. Regarding DTI, only those ROIs were included
in the correlation analyses where significant between-group differ-
ences were found in effective connectivity.

Results
Spectral DCM

We found decreased coupling strength in patients relative to con-
trols from the right thalamus to the ACC (probability >0.99), and
from the right thalamus to the left thalamus (probability >0.99),
while an increased self-(inhibitory) connectivity in the right thal-
amus (probability >0.99) was found in patients relative to controls
(Fig. 1a). Between-group differences were corrected for age and
gender. Connectivity differences between study groups and
group mean connections that survived a non-zero criterion with
a posterior confidence of 95% (i.e. an effect size of zero was out-
side the confidence interval) are considered significant. Since only
one multivariate test was used based on Bayesian statistics, correc-
tion for multiple comparisons was not necessary (Park et al.,
2017). In the whole sample, all connections survived the above
criteria except the ACC to rThal and the intrinsic ACC connec-
tions (Fig. la, dotted lines). Mean explained variance by the
reduced model at the subject-level was 89.1% (s.0.=11.1%) in
the control group and 86.5% (s.0. =20.6%) in the patient group.
Black and red solid lines in Fig. 1a show connections that survived
the above criterion in the whole sample (group mean). Note that
intrinsic connections (curved arrows) correspond to log scaling
parameters such that the positive values indicate increased inhib-
ition whereas negative coupling values indicate decreased intrinsic
inhibition relative to the prior.

Predicting diagnostic label based on effective connectivity

The results of the LOO cross-validation relying on the three
effective connectivity parameters that differed between study
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Fig. 1. The dynamic causal model (DCM) of the thal-
amus hub network. (a) The thalamus hub network,
where all lines (connections) constitute the full
model we used. Solid lines show the winning model
(connections with a probability >0.95), while dashed
lines indicate connections not remaining in the
model after PEB. Thick lines and labels in bold/under-
line font indicate connections differing between study
groups (probability >0.95). (b) Estimated (posterior)
connectivity parameters (effect sizes) for the whole
sample (top) and for the diagnosis effect (bottom).
Labels in bold/underline font show significant coupling
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% 2
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groups (rThal to ACC, rThal to 1Thal, and intrinsic rThal connec-
tions) are presented in Fig. 2. Actual group (diagnosis) effect sig-
nificantly correlated with estimated group effect (Pearson r = 0.65,
df =36, p=0.00001). Based on posterior probabilities from the
DCM, 85% of controls (i.e. specificity) and 72% of patients (i.e.
sensitivity) were classified correctly (overall accuracy = 79%).

Correlations between effective connectivity and positive/
negative psychotic syndrome scores

The strength of effective connectivity from the ACC to the left
thalamus correlated significantly with the PANSS total positive
syndrome score (Spearman r=0.50, n=17, p=0.04). In order
to further explore this result, the correlation between each of
the seven items of the positive scale and functional connectivity
between ACC and the L-Thal were analyzed post-hoc. Effective
coupling correlated significantly with the delusion (Spearman r
=0.69, n=17, p=0.002) subscore (Fig. 3), while the correlation
with the persecution/suspiciousness (Spearman r=0.53, n=17,
p =0.03) subscore did not survive the correction for multiple test-
ing. Other subscores did not correlate with effective coupling.
Benzodiazepine dose in terms of clonazepam equivalents did
not correlate with effective connectivity (p > 0.05).

DTI analysis and results

Rols were defined by transforming the 48 regions of the JHU
White-Matter Atlas (Hua et al., 2008; Mori et al., 2008; Mori,
Wakana, van-Zijl, & Nagae-Poetscher, 2005; Wakana et al,
2007) into each patient’s own image-space, using the ‘Get diffu-
sion metrics from ROI labels’ tool of ‘ExploreDTT. This plugin
utilizes the ‘elastix’ (Klein, Staring, Murphy, Viergever, & Pluim,
2010) software for label registration and exports the average
DTI-parameter values (MD, FA) for each region. Spatial align-
ment of the ROI labels was validated by visual inspection. In fur-
ther analyses, data obtained from 48 ROIs (online Supplementary
Table S1) were imported into SAS (SAS 9.4 software, SAS
Institute, Cary, NC, USA). A Bonferroni correction for multiple
comparisons was applied resulting in a corrected a-value of
(0.05/48 =) 0.001.

parameters after PEB. Label abbreviations: [Th, left
thalamus; rTh, right thalamus; ACC, anterior cingulate
cortex.

Cn 70 "o
/» f,\ %
s

We found significantly decreased FA in the patient group rela-
tive to controls in seven tracts (Fig. 4): anterior limb of the left
[Cntrl =049 (s.0.=0.02), Sch=045 (s.0.=0.03), p<0.0001]
and right [Cntrl =0.50 (s.p.=0.02), Sch=0.46 (s.0.=0.03), p<
0.0001] internal capsule, the left and right stria terminalis and
crus of the fornix [Cntrl=0.35 (s.0.=0.05), Sch=0.29 (s.0.=
0.06), p=10.0005 and Cntrl =0.41 (s.0.=0.03), Sch=0.35 (s.0.=
0.06), p =0.0002], the left cerebral peduncle [Cntrl =0.57 (s.p.=
0.04), Sch=0.54 (s.0.=0.04), p=0.0005], the left posterior thal-
amic radiation [Cntrl =0.46 (s.0.=0.03), Sch=0.43 (s.0.=0.03),
p=0.0009], and the right sagittal stratum [Cntrl =0.47 (s.0.=
0.02), Sch=0.44 (s.0.=0.03), p=0.0004]. PANSS positive and
negative scores, antipsychotic dose in terms of chlorpromazine
equivalents, and antipsychotic treatment duration did not correl-
ate significantly with FA in any of the Rols ( p > 0.05). Mean dif-
fusivity did not differ between study groups after correction for
multiple comparisons.

Discussion

Our current study focused on directed influence within a network
comprising the ACC and bilateral MD thalamic nuclei. MD
regions have reciprocal and direct connections with the ACC
(e.g. Eckert et al., 2012; Klein et al.,, 2010a), and morphometric
neuroimaging studies suggest volume deficit in SZ in MD nuclei
(e.g. Byne et al., 2009). We used DCM and DTT to study effective
and structural connectivity, respectively, in patients with SZ. We
focused on effective connectivity between a prefrontal structure,
the ACC, and bilateral thalamus. The ACC has been suggested
as a core structure affected by the disorder (Brugger & Howes,
2017) and fronto-thalamic circuitry has long been implicated in
SZ (e.g. Murray & Anticevic, 2017; Pergola et al., 2015). It is
worth noting that the patterns of prefrontal-thalamic functional
connectivity during attentional control have also been suggested
as an intermediate phenotype for studying SZ (e.g. Antonucci
etal., 2016, 2019). We found decreased effective and structural con-
nectivity in patients compared to neurotypical controls. Effective
coupling strength between network nodes correlated with delusion
symptom severity. However, we did not find evidence for a rela-
tionship between WM connectivity and clinical symptoms.
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Fig. 3. Correlations between effective connectivity measures and positive syndrome scores. (a) PANSS total positive syndrome score correlates with ACC—IThal
coupling. (b) Post-hoc tests showed that among positive PANSS items, delusion score (P1) showed the strongest correlation with ACC—IThal coupling. Linear
regression lines and 95% confidence intervals were obtained with linear models; however, statistical results are based on Spearman’s non-parametric rank-order

correlation tests since there were outliers in the sample.

Previous DCM studies of fronto-thalamic coupling in SZ
during a Stroop task found evidence for abnormal effective con-
nectivity. Specifically, Wagner et al. (2013) modeled effective con-
nectivity with DCM and used voxel-based morphometry to study
structural deficits. Their results showed lower coupling strength
from the ACC to the left and right thalamus and disrupted
WM structural connectivity in the fronto-cingulo-thalamic net-
work. In a subsequent study with similar methods, they found
evidence for a disrupted fronto-thalamo-cerebellar network
(Wagner et al., 2015). Here, we investigated effective connectivity
during resting state and found that coupling strength from the
right thalamus to the ACC and the right thalamus to the left

thalamus was diminished in patients relative to neurotypical con-
trols. Functional network connectivity differs between rest and
task, and a meta-analytic study suggests that the thalamus
plays a key role in the change of network configurations (Dij,
Gohel, Kim, & Biswal, 2013). Although network topography
remains overall preserved, task demands systematically reconfig-
ure resting-state functional coupling (Gonzalez-Castillo &
Bandettini, 2018). Therefore, the most parsimonious explanation
for the discrepancy in ACC-thalamic effective connectivity
between previous and our current results is that coupling likely
differs between task and rest conditions. Thus, effective connect-
ivity during resting state might be altered in SZ in a different way
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than it is altered during task. While during the task, the influence
of ACC over the thalamus is decreased in SZ (Wagner et al., 2013,
2015), our current results suggest that resting state is characterized
by a decreased influence of the right thalamus over the ACC in SZ.

In addition to altered ACC-thalamic coupling, we found that
the estimates of within-region coupling in the right thalamus
were increased in patients relative to controls. Intrinsic connections
lend self-inhibitory properties to regions in order to preclude any
run-away excitation. We found stronger self-inhibition in the right
thalamus in patients relative to controls which indicates a decrease
in the gain or excitability of this structure. That is, assuming that
the right thalamus receives ACC input of the same strength across
the groups, the same input elicits a relatively smaller response from
this structure. This is in line with the involvement of the thalamus
in SZ and suggests that structural deficit (e.g. Brugger & Howes,
2017; Byne et al., 2009; Dorph-Petersen & Lewis, 2017; Pergola
et al, 2015) alters thalamic resting-state activity. Furthermore,
our findings are also consistent with the results of Parnaudeau
et al. (2013), who found in animal models that a subtle decrease
in the medio-dorsal thalamus activity is sufficient to trigger select-
ive impairments in prefrontal-dependent cognitive tasks similar to
those in patients with SZ. In addition, we found a decreased inter-
thalamic functional connectivity in patients relative to controls.
While some previous investigations described the functional con-
nectivity between the left and right thalamus and discussed the sig-
nificance of increased inter-thalamic functional connectivity in
multiple sclerosis (d’Ambrosio et al., 2017; Liu et al., 2015; Stein
et al., 2000) less is known about the inter-thalamic connectivity
in patients with SZ.

We applied a LOO method to validate functional connectivity-
based classification between patients and controls and achieved an
overall accuracy of 79%. This result is comparable to the findings
of previous studies applying linear discriminants on rsfMRI mea-
sures where overall accuracy was in the range of 71% and 84%
(Arbabshirani, Kiehl, Pearlson, & Calhoun, 2013; Rashid et al.,
2016; Shen, Wang, Liu, & Hu, 2010).

Besides effective connectivity in the ACC-thalamus network,
we have studied whole-brain structural connectivity using DTI,
a measure of anatomical connectivity through WM tracts. We
found altered structural connectivity in patients in regions

Bonferroni correction for multiple comparisons.

containing fibers that connect hubs of the ACC-thalamus net-
work. Tracts showing lower FA in patients relative to controls
included the anterior limbs of the internal capsule (containing
fronto-thalamic and cingulo-thalamic fibers), the crus fornix,
the cerebral peduncles, the sagittal striatum, and the posterior
thalamic radiation, which findings are in line with the results of
previous studies (Fitzsimmons et al., 2013; Zhang et al., 2016)
describing connectivity impairments in frontal and temporal
regions. A large body of evidence indicates that SZ is character-
ized by impaired structural connectivity. As far as reduced func-
tional connectivity is considered, it is often accompanied by
corresponding reductions of structural connectivity (Fornito &
Bullmore, 2015; Nelson, Bassett, Camchong, Bullmore, & Lim,
2017; Schmidt et al., 2014). Our current results, specifically the
reduced rThal—-ACC effective coupling and decreased FA in the
anterior limbs of the internal capsule fit this pattern. Although
structural connectivity impairments often show a relationship
with symptoms (for a review, see Wheeler & Voineskos, 2014)
here we found no correlation between FA measures and PANSS
scores.

Limitations

A major limitation of our current study was the small sample size,
which limits the generalization of the results, therefore further
investigations applying the same methodology with larger sample
sizes are needed to confirm our present findings. While we
intended to focus on the medio-dorsal thalamic region during
the DCM analysis and the spatial parameters we used did corres-
pond to this region, we note that due to the 7 mm radius of the
Rols, the signal we extracted from both thalami likely contained
non-DM activity as well. Furthermore, the ACC ROI we used in
the present analysis is located superior relative to the centrum
of the ACC according to the functional studies and mainly cap-
tures the dorsal area of the ACC including both the Brodmann
area 24 and 32 (Marusak et al., 2016). Previous studies (Tomasi
& Volkow, 2011) showed that the thalamo-cortical network has
a connection with several other hubs, such as the precuneus,
motor cortex, and the cerebellum. However, these hubs were
excluded from our current analysis due to methodological
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reasons: including more hubs in the DCM analysis would have
increased the number of model parameters dramatically
(Friston et al., 2011). It is important to note that there were no
separate training and validation sets in the discrimination ana-
lysis, which strongly limits the generalization of the results.
Therefore, further studies are needed applying separate training
and validation datasets to confirm these results. The fact that
patients on medication were compared with healthy controls
without pharmacotherapy further limits our results, since chronic
treatment with antipsychotics may have structural effects on bran
tissue and treatment with benzodiazepines can affect functional
connectivity. However, we did not find correlations between
pharmacotherapy and connectivity. While the two groups did
not differ in years of education, in marital status, in living
place, or in satisfaction of life, the employment rate was lower
among patients, which might indicate a lower socioeconomic
status.

Conclusions

We found that effective and structural connectivity within
the ACC-thalamus network is impaired in patients with SZ.
Coupling parameter of the ACC—left thalamus connection corre-
lates with the severity of delusion symptoms as measured with
PANSS. Whole-brain DTI analysis revealed several WM tracts
that showed decreased FA relative to controls with a maximum
decrease at regions containing fronto-thalamic and cingulo-
thalamic fibers. Overall, our results confirm the involvement of
the ACC and the MD thalamic nuclei in SZ. To our knowledge,
the present study is the first describing decreased effective con-
nectivity in the ACC-thalamus network in patients with SZ in a
resting-state setting.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0033291720000859

Financial support. Our work was supported by the following grants:
Hungarian Research Found - OTKA PD 115837; Bolyai Research Fellowship
Program of the Hungarian Academy of Science; UNKP - New National
Excellence Program of the Ministry of Human Capacities.

Conflict of interest. The authors declare that they have no conflict of
interests.

Ethical standards. The authors assert that all procedures contributing to
this work comply with the ethical standards of the relevant national and insti-
tutional committees on human experimentation and with the Helsinki
Declaration of 1975, as revised in 2008.

References

Adams, R, & David, A. S. (2007). Patterns of anterior cingulate activation in
schizophrenia: A selective review. Neuropsychiatric Disease and Treatment,
3(1), 87-101.

Adams, R. A, Stephan, K. E., Brown, H. R,, Frith, C. D., & Friston, K. J. (2013).
The computational anatomy of psychosis. Frontiers in Psychiatry, 4, 47. doi:
10.3389/fpsyt.2013.00047.

Adriano, F., Spoletini, I, Caltagirone, C., & Spalletta, G. (2010). Updated
meta-analyses reveal thalamus volume reduction in patients with first-
episode and chronic schizophrenia. Schizophrenia Research, 123(1), 1-14.
doi: 10.1016/j.schres.2010.07.007.

Alderson-Day, B., McCarthy-Jones, S., & Fernyhough, C. (2015). Hearing
voices in the resting brain: A review of intrinsic functional connectivity
research on auditory verbal hallucinations. Neuroscience and
Biobehavioral Reviews, 55, 78-87. doi: 10.1016/j.neubiorev.2015.04.016.

Gabor Csukly et al.

Alexander, A. L., Hurley, S. A., Samsonov, A. A., Adluru, N., Hosseinbor, A. P.,
Mossahebi, P., ... Field, A. S. (2011). Characterization of cerebral white
matter properties using quantitative magnetic resonance imaging stains.
Brain Connectivity, 1(6), 423-446. doi: 10.1089/brain.2011.0071.

Allen, P, Stephan, K. E., Mechelli, A., Day, F,, Ward, N., Dalton, J, ...
McGuire, P. (2010). Cingulate activity and fronto-temporal connectivity
in people with prodromal signs of psychosis. Neuroimage, 49(1), 947-955.
doi: 10.1016/j.neuroimage.2009.08.038.

American Psychiatric Association (1994). DSM-1V: Diagnostic and statistical
manual of mental disorders (4th ed.). Washington, DC: American
Psychiatric Association.

Andreasen, N. C,, Paradiso, S., & O’Leary, D. S. (1998). ‘Cognitive dysmetria’
as an integrative theory of schizophrenia: A dysfunction in cortical
subcortical-cerebellar circuitry? Schizophrenia Bulletin, 24(2), 203-218.
doi: 10.1093/oxfordjournals.schbul.a033321.

Andrews, J., Wang, L., Csernansky, J. G., Gado, M. H., & Barch, D. M. (2006).
Abnormalities of thalamic activation and cognition in schizophrenia.
American  Journal of Psychiatry, 163(3), 463-469. doi: 10.1176/
appi.ajp.163.3.463.

Anticevic, A., Cole, M. W., Repovs, G., Murray, J. D., Brumbaugh, M. S,,
Winkler, A. M., ... Glahn, D. C. (2014). Characterizing thalamo-cortical
disturbances in schizophrenia and bipolar illness. Cerebral Cortex, 24(12),
3116-3130. doi: 10.1093/cercor/bht165.

Antonucci, L. A, Penzel, N., Pergola, G., Kambeitz-Ilankovic, L., Dwyer, D.,
Kambeitz, J., ... Koutsouleris, N. (2019). Multivariate classification of
schizophrenia and its familial risk based on load-dependent attentional
control brain functional connectivity. Neuropsychopharmacology, 45, 613—
621. doi: 10.1038/s41386-019-0532-3.

Antonucci, L. A., Taurisano, P., Fazio, L., Gelao, B., Romano, R., Quarto, T,, ...
Blasi, G. (2016). Association of familial risk for schizophrenia with
thalamic and medial prefrontal functional connectivity during attentional
control.  Schizophrenia  Research, 173(1-2), 23-29. doi: 10.1016/
j.schres.2016.03.014.

Arbabshirani, M. R,, Kiehl, K. A., Pearlson, G. D., & Calhoun, V. D. (2013).
Classification of schizophrenia patients based on resting-state functional
network connectivity. Frontiers 7. ARTN 133.
doi:10.3389/fnins.2013.00133.

Basser, P. J., & Pierpaoli, C. (1996). Microstructural and physiological features
of tissues elucidated by quantitative-diffusion-tensor MRI. Journal of
Magnetic Resonance. Series B, 111(3), 209-219.

Birur, B., Kraguljac, N. V., Shelton, R. C., & Lahti, A. C. (2017). Brain struc-
ture, function, and neurochemistry in schizophrenia and bipolar disorder

in  Neuroscience,

- a systematic review of the magnetic resonance neuroimaging literature.
NPJ Schizophrenia, 3, 15. doi: 10.1038/s41537-017-0013-9.

Blackwood, N. J., Bentall, R. P., Ffytche, D. H., Simmons, A., Murray, R. M., &
Howard, R. J. (2004). Persecutory delusions and the determination of self-
relevance: An fMRI investigation. Psychological Medicine, 34(4), 591-596.
doi: 10.1017/S0033291703008997.

Brugger, S. P., & Howes, O. D. (2017). Heterogeneity and homogeneity of
regional brain structure in schizophrenia: A meta-analysis. JAMA
Psychiatry, 74(11), 1104-1111. doi: 10.1001/jamapsychiatry.2017.2663.

Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., & Yeo, B. T. (2011).
The organization of the human cerebellum estimated by intrinsic functional
connectivity. Journal of Neurophysiology, 106(5), 2322-2345. doi: 10.1152/
jn.00339.2011.

Byne, W., Hazlett, E. A., Buchsbaum, M. S., & Kemether, E. (2009). The thal-
amus and schizophrenia: Current status of research. Acta Neuropathologica,
117(4), 347-368. doi: 10.1007/s00401-008-0404-0.

Chang, X,, Collin, G., Xi, Y., Cui, L., Scholtens, L. H., Sommer, I. E,, ... van den
Heuvel, M. P. (2017). Resting-state functional connectivity in medication-
naive schizophrenia patients with and without auditory verbal hallucina-
tions: A preliminary report. Schizophrenia Research, 188, 75-81. doi:
10.1016/j.schres.2017.01.024.

Chang, L. C,, Jones, D. K., & Pierpaoli, C. (2005). RESTORE: Robust estima-
tion of tensors by outlier rejection. Magnetic Resonance in Medicine, 53(5),
1088-1095. doi: 10.1002/mrm.20426.

Cheng, W., Palaniyappan, L., Li, M., Kendrick, K. M., Zhang, J., Luo, Q,, ...
Feng, J. (2015). Voxel-based, brain-wide association study of aberrant

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 28 Dec 2020 at 12:50:59, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/50033291720000859


https://doi.org/10.1017/S0033291720000859
https://doi.org/10.1017/S0033291720000859
https://doi.org/10.1017/S0033291720000859
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Psychological Medicine

functional connectivity in schizophrenia implicates thalamocortical cir-
cuitry. NPJ Schizophrenia, 1, 15016. doi: 10.1038/npjschz.2015.16.

Choj, J. S., Kang, D. H., Kim, J. J., Ha, T. H., Roh, K. S, Youn, T., & Kwon, J. S.
(2005). Decreased caudal anterior cingulate gyrus volume and positive
symptoms in schizophrenia. Psychiatry Research, 139(3), 239-247. doi:
10.1016/j.pscychresns.2004.05.008.

Cole, D. M., Smith, S. M., & Beckmann, C. F. (2010). Advances and pitfalls in
the analysis and interpretation of resting-state FMRI data. Frontiers in
Systems Neuroscience, 4, 8. doi: 10.3389/fnsys.2010.00008.

Corlett, P. R,, Taylor, J. R., Wang, X. J., Fletcher, P. C., & Krystal, J. H. (2010).
Toward a neurobiology of delusions. Progress in Neurobiology, 92(3), 345-
369. doi: 10.1016/j.pneurobio.2010.06.007.

Cui, L. B, Liu, ], Wang, L. X, Li, C, Xi, Y. B, Guo, F, ... Lu, H. (2015).
Anterior cingulate cortex-related connectivity in first-episode schizophre-
nia: A spectral dynamic causal modeling study with functional magnetic
resonance imaging. Frontiers in Human Neuroscience, 9, 589. doi:
10.3389/fnhum.2015.00589.

d’Ambrosio, A., de la Cruz, M. H., Valsasina, P., Pagani, E., Colombo, B.,
Rodegher, M., ... Rocca, M. A. (2017). Structural connectivity-defined thal-
amic subregions have different functional connectivity abnormalities in
multiple sclerosis patients: Implications for clinical correlations. Human
Brain Mapping, 38(12), 6005-6018. doi: 10.1002/hbm.23805.

Damoiseaux, J. S., Rombouts, S. A. R. B., Barkhof, F., Scheltens, P., Stam, C. J.,
Smith, S. M., & Beckmann, C. F. (2006). Consistent resting-state networks
across healthy subjects. Proceedings of the National Academy of Sciences of
the USA, 103(37), 13848-13853. doi: 10.1073/pnas.0601417103.

Daunizeay, J., David, O., & Stephan, K. E. (2011). Dynamic causal modelling:
A critical review of the biophysical and statistical foundations. Neuroimage,
58(2), 312-322. doi: 10.1016/j.neuroimage.2009.11.062.

Deserno, L., Sterzer, P., Wustenberg, T., Heinz, A., & Schlagenhauf, F. (2012).
Reduced prefrontal-parietal effective connectivity and working memory
deficits in schizophrenia. Journal of Neuroscience, 32(1), 12-20. doi:
10.1523/JNEUROSCI.3405-11.2012.

Di, X., Gohel, S., Kim, E. H., & Biswal, B. B. (2013). Task vs. rest-different net-
work configurations between the coactivation and the resting-state brain
networks. Frontiers in Human Neuroscience, 7. ARTN 493. doi:10.3389/
fnhum.2013.00493.

Dorph-Petersen, K. A., & Lewis, D. A. (2017). Postmortem structural studies of
the thalamus in schizophrenia. Schizophrenia Research, 180, 28-35. doi:
10.1016/j.schres.2016.08.007.

Eckert, U., Metzger, C. D., Buchmann, J. E., Kaufmann, J., Osoba, A., Li, M., ...
Walter, M. (2012). Preferential networks of the mediodorsal nucleus
and centromedian-parafascicular complex of the thalamus—a DTT tracto-
graphy study. Human Brain Mapping, 33(11), 2627-2637. doi: 10.1002/
hbm.21389.

Ellison-Wright, I., & Bullmore, E. T. (2009). Meta-analysis of diffusion tensor
imaging studies in schizophrenia. Schizophrenia Research, 108(1-3), 3-10.
doi: 10.1016/j.schres.2008.11.021.

Feinberg, D. A., Moeller, S., Smith, S. M., Auerbach, E., Ramanna, S., Gunther,
M., ... Yacoub, E. (2010). Multiplexed echo planar imaging for sub-second
whole brain FMRI and fast diffusion imaging. PLoS ONE, 5(12), e15710.
doi: 10.1371/journal.pone.0015710.

Fitzsimmons, J., Kubicki, M., & Shenton, M. E. (2013). Review of functional and
anatomical brain connectivity findings in schizophrenia. Current Opinion in
Psychiatry, 26(2), 172-187. doi: 10.1097/YCO.0b013e32835d9e6a.

Fletcher, P. C., & Frith, C. D. (2009). Perceiving is believing: A Bayesian
approach to explaining the positive symptoms of schizophrenia. Nature
Reviews Neuroscience, 10(1), 48-58. doi: 10.1038/nrn2536.

Fletcher, P., McKenna, P. J., Friston, K. J., Frith, C. D., & Dolan, R. J. (1999).
Abnormal cingulate modulation of fronto-temporal connectivity in schizo-
phrenia. Neuroimage, 9(3), 337-342. doi: 10.1006/nimg.1998.0411.

Fornito, A., & Bullmore, E. T. (2015). Reconciling abnormalities of brain net-
work structure and function in schizophrenia. Current Opinion in
Neurobiology, 30, 44-50. doi: 10.1016/j.conb.2014.08.006.

Fornito, A., Yucel, M., Patti, J., Wood, S. J., & Pantelis, C. (2009). Mapping
grey matter reductions in schizophrenia: An anatomical likelihood estima-
tion analysis of voxel-based morphometry studies. Schizophrenia Research,
108(1-3), 104-113. doi: 10.1016/j.schres.2008.12.011.

Fox, M. D., & Greicius, M. (2010). Clinical applications of resting state func-
tional connectivity. Frontiers in Systems Neuroscience, 4, 19. doi: 10.3389/
fnsys.2010.00019.

Friston, K. J. (2009). Causal modelling and brain connectivity in functional
magnetic resonance imaging. PLoS Biology, 7(2), 220-225. ARTN
€1000033. doi:10.1371/journal.pbio.1000033.

Friston, K. J., Kahan, J., Biswal, B., & Razi, A. (2014). A DCM for resting state
fMRI. Neuroimage, 94, 396-407. doi: 10.1016/j.neuroimage.2013.12.009.
Friston, K. J., Li, B. J., Daunizeau, J., & Stephan, K. E. (2011). Network discov-
ery with DCM. Neuroimage, 56(3), 1202-1221. doi: 10.1016/

j-neuroimage.2010.12.039.

Friston, K. ], Litvak, V., Oswal, A., Razi, A., Stephan, K. E., van Wijk, B. C. M.,
... Zeidman, P. (2016). Bayesian model reduction and empirical Bayes for
group (DCM) studies. Neuroimage, 128, 413-431. doi: 10.1016/
j.neuroimage.2015.11.015.

Friston, K. J., & Penny, W. (2011). Post hoc Bayesian model selection.
Neuroimage, 56(4), 2089-2099. doi: 10.1016/j.neuroimage.2011.03.062.

Friston, K. J., Preller, K. H., Mathys, C., Cagnan, H., Heinzle, J., Razi, A., &
Zeidman, P. (2017). Dynamic causal modelling revisited. Neuroimage.
doi: 10.1016/j.neuroimage.2017.02.045.

Fujimoto, T., Takeuch, K., Matsumoto, T., Kamimura, K., Hamada, R,
Nakamura, K., & Kato, N. (2007). Abnormal glucose metabolism in the
anterior cingulate cortex in patients with schizophrenia. Psychiatry
Research, 154(1), 49-58. doi: 10.1016/j.pscychresns.2006.04.002.

Gardner, D. M., Murphy, A. L., O’Donnell, H., Centorrino, F., & Baldessarini,
R. J. (2010). International consensus study of antipsychotic dosing.
American  Journal of Psychiatry, 167(6), 686-693. doi: 10.1176/
appi.ajp.2009.09060802.

Giraldo-Chica, M., & Woodward, N. D. (2017). Review of thalamocortical
resting-state fMRI studies in schizophrenia. Schizophrenia Research, 180,
58-63. doi: 10.1016/j.schres.2016.08.005.

Gonzalez-Castillo, J., & Bandettini, P. A. (2018). Task-based dynamic func-
tional connectivity: Recent findings and open questions. Neuroimage, 180
(Pt B), 526-533. doi: 10.1016/j.neuroimage.2017.08.006.

Haijma, S. V., Van Haren, N., Cahn, W., Koolschijn, P. C., Hulshoff Pol, H. E.,
& Kahn, R. S. (2013). Brain volumes in schizophrenia: A meta-analysis in
over 18 000 subjects. Schizophrenia Bulletin, 39(5), 1129-1138. doi:
10.1093/schbul/sbs118.

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X, Reich, D. S., ... Mori, S. (2008).
Tract probability maps in stereotaxic spaces: Analyses of white matter anat-
omy and tract-specific quantification. Neuroimage, 39(1), 336-347. doi:
10.1016/j.neuroimage.2007.07.053.

Jezzard, P., Barnett, A. S., & Pierpaoli, C. (1998). Characterization of and cor-
rection for eddy current artifacts in echo planar diffusion imaging. Magnetic
Resonance in Medicine, 39(5), 801-812.

Kay, S. R., Fiszbein, A., & Opler, L. A. (1987). The Positive and Negative
Syndrome Scale (PANSS) for schizophrenia. Schizophrenia Bulletin, 13(2),
261-276. doi: 10.1093/schbul/13.2.261.

Klein, S., Staring, M., Murphy, K., Viergever, M. A., & Pluim, J. P. W. (2010).
elastix: A toolbox for intensity-based medical image registration. IEEE
Transactions on Medical Imaging, 29(1), 196-205. doi: 10.1109/
TMI.2009.2035616.

Konick, L. C., & Friedman, L. (2001). Meta-analysis of thalamic size in schizo-
phrenia. Biological Psychiatry, 49(1), 28-38.

Lariviere, S., Lavigne, K. M., Woodward, T. S., Gerretsen, P., Graff-Guerrero,
A., & Menon, M. (2017). Altered functional connectivity in brain networks
underlying self-referential processing in delusions of reference in schizo-
phrenia. Psychiatry Research Neuroimaging, 263, 32-43. doi: 10.1016/
j.pscychresns.2017.03.005.

Lee, M. H., Smyser, C. D., & Shimony, J. S. (2013). Resting-state fMRI: A
review of methods and clinical applications. AJNR: American Journal of
Neuroradiology, 34(10), 1866-1872. doi: 10.3174/ajnr.A3263.

Leemans, A., Jeurissen, B., Sijbers, J., & Jones, D. (2009). ExploreDTI: a graph-
ical toolbox for processing, analyzing, and visualizing diffusion MR data.
Paper presented at the 17th Annual Meeting of Intl. Soc. Mag. Reson. Med.

Leemans, A., & Jones, D. K. (2009). The B-matrix must be rotated when cor-
recting for subject motion in DTI data. Magnetic Resonance in Medicine, 61
(6), 1336-1349. doi: 10.1002/mrm.21890.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 28 Dec 2020 at 12:50:59, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/50033291720000859


https://doi.org/10.1017/S0033291720000859
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

10

Lin, F. H,, Chu, Y. H., Hsu, Y. C,, Lin, J. F,, Tsai, K. W,, Tsai, S. Y., & Kuo, W. J.
(2015). Significant feed-forward connectivity revealed by high frequency
components of BOLD fMRI signals. Neuroimage, 121, 69-77. doi:
10.1016/j.neuroimage.2015.07.036.

Liu, Y, Liang, P. P,, Duan, Y. Y,, Huang, J., Ren, Z. Q, Jia, X. Q,, ... Li, K. C. (2015).
Altered thalamic functional connectivity in multiple sclerosis. European
Journal of Radiology, 84(4), 703-708. doi: 10.1016/j.ejrad.2015.01.001.

Marusak, H. A., Thomason, M. E., Peters, C., Zundel, C, Elrahal, F., &
Rabinak, C. A. (2016). You say ‘prefrontal cortex’ and I say ‘anterior cingu-
late’: Meta-analysis of spatial overlap in amygdala-to-prefrontal connectivity
and internalizing symptomology. Translational Psychiatry, 6(11), e944. doi:
10.1038/tp.2016.218.

Minzenberg, M. J., Laird, A. R,, Thelen, S., Carter, C. S., & Glahn, D. C. (2009).
Meta-analysis of 41 functional neuroimaging studies of executive function
in schizophrenia. Archives of General Psychiatry, 66(8), 811-822. doi:
10.1001/archgenpsychiatry.2009.91.

Moran, R. J., Stephan, K. E., Seidenbecher, T., Pape, H. C., Dolan, R. J., &
Friston, K. J. (2009). Dynamic causal models of steady-state responses.
Neuroimage, 44(3), 796-811. doi: 10.1016/j.neuroimage.2008.09.048.

Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., ... Mazziotta, J.
(2008). Stereotaxic white matter atlas based on diffusion tensor imaging
in an ICBM template. Neuroimage, 40(2), 570-582. doi: 10.1016/
j-neuroimage.2007.12.035.

Mori, S., Wakana, S., van-Zijl, P. C. M., & Nagae-Poetscher, L. (2005). MRI Atlas
of human white matter (1st ed.). Amsterdam, The Netherlands: Elsevier.

Moussa, M. N., Steen, M. R, Laurienti, P. ], & Hayasaka, S. (2012).
Consistency of network modules in resting-state fMRI connectome data.
PLoS ONE, 7(8). ARTN e44428. doi: 10.1371/journal.pone.0044428.

Murray, J. D., & Anticevic, A. (2017). Toward understanding thalamocortical
dysfunction in schizophrenia through computational models of neural cir-
cuit dynamics. Schizophrenia Research, 180, 70-77. doi: 10.1016/
j.schres.2016.10.021.

Nelson, B. G., Bassett, D. S., Camchong, J., Bullmore, E. T., & Lim, K. O.
(2017). Comparison of large-scale human brain functional and anatomical
networks in schizophrenia. Neuroimage Clinical, 15, 439-448. doi: 10.1016/
j.nicl.2017.05.007.

Nelson, B. D., Bjorkquist, O. A., Olsen, E. K., & Herbener, E. S. (2015).
Schizophrenia symptom and functional correlates of anterior cingulate cor-
tex activation to emotion stimuli: An fMRI investigation. Psychiatry
Research, 234(3), 285-291. doi: 10.1016/j.pscychresns.2015.11.001.

Palaniyappan, L., Mallikarjun, P., Joseph, V., White, T. P., & Liddle, P. F.
(2011). Reality distortion is related to the structure of the salience network
in schizophrenia. Psychological Medicine, 41(8), 1701-1708. doi: 10.1017/
$50033291710002205.

Park, H. J., Pae, C,, Friston, K., Jang, C., Razi, A., Zeidman, P,, ... Chang, J. W.
(2017). Hierarchical dynamic causal modeling of resting-state fMRI reveals
longitudinal changes in effective connectivity in the motor system after tha-
lamotomy for essential tremor. Frontiers in Neurology, 8, 346. doi: 10.3389/
fneur.2017.00346.

Parnaudeau, S., O’neill, P. K., Bolkan, S. S., Ward, R. D., Abbas, A. L., Roth, B.
L., ... Kellendonk, C. (2013). Inhibition of mediodorsal thalamus disrupts
thalamofrontal connectivity and cognition. Neuron, 77(6), 1151-1162.
doi: 10.1016/j.neuron.2013.01.038.

Pergola, G., Selvaggi, P., Trizio, S., Bertolino, A., & Blasi, G. (2015). The role of
the thalamus in schizophrenia from a neuroimaging perspective.
Neuroscience and Biobehavioral Reviews, 54, 57-75. doi: 10.1016/
j.neubiorev.2015.01.013.

Pettersson-Yeo, W., Allen, P., Benetti, S., McGuire, P., & Mechelli, A. (2011).
Dysconnectivity in schizophrenia: Where are we now? Neuroscience
and  Biobehavioral — Reviews, 35(5), 1110-1124. doi: 10.1016/
j.neubiorev.2010.11.004.

Pierpaoli, C., & Basser, P. J. (1996). Toward a quantitative assessment of dif-
fusion anisotropy. Magnetic Resonance in Medicine, 36(6), 893-906.

Pierpaoli, C., Jezzard, P., Basser, P. J., Barnett, A., & DiChiro, G. (1996).
Diffusion tensor MR imaging of the human brain. Radiology, 201(3),
637-648. doi: 10.1148/radiology.201.3.8939209.

Rashid, B., Arbabshirani, M. R., Damaraju, E., Cetin, M. S., Miller, R,
Pearlson, G. D., & Calhoun, V. D. (2016). Classification of schizophrenia

Gabor Csukly et al.

and bipolar patients using static and dynamic resting-state fMRI
brain  connectivity. ~Neuroimage, 134, 645-657. doi: 10.1016/
j-neuroimage.2016.04.051.

Razi, A., Kahan, J., Rees, G., & Friston, K. J. (2015). Construct validation of a
DCM for resting state fMRI. Neuroimage, 106, 1-14. doi: 10.1016/
j-neuroimage.2014.11.027.

Sabri, O., Erkwoh, R., Schreckenberger, M., Owega, A., Sass, H., & Buell, U.
(1997). Correlation of positive symptoms exclusively to hyperperfusion or
hypoperfusion of cerebral cortex in never-treated schizophrenics. Lancet
(London, England), 349(9067), 1735-1739. doi: 10.1016/S0140-6736(96)
08380-8.

Samartzis, L., Dima, D., Fusar-Poli, P., & Kyriakopoulos, M. (2014). White
matter alterations in early stages of schizophrenia: A systematic review of
diffusion tensor imaging studies. Journal of Neuroimaging, 24(2), 101-
110. doi: 10.1111/j.1552-6569.2012.00779.x.

Schmidt, A., Diwadkar, V. A., Smieskova, R., Harrisberger, F.,, Lang, U. E,,
McGuire, P., ... Borgwardt, S. (2014). Approaching a network connectivity-
driven classification of the psychosis continuum: A selective review and sug-
gestions for future research. Frontiers in Human Neuroscience, 8, 1047. doi:
10.3389/fnhum.2014.01047.

Sheffield, J. M., & Barch, D. M. (2016). Cognition and resting-state functional
connectivity in schizophrenia. Neuroscience and Biobehavioral Reviews, 61,
108-120. doi: 10.1016/j.neubiorev.2015.12.007.

Shen, H., Wang, L. B, Liu, Y. D., & Hu, D. W. (2010). Discriminative analysis
of resting-state functional connectivity patterns of schizophrenia using low
dimensional embedding of fMRI. Neuroimage, 49(4), 3110-3121. doi:
10.1016/j.neuroimage.2009.11.011.

Soyka, M., Koch, W., Moller, H. J., Ruther, T., & Tatsch, K. (2005).
Hypermetabolic pattern in frontal cortex and other brain regions in unme-
dicated schizophrenia patients. Results from a FDG-PET study. European
Archives of Psychiatry and Clinical Neuroscience, 255(5), 308-312. doi:
10.1007/s00406-005-0563-0.

Stein, T., Moritz, C., Quigley, M., Cordes, D., Haughton, V., & Meyerand, E.
(2000). Functional connectivity in the thalamus and hippocampus studied
with functional MR imaging. American Journal of Neuroradiology, 21(8),
1397-1401.

Suhara, T., Okubo, Y., Yasuno, F., Sudo, Y., Inoue, M., Ichimiya, T., ... Farde,
L. (2002). Decreased dopamine D2 receptor binding in the anterior cingu-
late cortex in schizophrenia. Archives of General Psychiatry, 59(1), 25-30.

Tomasi, D., & Volkow, N. D. (2011). Association between functional connect-
ivity hubs and brain networks. Cerebral Cortex, 21(9), 2003-2013. doi:
10.1093/cercor/bhq268.

Vercammen, A., Knegtering, H., den Boer, J. A, Liemburg, E. J., & Aleman, A.
(2010). Auditory hallucinations in schizophrenia are associated with
reduced functional connectivity of the temporo-parietal area. Biological
Psychiatry, 67(10), 912-918. doi: 10.1016/j.biopsych.2009.11.017.

Wagner, G., De la Cruz, F, Schachtzabel, C., Gullmar, D., Schultz, C. C,
Schlosser, R. G., ... Koch, K. (2015). Structural and functional dysconnec-
tivity of the fronto-thalamic system in schizophrenia: A DCM-DTTI study.
Cortex, 66, 35-45. doi: 10.1016/j.cortex.2015.02.004.

Wagner, G., Koch, K., Schachtzabel, C., Schultz, C. C., Gaser, C., Reichenbach,
J. R, ... Schlosser, R. G. (2013). Structural basis of the fronto-thalamic
dysconnectivity in schizophrenia: A combined DCM-VBM  study.
Neuroimage-Clinical, 3, 95-105. doi: 10.1016/j.nicl.2013.07.010.

Wakana, S., Caprihan, A., Panzenboeck, M. M., Fallon, J. H., Perry, M., Gollub,
R. L., ... Mori, S. (2007). Reproducibility of quantitative tractography meth-
ods applied to cerebral white matter. Neuroimage, 36(3), 630-644. doi:
10.1016/j.neuroimage.2007.02.049.

Walter, H., Kammerer, H., Frasch, K., Spitzer, M., & Abler, B. (2009). Altered
reward functions in patients on atypical antipsychotic medication in line
with the revised dopamine hypothesis of schizophrenia. Psychopharmacology,
206(1), 121-132. doi: 10.1007/s00213-009-1586-4.

Wang, H.-L. S, Rau, C.-L,, Li, Y.-M., Chen, Y.-P., & Yu, R. (2015). Disrupted
thalamic resting-state functional networks in schizophrenia. Frontiers in
Behavioral Neuroscience, 9, 45. doi: 10.3389/fnbeh.2015.00045.

Wheeler, A. L., & Voineskos, A. N. (2014). A review of structural neuroima-
ging in schizophrenia: From connectivity to connectomics. Frontiers in
Human Neuroscience, 8, 653. doi: 10.3389/fnhum.2014.00653.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 28 Dec 2020 at 12:50:59, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/50033291720000859


https://doi.org/10.1017/S0033291720000859
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Psychological Medicine

White, T. P., Joseph, V., Francis, S. T., & Liddle, P. F. (2010). Aberrant salience
network (bilateral insula and anterior cingulate cortex) connectivity during
information processing in schizophrenia. Schizophrenia Research, 123(2-3),
105-115. doi: 10.1016/j.schres.2010.07.020.

Yan, H,, Tian, L., Yan, J., Sun, W,, Liu, Q,, Zhang, Y. B,, ... Zhang, D. (2012).
Functional and anatomical connectivity abnormalities in cognitive division
of anterior cingulate cortex in schizophrenia. PLoS ONE, 7(9), e45659. doi:
10.1371/journal.pone.0045659.

Yeo, B. T. Krienen, F. M., Sepulcre, J., Sabuncu, M. R, Lashkari, D,
Hollinshead, M., ... Buckner, R. L. (2011). The organization of the
human cerebral cortex estimated by intrinsic functional connectivity.
Journal of Neurophysiology, 106(3), 1125-1165. doi: 10.1152/jn.00338.2011.

Zeidman, P., Jafarian, A., Corbin, N., Seghier, M. L., Razi, A,, Price, C. J., &
Friston, K. J. (2019a). A guide to group effective connectivity analysis,

11

part 1: First level analysis with DCM for fMRI. Neuroimage, 200, 174-
190. doi: 10.1016/j.neuroimage.2019.06.031.

Zeidman, P., Jafarian, A., Seghier, M. L., Litvak, V., Cagnan, H., Price, C. J., &
Friston, K. J. (2019b). A guide to group effective connectivity analysis, part
2: Second level analysis with PEB. Neuroimage, 200, 12-25. doi: 10.1016/
j.neuroimage.2019.06.032.

Zhang, X. Y., Fan, F. M., Chen, D. C, Tan, Y. L., Tan, S. P., Hu, K. S, ... Soares,
J. C. (2016). Extensive white matter abnormalities and clinical symptoms in
drug-naive patients with first-episode schizophrenia: A voxel-based diffu-
sion tensor imaging study. Journal of Clinical Psychiatry, 77(2), 205-211.
doi: 10.4088/JCP.14m09374.

Zhou, Y., Zeidman, P., Wu, S., Razi, A., Chen, C,, Yang, L., ... Friston, K. J.
(2018). Altered intrinsic and extrinsic connectivity in schizophrenia.
NeuroImage: Clinical, 17, 704-716. doi: 10.1016/j.nicl.2017.12.006.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 28 Dec 2020 at 12:50:59, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/50033291720000859


https://doi.org/10.1017/S0033291720000859
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

	Fronto-thalamic structural and effective connectivity and delusions in schizophrenia: a combined DTI/DCM study
	Background
	Methods
	Subjects and procedures
	Image acquisition
	Preprocessing for rsfMRI
	DCM for cross-spectral density
	Preprocessing for DTI and diffusion tensor fitting
	Correlation analyses

	Results
	Spectral DCM
	Predicting diagnostic label based on effective connectivity
	Correlations between effective connectivity and positive/negative psychotic syndrome scores
	DTI analysis and results

	Discussion
	Limitations

	Conclusions
	References


