
NeuroImage: Clinical 6 (2014) 171–179

Contents lists available at ScienceDirect

NeuroImage: Clinical

j ourna l homepage: www.e lsev ie r .com/ locate /yn ic l

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Abnormal synchrony and effective connectivity in patients with
schizophrenia and auditory hallucinations
Maria de la Iglesia-Vayaa,b,c,k,⁎,1, Maria José Escartíc,e,1, Jose Molina-Mateod,1, Luis Martí-Bonmatíf,k,
Marien Gadeac,g, Francisco Xavier Castellanosh,l, Eduardo J. Aguilar García-Iturrospec,e, Montserrat Roblesi,
Bharat B. Biswalj, Julio Sanjuanc,e

aCentre of Excellence in Biomedical Image (CEIB), Regional Ministry of Health in the Valencia Region (CS), C./Micer Masco nº 31-33, Valencia 46010, Spain
bBrain Connectivity Lab, Prince Felipe Research Centre (CIPF), C./Eduardo Primo Yúfera (Científic), nº 3, Valencia 46012, Spain
cCentro de Investigación Biomédica en Red de Salud Mental (CIBERSAM), ISC III. Avda. Blasco Ibáñez 15, Valencia 46010, Spain
dCentre for Biomaterials and Tissue Engineering, Universidad Politécnica de Valencia, Valencia, Spain
eDepartment of Psychiatry, Clinic Hospital, Avda. Blasco Ibáñez, 17, Valencia 46010, Spain
fDepartment of Radiology, Faculty of Medicine of Valencia, Avda. Blasco Ibáñez, 15, Valencia 46010, Spain
gDepartment of Psychobiology, Faculty of Psychology. University of Valencia, Avda. Blasco Ibáñez, 21, Valencia 46010, Spain
hNathan Kline Institute for Psychiatric Research, Orangeburg, NY, USA
iInstituto de Aplicaciones de las Tecnologías de la Información y de las Comunicaciones Avanzadas (ITACA), Universidad Politécnica de Valencia, Camino de Vera, s/n 46022, Valencia, Spain
jDepartment of Radiology, University of Medicine and Dentistry of New Jersey, Newark, NJ, USA
kGIBI230 (Grupo de Investigación Biomédica en Imagen, CIBER-BBN), Instituto de Investigación Sanitaria (IIS), Spain
lNYU Langone Medical Center, New York, NY, USA
Abbreviations:AH,auditoryhallucinations;CCTC,cortic
andNegativeSyndromeScale; PSYRATS,PsychoticSympto
ygenation level dependent;MVAR,multivariate autoregre
⁎ Corresponding author.

E-mail address:miglesia@cipf.es, delaiglesia_mar@gva
luis.marti@uv.es (L. Martí-Bonmatí), marien_gadea@uv.es
mrobles@fis.upv.es (M. Robles), bbiswal@gmail.com (B.B. B

1 These authors have contributed equally to this work.

http://dx.doi.org/10.1016/j.nicl.2014.08.027
2213-1582/© 2014 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 March 2014
Received in revised form 27 August 2014
Accepted 31 August 2014
Available online 4 September 2014

Keywords:
Schizophrenia
Auditory hallucinations
Functional connectivity
Cerebellum
Synchrony
Effective connectivity
Auditory hallucinations (AH) are themost frequent positive symptoms inpatientswith schizophrenia. Hallucina-
tions have been related to emotional processing disturbances, altered functional connectivity and effective con-
nectivity deficits. Previously, we observed that, compared to healthy controls, the limbic network responses of
patients with auditory hallucinations differed when the subjects were listening to emotionally charged words.
We aimed to compare the synchrony patterns and effective connectivity of task-related networks between
schizophrenia patients with and without AH and healthy controls.
Schizophrenia patients with AH (n = 27) and without AH (n = 14) were compared with healthy participants
(n = 31). We examined functional connectivity by analyzing correlations and cross-correlations among previ-
ously detected independent component analysis time courses. Granger causality was used to infer the informa-
tion flow direction in the brain regions.
The results demonstrate that thepatterns of cortico-cortical functional synchronydifferentiated the patientswith
AH from the patients without AH and from the healthy participants. Additionally, Granger-causal relationships
between the networks clearly differentiated the groups. In the patients with AH, the principal causal source
was an occipital–cerebellar component, versus a temporal component in the patientswithoutAHand the healthy
controls.
These data indicate that an anomalous process of neural connectivity exists when patients with AH process emo-
tional auditory stimuli. Additionally, a central role is suggested for the cerebellum inprocessing emotional stimuli
in patients with persistent AH.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
o-cerebellar–thalamic–cortical;MRI, functionalmagneticresonance imaging;BPRS,BriefPsychiatricRatingScale;PANSS,Positive
mRatingScale; ICA, independent componentanalysis; ICA-TC, ICA-timecourse;SPM,statisticalparametricmaps;BOLD,bloodox-
ssion; CoI, component of interest; GCCA,Granger causal connectivity analysis.
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1. Introduction

Increasingly, it is hypothesized that schizophrenia reflects subtle
connectivity dysfunction (Pettersson-Yeo et al., 2011). Converging
neurophysiological and neuroimaging data have documented widely
distributed abnormalities in brain activity and functional connectivity
(Buckholtz and Meyer-Lindenberg, 2012; Friston and Frith, 1995;
Pettersson-Yeo et al., 2011; Stephan et al., 2006), validating the over-
arching disconnection hypothesis of schizophrenia (Andreasen et al.,
1998). In terms of the structural aspects, a qualitative review (Kubicki
et al., 2005) and a quantitative meta-analysis (Ellison-Wright and
Bullmore, 2009) have documented widespread reductions in white
matter fractional anisotropy in chronic schizophrenia, which have also
been observed in first-episode patients (Friedman et al., 2008). An
abnormal white matter ultrastructure likely underlies abnormal coop-
eration among brain networks (Calhoun et al., 2009). After finding
abnormal functional connectivity between the frontal and temporal re-
gions, Friston and Frith (1995) proposed fronto-temporal disconnection
as a key neurobiological feature of schizophrenia. The term “disconnec-
tion” connotes reduced connectivity. “Dysconnectivity” has been intro-
duced to refer to abnormal integration between anatomically distinct
brain regions (Stephan et al., 2006, 2009). Andreasen et al. (1998) sug-
gested that disruption of the cortico-cerebellar–thalamic–cortical
(CCTC) circuits underlies the deterioration in neural synchrony, with
improper coordination of the mental processes leading to “cognitive
dysmetria.” Abnormal neural synchrony (Ford et al., 2007) is hypothe-
sized to be one of the main causes of cognitive dysfunction in schizo-
phrenia. A recent review (Uhlhaas and Singer, 2010) concluded that
altered neural oscillations and synchrony are crucial elements in the
pathophysiology of schizophrenia. This conclusion was based on aber-
rant connectivity and synchrony findings in patientswith schizophrenia
(Friston and Frith, 1995; Garrity et al., 2007; Jafri et al., 2008; Kim et al.,
2008), as well as differences in effective connectivity in schizophrenia
patients compared to controls (Demirci et al., 2008; Diaconescu et al.,
2011; Kim et al., 2008). The dysconnectivity hypothesis has been ex-
tended to explain specific symptoms in schizophrenia, particularly audi-
tory hallucinations (AH) (Rish et al., 2013) and visual hallucinations and
AH in findings by Amad et al. (2014).

AH are a hallmark of the psychotic experience. Neuroimaging stud-
ies have found abnormal activation in patients with AH, particularly in
cortical regions of language processing (Allen et al., 2008). Several stud-
ies have shown abnormal structural and functional connectivity in pa-
tients with AH (Benetti et al., 2013; Mechelli et al., 2007).

Most studies have found reduced functional connectivity between the
temporal, limbic and frontal areas (Hoffman et al., 2011; Vercammen
et al., 2010). Few studies (e.g., Mechelli et al., 2007) have analyzed syn-
chrony and effective connectivity in a group of patients with schizophre-
nia and AH.

Emotional processing disturbances have been related to the origina-
tion of AH (Sanjuán et al., 2006; Aleman and Larøi, 2008). Our group has
focused on understanding emotional processing in patients with AH. In
a previous study, we obtained evidence of enhanced activation of the
limbic and frontal brain areas in a small group of patients with persis-
tent AH engaged in passively listening to emotional words (Sanjuán
et al., 2007). These results implicated circuits subserving the processing
of emotional stimuli as a neural substrate of AH. In a subsequent work,
we studied functional connectivity in response to an emotional auditory
paradigm in patients with AH by conducting independent component
analyses (ICA) (Escartí et al., 2010). Using this approach, the activated
areas could be obtained by selecting the ICA components related to
the emotional auditory paradigm. Functional connectivity is then char-
acterized by detecting statistical dependencies among the time courses
of the areas activated in response to the auditory emotional stimuli
(Escartí et al., 2010). In addition to the temporal, frontal and parietal
networks detected in all subjects, in the schizophrenia patients with
AH, we observed a specific pattern of functional connectivity involving
activation of the limbic structures (predominantly the amygdala and
parahippocampal gyrus). We used an emotional auditory task in this
work to analyze the synchrony patterns and Granger-causal relationships
to study effective connectivity and to determine which brain regions di-
rectly influence other brain regions. We predicted the following results:
compared to the controls and schizophrenia patients without AH, the
schizophrenia patients with AH would 1) have abnormal synchrony be-
tween the detected networks and concrete abnormalities in the frontal
cortex compared with the other brain regions and 2) have different
Granger-causal interactions between the frontal, parietal, temporal, lim-
bic and cerebellar networks.

2. Materials and methods

2.1. Participants

A total of 41 male patients with schizophrenia (27 with chronic AH
and 14 without AH) were recruited. All patients fulfilled the DSM-IV
diagnostic criteria for schizophrenia. The patients with chronic AH
fulfilled the following selection criteria for persistent hallucinations
(Sanjuán et al., 2007): (a) they heard voices thatwere resistant to treat-
ment for at least 1 year; (b) the voices were present at least once a day
during the last year; and (c) at least two antipsychotic drugs had been
tried in the last year at doses equivalent to at least 600mg/day of chlor-
promazine. Patients with a history of traumatic brain injury, epilepsy or
other neurological or psychiatric history were excluded. All patients
were being treated with stable doses of antipsychotic medication. The
patients were clinically assessed with the Positive and Negative Syn-
drome Scale (PANSS) (Kay et al., 1987), the Brief Psychiatric Rating
Scale (BPRS) (Ventura et al., 1993) and the Psychotic Symptom Rating
Scale (PSYRATS) for AH (Haddock et al., 1999) in the 24 h prior to
scanning.

A group of 31 healthy male subjects was selected as the control
group. The participants were male, right handed (as assessed with the
Edinburgh Questionnaire, Oldfield, 1971) and Caucasian, and they pro-
vided written informed consent to participate in the experiment. The
study was approved by the local institutional ethics committee.

The healthy controls and patients did not differ significantly in terms
of sex, laterality, or ethnicity. The groups differed significantly in educa-
tional level, with a greater proportion of individuals with university and
high school diplomas (or equivalence) in the control group, as ex-
pected. Table 1 shows the demographic and clinical characteristics
of all participants.

2.2. Functional imaging

2.2.1. Data acquisition
A 1.5 Tesla scanner (Philips Medical Systems) was used to acquire

BOLD contrasts during a stimulation paradigm (Escartí et al., 2010;
Sanjuán et al., 2005). An emotional auditory paradigm was designed
to evoke emotions related to the patients3 hallucinatory experiences
(Supplementary material 1). The participants were binaurally stimulat-
ed during two different sessions. The activation blocks in one session
consisted of 13 Spanish words with high emotional content. The other
session had activation blocks containing 13 words with neutral or low
emotional content. Four blocks of stimuli (20 s each) were interleaved
with four blocks of rest of 20 s each. The subjects were informed before
the test regarding the two types of words they were going to hear and
were asked to focus their attention on these words.

2.2.2. Data analysis
Pre-processing of the functional data was performed using SPM

(http://www.fil.ion.ucl.ac.uk/spm) (Supplementary material 2). The
ICA analysis was performed using the Group ICA approach fMRI Toolbox
(GIFT, http://www.icatb.sourceforge.net). Components of interest (CoI)
were selected (in terms of the individual beta values related to the

http://www.fil.ion.ucl.ac.uk/spm
http://www.icatb.sourceforge.net


Table 1
Demographic and clinical characteristics of patients and control samples.

Controls (n = 31) Hallucinators (n = 27) Non-hallucinators (n = 14) p

Age (years) 31.34 ± 10.52 39.15 ± 8.76 42.93 ± 14.76 b 0.002
Duration of illness (years) 15.1 ± 8.1 18.2 ± 11.2 N.S.
Handedness (% right) 100 100 100
PANSSa 65.33 ± 17.83 53.71 ± 11.68 b 0.021
BPRSb 51.11 ± 10.96 38.86 ± 7.96 b 0.003
PSYRATSc 30.33 ± 4.96 0
Educational level
Elementary school 4 15 7 b 0.003
High school degree equivalent 14 10 4
University 13 2 3
Treatment (type of antipsychotic)
First generation 1 1 N.S.
Second generation 16 8 N.S.
Combined (first and second generation) 10 5 N.S.
Chlorpromazine dose equivalence 792.63 ± 698.80 533.33 ± 410.86 p = 0.145

Data are displayed as mean ± SD.
a Positive and Negative Syndrome Scale.
b Brief Psychiatric Rating Scale.
c Psychotic Symptom Rating Scale.
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emotional task), and the regressors in each component were entered
into a one-sample t-test with a threshold of p b 0.01 (Escartí et al.,
2010). Age was controlled for in a second analysis. A correlation test
was performed to evaluate the relationship between age and the com-
ponents of interest loads. Correlations were not detected.

2.3. Techniques for measuring synchrony

Weused the intra-group ICA time-course (TC) correlation coefficient
matrix obtained for all pair-wise combinations of ICA-TC to examine
functional connectivity across the three groups (Jafri et al., 2008). To ob-
serve the relationships between every CoI pair, we calculated Pearson3s
correlation coefficients (Friston, 1994) (Supplementary material 3).

2.4. Techniques used for causal analysis

The data tool Granger causal connectivity analysis (GCCA) was used
to analyze causality (Seth, 2010). A key challenge when analyzing such
data is to study the causal connectivity using a driven-data methodolo-
gy to studymultivariate time series. This kind ofmethodology combines
graph-theoretic and network-theoretic techniques that allow their
quantitative characterization (Seth, 2005).

2.4.1. Causal flow
Within a given causal network, we defined the causal flow of a node,

“i”, as the difference (weighted or not) between its inflows and out-
flows. A node with positive causal flow exerts strong causal influence
on a dynamic system as a whole. This node is called a causal source. In
contrast, a node with negative causal flow is called a causal sink (Seth
et al., 2011).

2.4.2. Causal density
The causal density of a dynamic system provides an overall measure

of causal interactivity (Seth, 2005). This causal density measure is de-
fined as a causal graph for all pairs of elements in the system. Those in-
teractions that are not significant are assigned zero values, as calculated
by the following expression:

cd Xð Þ ¼ 1
nðn−1Þ∑i≠j

FXi→XjjXjijj
ð1Þ

where X[ij] is a X subsystemomitting variablesXi andXj. This value could
be calculated between 0 and 1 and is based on causal density, in which
all significant interactions are assigned the value 1. Causal density
measures dynamic complexity because it reflects the complexity of
integration and the coexistence of dynamic segregation (Sporns, 2007).
High causal density indicates which system elements are globally coordi-
nated in their activities. It facilitates the prediction of the influence of a
node on the graph. However, the elements are dynamically different;
therefore, diverse elements contribute in a different manner.

2.4.3. Unit causal density
The unit causal density cdn (i) of a node “i” is a value related to the

causal interaction of that node i normalized by the number of nodes. A
systemwith n-nodes has n elements with n-cdn values, is an unweight-
ed version and is calculated by assigning all significant interactions the
value 1. A node with a high value for cdn could be called a causal hub
of system X.

3. Results

3.1. CoI identified in each group by ICA analysis

As previously reported (Escartí et al., 2010), the following CoI were
identified in the control group: temporal (CE19), fronto-temporo-
parietal (CE18), subcortical–fronto-temporal (CE09) and occipito-
cerebellar (CE04). The following CoI were identified in the patient
group with AH: temporal (HE17), fronto-parietal (HE14), fronto-
temporal (HE11), limbic (parahippocampal–amygdalar) (HE06), and
occipito-cerebellar (HE02). The following CoI were identified in the pa-
tients with schizophrenia but without chronic AH: temporal (NHE19),
fronto-temporal (NHE18), subcortical–temporo-parietal–cerebellar
(NHE13) and fronto-parietal (NHE12).

3.2. Synchrony

Correlation coefficients could be calculated for every pair of CoI. The
possible combinations are shown in Tables 2, 3 and 4.

3.2.1. Control group
As shown in Table 2 and Fig. 1A, higher correlations were found for

the temporal component (CE19), particularly in the relationships to the
subcortical–fronto-temporal (CE09) and occipito-cerebellar (CE04)
components. The minimal correlation value was found in the relation-
ship between the fronto-temporo-parietal (CE18) and subcortical–
fronto-temporal (CE09) components. All the components were highly
correlated with each one another. Fig. 1A shows that the temporal
(CE19) and subcortical–fronto-temporal (CE09) components were
synchronized, whereas the fronto-temporo-parietal (CE18) and
occipito-cerebellar (CE04) components were delayed, compared with



Table 2
Correlation coefficients and significances R (p), for all ICA components observed in the
healthy control group. The table depicts all possible pair-wise correlations for ICA time
courses.

R (p) CE19 CE18 CE09 CE04

CE19 1.00 (0.0000) 0.64 (0.0000) 0.78 (0.0000) 0.84 (0.0000)
CE18 0.64 (0.0000) 1.00 (0.0000) 0.42 (0.0001) 0.50 (0.0000)
CE09 0.78 (0.0000) 0.42 (0.0001) 1.00 (0.0000) 0.50 (0.0000)
CE04 0.84 (0.0000) 0.50 (0.0000) 0.50 (0.0000) 1.00 (0.0000)

Table 4
Correlation coefficients and significances R (p), for all ICA components observed in pa-
tients without AH. The table depicts all possible pair-wise correlations for ICA time
courses.

R (p) NHE19 NHE18 NHE13 NHE12

NHE19 1.00 (0.0000) 0.52 (0.0000) 0.70 (0.0000) 0.68 (0.0000)
NHE18 0.52 (0.0000) 1.00 (0.0000) 0.33 (0.0001) 0.72 (0.0000)
NHE13 0.70 (0.0000) 0.33 (0.0001) 1.00 (0.0000) 0.47 (0.0000)
NHE12 0.68 (0.0000) 0.72 (0.0000) 0.47 (0.0000) 1.00 (0.0000)
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components (CE19, CE09). Fig. 1A (right) depicts the correlation func-
tion calculations for the control group in terms of the phaser graphs. A
phasor is a vector whose modulus is the maximal value of the function.
The lag at which this value is obtained is represented by the means of
the angle between the vector and the horizontal axis.
3.2.2. Patients with chronic AH
As shown in Table 3 and Fig. 1B, we found high correlations among

the temporal (HE17), fronto-parietal (HE14) and fronto-temporal
(HE11) components. Additionally, the limbic (HE06) and occipito-
cerebellar (HE02) components were significantly correlated with
one another; however, they were unrelated to the temporal, fronto-
parietal, and fronto-temporal components (the left side of Fig. 1B).

The cross-correlation function calculations among the patients are
shown in Fig. 1B. The phasers corresponding to the limbic (HE06) and
occipito-cerebellar (HE02) components (the right side of Fig. 1B) showed
large delays compared with the remaining components.
3.2.3. Patients without chronic AH
As shown in Table 4 and Fig. 1C,we found high significant correlations

between the temporal (NHE19), fronto-parietal (NHE12), subcortico-
fronto-temporal–cerebellar (NH13) and fronto-temporal (NHE18) com-
ponents. The right side of Fig. 1C depicts the correlation function calcula-
tions for the patients without AH in terms of the phaser graphs. Fig. 1C
shows that the temporal (NHE19) and fronto-temporal (NHE18) compo-
nents were synchronized, whereas the frontal–parietal (NHE12) and
subcortico-temporo-parietal–cerebellar (NHE13) components were de-
layed compared with the first two components.
3.3. Effective connectivity analysis

3.3.1. Control group
Based on the Granger-causality analysis, the temporal (CE19) and

fronto-temporo-parietal (CE18) componentswere causal sources,where-
as the subcortical–fronto-temporal (CE09) and occipito-cerebellar (CE04)
componentswere causal sinks (Fig. 2A). The analysis of the causal density
units showed that all nodes were highly integrated in the system, with
the temporal (CE19) component being themain causal hub. The temporal
(CE19) component exerted the highest Granger-causality influence on
the remaining system components.
Table 3
Correlation coefficients and significances R (p), for all ICA components observed in pa-
tients with AH. The table depicts all possible pair-wise correlations for ICA time courses.

R (p) HE17 HE14 HE11 HE06 HE02

HE17 1.00 (0.0000) 0.82 (0.0000) 0.61 (0.0000) 0.35 (0.0016) 0.07 (0.5172)
HE14 0.82 (0.0000) 1.00 (0.0000) 0.84 (0.0000) 0.45 (0.0000) 0.39 (0.0003)
HE11 0.61 (0.0000) 0.84 (0.0000) 1.00 (0.0000) 0.33 (0.0029) 0.35 (0.0013)
HE06 0.35 (0.0016) 0.45 (0.0000) 0.33 (0.0029) 1.00 (0.0000) 0.61 (0.0000)
HE02 0.07 (0.5172) 0.39 (0.0003) 0.35 (0.0013) 0.61 (0.0000) 1.00 (0.0000)
3.3.2. Patients with persistent AH
As shown in Fig. 2B, the occipito-cerebellar (HE02) componentwas a

strong causal source, whereas the fronto-parietal (HE14) and limbic
(HE06) componentswere causal sinks. The temporal (HE17) component
was the main causal hub. The graph for the patients with AH shows a
large number of interactions among the components.

3.3.3. Patients without chronic AH
We observed that the temporal component (NHE19) was a causal

source, whereas the fronto-parietal (NHE12) and subcortico-fronto-
temporal–cerebellar (NHE13) components were causal sinks (Fig. 2C).
The temporal (NHE19) component was the main causal hub. The tem-
poral (NHE19) component exerted the highest Granger-causality influ-
ence on the remaining system components.

4. Discussion

In a homogeneous sample of patientswith schizophrenia and persis-
tent AH, we found (1) abnormal synchrony compared to a healthy
control group and to patients with schizophrenia without chronic AH,
specifically between the cerebellum-limbic and frontal–temporal–
parietal networks, as well as (2) a different pattern of effective connec-
tivity between these functional networks while processing emotional
auditory stimuli.

Our finding of aberrant functional connectivity between the net-
works (the frontal–parietal–temporal–limbic–cerebellar areas) in the
patients compared to the controls alignswith reports of reduced frontal
connectivity (Pettersson-Yeo et al., 2011) and disconnections between
the frontal and temporal lobes (Calhoun et al., 2004; Garrity et al.,
2007; Kim et al., 2008). We used the task of passively listening to emo-
tional auditory stimuli, which elicited a different pattern of functional
response between the controls and patients because we only observed
activation in a network comprising subcortical–limbic areas (amygdala
and parahippocampal gyrus) in the patients with AH; these results have
been previously reported and discussed in depth (Escartí et al., 2010).
This analysis showed that the subcortical–limbic network and an
occipito-cerebellum network were more synchronized in the patients
with AH (particularly in the fusiform gyrus, culmen and declive of the
vermis) and desynchronized from the frontal–parietal–temporal areas.

The controls and patients without AH showedmore synchronization
between the networks (frontal–parietal–temporal–limbic–cerebellar
areas) than the patients with AH. Our results align with the most com-
mon finding in the literature, abnormalities in the frontal lobe (Fornito
et al., 2011; Salvador et al., 2010; Zalesky et al., 2010), frontal–temporal
dysconnectivity (Fornito et al., 2011; Zalesky et al., 2010) and prefrontal
regions connections with other brain regions, including the cerebellum
and the parietal and occipital cortices. Additionally, altered regional
connectivity of the parietal, temporal and occipital cortex, as well as
the subcortical nuclei, has been observed (Lynall et al., 2010). It is hy-
pothesized that language dysfunction located in the frontal and tempo-
ral regions and specific dysconnectivity between the two regions play
critical roles in the core pathophysiology of schizophrenia studies, par-
ticularly in studies of auditory verbal hallucinations (Hubl et al., 2004;
Seok et al., 2007; Winder et al., 2007; Wible et al., 2009).



Fig. 1. A. The network correlations in the control group. The results obtained for each pair of components with R N 0.5 (see Table 2). The correlation coefficient values are adjacent to the
edges, and the thicknesses of the edges represent themagnitudes of the correlations (left). A phasorial plot, in whichwe used the CE19 component as a reference and compared its cross-
correlation function (CCF) with those of the remaining components (right). Abbreviations: temporal (CE19), fronto-temporal–parietal (CE18), subcortical–fronto-temporal (CE09),
occipito-cerebellar (CE04). B. The network correlations in the patients with schizophrenia and chronic AH. The results obtained for each pair of components with R N 0.5 (see Table 3).
The correlation coefficient values are adjacent to the edges, and the thicknesses of the edges represent the magnitudes of the correlations (left). A phasorial plot, in which we used the
HE17 component as a reference and compared its CCF with those of the remaining components (right). Abbreviations: temporal (HE17), fronto-parietal (HE14), fronto-temporal
(HE11), limbic (parahippocampal–amygdala) (HE06), and occipito-cerebellar (HE02). C. The network correlations in the patients with schizophrenia andwithout chronic AH. The results
obtained for each pair of components with R N 0.5 (see Table 4). The correlation coefficient values are adjacent to the edges, and the thicknesses of the edges represent the magnitudes of
the correlations (left). A phasorial plot, inwhichwe used theNHE19 component as a reference and compared its CCFwith those of the remaining components (right). Abbreviations: tem-
poral (NHE19), fronto-temporal (NHE18), subcortico-fronto-temporal–cerebellar (NHE13) and fronto-parietal (NHE12).
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Fig. 2. The central upper image represents the G-causality matrix between the ICA time courses, with black indicating a strong presence of a given connection across all profiles and white
indicating that an interaction was never present. The right figure shows the graph representing the causality network at p b 0.01. The vertices represent the CoI, and the edges represent
their causality relationships. The color red indicates bidirectional edges (high interaction), and green indicates unidirectionality. The multivariate Bayesian information criterion was cal-
culated to determine the VAR model order, p (p= 1). A) Control group. Abbreviations: temporal (CE19), fronto-temporo-parietal (CE18), subcortical–fronto-temporal (CE09), occipito-
cerebellar (CE04). B) Patients with schizophrenia andAH. Abbreviations: temporal (HE17), fronto-parietal (HE14), fronto-temporal (HE11), limbic (parahippocampal–amygdala) (HE06),
and occipito-cerebellar (HE02). C) Patients with schizophrenia without auditory hallucinations. Abbreviations: temporal (NHE19), fronto-temporal (NHE18), subcortico-temporo-
cerebellar (NHE13) and fronto-parietal (NHE12).
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Our second finding was that causal interactions between the func-
tional brain networks differed among the three groups. In the control
group and the patient groupwithout AH, we found that themain causal
sourcewas the temporal lobe network component (CE19), which aligns
with previous studies of emotional auditory processing (Phillips et al.,
2003). In the control group, the temporal (CE19) and fronto-temporo-
parietal (CE18) components were causal sources; however, in the group
of patients without AH, only the temporal component (NHE19) was a

image of Fig.�2
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casual source. In the group of patients with AH, the main causal source
was the occipito-cerebellar network component (HE02), despite the pro-
cessing of auditory emotional stimuli by the patients.

The cerebellum plays an important role in supporting brain synchro-
ny. The study of synchrony could inform our understanding of the func-
tional organization of the brain, particularly in task-evoked processes
(Bartels and Zeki, 2005; McKiernan et al., 2003). Our findings support
and extend the findings of numerous studies that have identified similar
regions (cerebellar and limbic) associatedwith emotional deficits in pa-
tients with schizophrenia (Aleman and Kahn, 2005; Andreasen and
Pierson, 2008). Brain synchrony is the basis for communication between
different neural areas. From this perspective, the cerebellum could be
considered to be crucial for synchrony (Picard et al., 2008; Schutter
and VanHonk, 2005). Additionally, the cerebellum is involved in higher
cognitive functions (Schmahmann, 2001; Andreasen and Pierson,
2008). The cerebellar circuits process learning (particularly error-
related), timing and prediction in relation to motor and cognitive infor-
mation (D3Angelo and Casali, 2012). The timing hypothesis postulates
that the cerebellum is critical for representing temporal relationships
among task-relevant events, which is closely related to the concept of
synchrony. In this sense, the cerebellum function is analogous to a
supramodal internal timing unit (such as a metronome) (Ivry et al.,
2002). Hypothetically, when the cerebellar timing function is disrupted,
the information processing stream becomes desynchronized, providing
a nurturing environment for a diverse range of psychopathological con-
ditions (Schutter and Van Honk, 2005). Regarding schizophrenia, the
cerebellum is connected to many regions of the cerebral cortex by the
cortico-cerebellar–thalamic–cortical circuits and might play a crucial
role in this distributed circuit to coordinate or modulate aspects of cor-
tical activity (Picard et al., 2008).

According to the “cognitive dysmetria” or “dysmetria of thought”
models of schizophrenia, aberrant cerebellarmodulation of information
to the cerebral cortex is involved in the pathophysiology of the disorder
(Andreasen et al., 1998; Schmahmann, 1998a). Thisfinding is consistent
with the Daskalakis et al. (2005) study, which preliminarily reported
that, compared with controls, patients with schizophrenia demonstrat-
ed deficits in cerebellar inhibition. Their data are corroborated by our re-
sults demonstrating between-group differences in the causal flow of
information between the cerebellar–occipital component and other re-
gions, with an afferent direction of flow for the controls (Figs. 2A and
2C) and an efferent direction for the patients with AH (Fig. 2B).

There is evidence that neuroanatomical damage to the CCTC could be
the primary pathophysiological alteration in schizophrenia (Konarski
et al., 2005). It is well known that cerebellar abnormalities exist in schizo-
phrenia patients (Andreasen and Pierson, 2008). Our findings suggest
that the functional dysconnectivity of the cerebellum with the cerebrum
predominantly involves the anterior and vermal areas of the cerebellum,
the main areas included in the occipito-cerebellar component in the
group of patients with AH. The vermis has previously been labeled as
the “limbic cerebellum” because the anterior vermis is the principal
cerebellar target of limbic projections (Schmahmann, 2000). Behavioral
studies have supported a relationship between the cerebellar midline
structures and the modulation of emotion (Heath and Harper, 1974;
Stoodley and Schmahmann, 2010), and lesions of the vermis have been
shown to produce affective symptoms ranging from emotional blunting
and depression to disinhibition and psychotic features (Schmahmann
and Sherman, 1998b).

Further evidence implicating cerebellar circuits was presented by
Diederen et al. (2010), who found less activation of the left cerebellum,
right insula and left parahippocampal gyrus in patients with AH. Addi-
tionally, our findings are consistent with the results of Clos et al.
(2014), which showed decreased connectivity in several brain areas in
patients with AH, including between the right cerebellum and left
thalamus.

In this study, we relied on ICA, a driven-data method that could sep-
arate independent spatial–temporal patterns of neural activity from the
fMRI data in a manner that has been helpful in studying intrinsic brain
networks (Damoiseaux et al., 2006). Granger-causality was used to ex-
plore effective connectivity in fMRI data to quantify the strength of in-
teractions between activated brain areas (Goebel et al., 2003; Demirci
et al., 2009; Londei et al., 2007) The ICA and Granger-causality tech-
niques allowed us to analyze the functional and effective connectivities,
respectively. ICA allowed us to select the CoI that were candidates for
the GCCA analysis of their associated time-courses. The main strength
of this methodological framework was the combination of these inde-
pendent techniques, which allowed us to observe whether different
methodswould lead to consistent results andmore reliable conclusions.

This study has several limitations. First, all patients were taking anti-
psychotics at the time of scanning, although we did not find any signif-
icant correlations between the chlorpromazine equivalents and our
imaging measures. Second, our small sample size limited our power to
detect relationships with symptom severity or duration of illness, Our
findings of impaired synchrony should be confirmed in larger samples,
preferably with unmedicated first-episode schizophrenia patients.
Third, the sample of patients without AH (n = 14) is relatively small
compared with the control group (n = 31) and patients with AH
(n=27) groups. Including a subgroup of schizophrenia patients treated
with the identical medications and differing only in the absence of
persistent AH strengthens our confidence in our findings. Fourth, the
application of the Granger-causality method to the fMRI data is some-
what controversial (Friston, 2009; Roebroeck et al., 2009). Specifically,
Granger-causality analysis ignores the influence of other areas when
assessing whether coupling between reference regions A and B is driven
by region C (Gao et al., 2008). Accordingly, we employedGCCA (Geweke,
1984), which is based on a direct expansion of the autoregressive model
to a multivariate general case, including all measured variables.

Patients with schizophrenia and AH exhibit abnormal patterns of
neural synchrony, aswell as different patterns of Granger-causal interac-
tion between functional networks compared with controls and patients
with schizophrenia without AH. The results indicate an anomalous pro-
cess of neural connectivity in the cortico-cerebellar–thalamic–cortical
circuits in patients with AH. A central role for the cerebellum in the path-
ological processing of emotional stimuli by patients with schizophrenic
and persistent AH is suggested, perhaps reflecting deficiencies in
predicting the emotional effect of a given stimuli.
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