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The thalamus is known to be impaired in schizophrenia
patients with auditory verbal hallucinations (AVHs).
Abnormal filtering function of the thalamus has been
found in schizophrenia patients with AVHs. However, a
whole-structure approach has commonly been adopted
when investigating thalamic dysconnectivity in patients
with AVHs, and it remains unclear which thalamic nucleus
is the critical structure underlying AVHs. Here, we inves-
tigated voxel-wise resting-state functional connectivity
(rsFC) of the thalamic nucleus in drug-naive patients with
first-episode schizophrenia (FES) with AVHs. In addition,
dynamic causal modeling was applied to compute effective
connectivity and estimate causal relationships that could
explain aberrant rsFC. Compared with the FES patients
without AVH (NAVH) and normal controls, patients with
AVHs had weaker rsFC of the bilateral medial pulvinar
(PuM) nucleus-cerebellum. Moreover, compared with the
normal control group, the AVH and NAVH groups had
significantly stronger rsFC of the bilateral PuM nucleus-
cerebral cortex, as well as weaker rsFC of the right medial
geniculate nucleus-cerebral cortex. Compared with the
NAVH and normal control groups, dynamic causal mod-
eling revealed significantly stronger effective connectivity
from the left PuM nucleus to the right inferior frontal gyrus
in the AVH group. These findings indicate that the critical
structure in the thalamus underlying AVHs is the PuM
nucleus, and provide direct evidence that the cerebello-
thalamo-cortical circuit is associated with AVHs.
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Introduction

Auditory verbal hallucinations (AVHs) are a prominent
symptom of schizophrenia, and affect approximately
60%-80% of patients.! AVHs are defined as hearing and
perceiving voices in the absence of an external auditory
stimulus. Based on the technology of functional magnetic
resonance imaging, recent findings suggested that AVHs
might be traced back to abnormally elevated resting-state
activity in auditory cortex and other language-related
cortex.? Especially, the thalamus is involved in language
production,® a crucial node for brain physiology and part
of functional and structural pathways relevant for schiz-
ophrenia patients with AVHs.”!2

As the filtering information station of the cen-
tral nervous system, the thalamus is characterized by
enhancing certain inputs but suppressing others in schiz-
ophrenia, showing impaired thalamic filtering of external
speech from internal speech.!*!* Previous work has re-
vealed that patients with thalamic damage can experi-
ence hallucinations.!®? The thalamic medial pulvinar
(PuM) nucleus and medial geniculate nucleus (MGN)
have been associated with AVHs.!1122022 In our previous
study, one schizophrenia patient who could voluntarily
control AVHs showed stronger connectivity from the
left PuM nucleus to the left auditory cortex in the AVH
state.!! Hypoactivation of the MGN and PuM nucleus
occurred in poorly performing schizophrenia patients
with AVHs during monitoring of self- and externally-
generated speech.”? Hyperactivation of the thalamus at
rest might inhibit the response to externally-generated
speech. Abnormal glucose metabolism? and iron deposi-
tion?! in the PuM nucleus have also been associated with
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hallucinations. However, the increase in D2 dopamine
receptors (DRD2) in the MGN was found to decrease
thalamo-cortical projections, and antipsychotics were
able modulate the microRNA-processing gene Dgcr8 to
decrease the DRD2 and further alleviate auditory hallu-
cinations.'”” These inconsistent findings mean that it re-
mains unclear which specific thalamic nucleus is involved
in abnormal functional connectivity in AVHs.

Previous studies have indirectly indicated that the thal-
amus is involved in the cerebello-thalamo-cortical circuit,
which might be associated with AVHs, and have suggested
that cerebello-thalamo-cortical connectivity could be a
biomarker of psychosis prediction.*?* Pinheiro et al* re-
viewed and explored the role of the cerebello-thalamo-
cortical circuit in AVHs. Hallucinations occurred
following lesions within a structurally and functionally
connected brain network, including the cerebellum, thal-
amus, and superior temporal gyrus (STG).?* Low fre-
quency repetitive transcranial magnetic stimulation has
been demonstrated to be effective in reducing AVHs
through local inhibitory effects in the temporoparietal
cortex and other connected cortical regions, including
the STG, thalamus, and cerebellum.?” Moreover, the cere-
bellum returns connections to the temporal® and frontal®
lobes via the thalamus.

Resting-state functional connectivity (rsFC) has
been used to analyze abnormal thalamo-cerebellar and
thalamo-cortical connectivity in schizophrenia patients
with AVHs. Weaker rsFC between the thalamus and cer-
ebellum,* and stronger rsFC between the thalamus and
ipsilateral auditory cortex,'! have been reported in schizo-
phrenia patients with AVHs. Although rsFC analysis can
identify altered connections between brain regions, rsFC
does not indicate causal relationships between brain re-
gions. Dynamic causal modeling (DCM) can characterize
the causal relationships and information flow between
brain regions based on rsFC, and has become a pre-
dominant method by which to quantify effective con-
nectivity.’32 Meanwhile, stronger effective connectivity
from the left thalamus to the left auditory cortex has
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been found in patients with AVH.!** Although previous
studies have provided evidence indicative of an abnormal
filtering function of the thalamus in the case of AVHs,
it is still unclear which thalamic nucleus is the critical
structure underlying AVHs. A whole-structure approach
has commonly been adopted when investigating thalamic
dysconnectivity in AVHs.!>333* However, recent human
neuroimaging indicates that there is a thalamic functional
topography,* and this information is missed when using
whole-structure approaches. The anterior nucleus (AN)
and the dorsomedial (DM) nucleus of the thalamus are
known to be impaired in schizophrenia.’* Here, we in-
vestigated (1) voxel-wise rsFC between the thalamic nu-
cleus (PuM nucleus, MGN, AN, and DM) and the whole
brain; (2) region of interest (ROI)-wise effective connec-
tivity using DCM analysis, according to the between-
group differences in rsFC of the thalamic nucleus; (3) the
relationship between thalamic connectivity and clinical
measures in patients with AVHs. In this study, we found
altered cerebello-thalamo-cortical connectivity in schizo-
phrenia patients with AVHs.

Methods

Participants

This study randomly recruited 100 drug-naive pa-
tients with first-episode schizophrenia (FES) and 50
age- and sex-matched normal controls (NCs) (Table 1).
Schizophrenia diagnosis by a psychiatric specialist was
made using the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-1V). The ill-
ness duration of all patients was less than 3 years, and
the diapause was less than 6 months. Symptom severity
of schizophrenia was assessed with the Positive and
Negative Syndrome Scale (PANSS). Fifty patients re-
ported experiencing AVHs within the past 4 weeks, most
within the past week, while the other 50 patients reported
no AVH (NAVH) in their lifetime or in the past 4 months.
This was based on the PANSS scores at the time of
screening, as well as detailed information regarding

Table 1. The Demographic and Clinical Data of Schizophrenia Patients, With and Without AVH, and Normal Controls

AVH NAVH NC F/X?/t Values P Values

Age (SD, n = 50) 21.3(7.7) 21.3(7.6) 22.0(7.7) 0.139 871
Sex (M/F, n = 50) 24/26 25/25 24/26 0.053 974
AHRS (SD, n = 50) 23.86 (5.99) — — — —
PANSS (SD) (AVH: n = 33; NAVH: n = 50)

PANSS total 83.3 (14.6) 82.6 (15.9) — 0.204 .839

PANSS positive 20.3(5.4) 19.6 (6.2) — 0.537 .593

PANSS negative 20.8 (4.8) 21.0 (5.6) — -0.128 .899

PANSS general 42.2(7.5) 42.0 (8.6) . 0.077 939

PANSS hallucinations 4.1(1.5) 2.4 (1.6) — 4.073 .0002

PANSS delusions 4.7(1.4) 3.8(1.7) — 1.966 .056

Note: AHRS, auditory hallucination rating scale; AVH, auditory verbal hallucination; F, female; M, male; NAVH, without auditory
verbal hallucination; NC, normal control; PANSS, positive and negative syndrome scale.
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past symptomatology that was acquired in patient inter-
views and examination of the patients’ medical records.
The severity of AVHs was assessed using the Auditory
Hallucination Rating Scale (AHRS). Eleven patients re-
ported that the voices appeared at least once a week; the
other 39 patients reported hearing these voices at least
once a day. Twelve patients reported that the voices con-
tinued for several seconds at a time; 26 patients reported
voices lasting several minutes; 5 patients reported voices
lasting more than an hour; and 7 patients reported that
the voices could continue for several hours at a time. We
collected PANSS data for 33 of the AVH patients and for
all NAVH patients, and collected AHRS data for all AVH
patients. All participants were right-handed. Exclusion
criteria for all participants were as follows: (1) contraindi-
cations for MRI, (2) alcohol or drug abuse, and (3) se-
vere physical disability and traumatic head injuries. NCs
had no history of neurological or psychiatric illness. All
subjects gave the informed consent, and this study was
approved by the Ethics Committee of the First Affiliated
Hospital of Zhengzhou University.

Data Acquisition

All subjects were scanned using a 3.0 T MRI scanner
(Discovery MR750, GE, USA) with an 8-channel re-
ceiver array head coil. Head motion and scanner noise
were reduced using foam paddings and earplugs. All par-
ticipants were asked to remain alert with their eyes closed.
We collected MRI data from all participants. Structural
images were acquired using a 3D T1 BRAVO sequence
with the following settings: repetition time (TR)/echo
time (TE) = 8.2/3.2 ms, slice number = 188, slice thick-
ness = 1 mm, slice gap = 0 mm, flip angle = 12°, field of
view (FOV) = 25.6 X 25.6 cm?, number of averages = 1,
matrix size = 256 x 256, voxel size =1 X 1 X 1 mm?, scan
time = 4.33 min. Functional images were acquired trans-
versely with gradient spin echo planar imaging sequence
with the following settings: TR/TE = 2000/30 ms, slice
number = 32, slice thickness =4 mm, slice gap = 0.5 mm, flip
angle = 90°, FOV = 22 x 22 ¢cm?, number of averages = 1,
matrix size = 64 X 64, voxel size = 3.4375 x 3.4375 x 4 mm?.
A total of 180 volumes were collected, resulting in a total
scan time of 6 min. The patients in the AVH group reported
that they experienced no hallucinations during scanning.

Data Processing

Data preprocessing information is provided in the
Supplementary materials. The seeds for the PuM nucleus,
MGN, AD, and MD of the bilateral thalami were selected
using the automated anatomical labeling 3 (AAL3) tem-
plate® to calculate rsFC (figure 1A and Supplementary
figure 1A). For each individual subject, a seed-to-voxel
rsFC analysis was carried out to compute the correlation
maps between the seed and voxel at resting-state, using
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movement parameters, white matter, and cerebrospinal
fluid signals as nuisance regressors. The global signal was
not regressed out as has been recently suggested when
processing functional data from patients with schizo-
phrenia.** After that, Z-transformed connectivity maps
were obtained and compared between groups using
one-way analysis of variance (ANOVA), with age, sex,
and mean framewise displacement (FD) as covariates.
Then, post hoc comparisons using Bonferroni’s test
were performed, and pair-wise different Z-value maps
corresponding to between-group rsFC differences were
computed. The statistically significant threshold was set
at voxel-wise P < .001, cluster-wise P < .05, and the min-
imum cluster size of 37 voxels after Gaussian random
field (GRF) correction.

To evaluate the relationship between one altered rsFC
and another altered rsFC, the correlation analysis was
also calculated for all participants and each group. Given
that we identified 5 significantly altered connections,
Bonferroni’s test was used to correct for multiple com-
parisons to find significant correlations in (5 X 5 — 5) +
2 = 10 connections.

Dynamic Causal Modeling

The spectral DCM analyses were performed using
DCM12, which is based on SPM12. According to the
between-group differences in rsFC of the thalamic nu-
cleus (PuM nucleus or MGN), we selected eight areas as
ROlIs, including the bilateral PuM nuclei, right MGN, left
middle temporal gyrus (MTG), right STG, right inferior
frontal gyrus (IFG), left cerebellum VIII, and left cere-
bellum crus II (figures 1 and 2). Time series were extracted
from the eight ROIs. First, a general linear model was set
up in SPM12 with cosine basis functions from 1/128 Hz
to 0.1 Hz as effects of interest, and movement param-
eters, white matter signals, and cerebrospinal fluid signals
as nuisance regressors.*'*! The full model was constructed
with the eight ROIs as nodes. Bilateral connections be-
tween nodes were made, which resulted in 64 connections,
including the self-connection of each node (figure 2). We
only report connection coefficients with a posterior prob-
ability >.95. The connection coefficients for each group
were assessed using one-sample Wilcoxon-Signed-Rank
test and compared with the value 0, whereby an index
value of significantly <0 indicates negative effective con-
nectivity and an index value of significantly >0 indicates
positive effective connectivity. To determine if there were
significant between-group differences in the connection
coefficients, we performed Kruskal-Wallis’ H test, then
Dunn’s test as the post hoc test.

Correlation Analysis

To investigate the relationship between altered connec-
tivity and symptom severity, we performed correlation
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Fig. 1. Resting-state functional connectivity of the PuM nucleuss/MGN. (A) Regions of interest (ROIs) selection. (B-G) Compared with
normal controls (NCs), schizophrenia patients with auditory verbal hallucinations (AVHs), and without auditory verbal hallucination
(NAVH), had significantly stronger resting-state functional connectivity (rsFC) of the left medial pulvinar (LPuM) nucleus-left middle
temporal gyrus (LMTG), and right PuM (RPuM) nucleus-right inferior frontal gyrus (RIFG), and weaker rsFC of the right medial
geniculate nucleus (RMGN)-right superior temporal gyrus (RSTG). (H-K) Moreover, compared with the NAVH and NC groups, the
AVH group had significantly weaker rsFC of the LPuM nucleus-left cerebellum VIII (LCereVIII) and RPuM nucleus-left cerebellum
crus IT (LCeCrII). (L) Correlation matrix between the rsFC of the thalamic nucleus-cerebral cortex and the thalamic nucleus-cerebellum.

**p<.01, ***P<.001.

analysis between significant rsFC and effective connec-
tivity with clinical measures in the AVH and NAVH
groups. Multiple comparisons were corrected using the
Bonferroni method (P < .05/50 = .001).

Results

Demographic and Clinical Data

No significant between-group difference in age or sex
were found, and no significant between-group difference
in PANSS total, positive, negative, general, or delusion
scores between the AVH and NAVH groups, except for
hallucination scores (Table 1).

Resting-State Functional Connectivity of the
Thalamic Nucleus

The one-way ANOVA revealed significant between-group
differences in rsFC of the left PuM nucleus-left MTG
(figure 1B), right MGN-right STG (figure 1D), and right

PuM nucleus-right IFG (figure 1F) (voxel level P < .001,
cluster level P < .05, GRF-corrected; Table 2). We ex-
tracted the rsFC values of the above connections for each
group, and performed a one-way ANOVA followed by post
hoc comparisons using Bonferroni’s test. Compared with
the NC group, both the AVH and NAVH groups showed
significantly stronger rsFC of the left PuM nucleus-
left MTG (figure 1C) and right PuM nucleus-right IFG
(figure 1G), as well as weaker rsFC of the right MGN-
right STG (figure 1E) (P < .001, Bonferroni-corrected).
The rsFC of the left PuM nucleus-left MTG showed a
trend towards a correlation with the AHRS scores in the
AVH group (r = 0.266; P = .062). The rsFC of the right
PuM nucleus-right IFG was positively correlated with
the severity of positive symptoms in the NAVH group
(r = 0.317; P = .025). However, this significance did not
remain after Bonferroni correction (P < .05/50 = .001).
Moreover, compared with the NAVH group, the AVH
group had weaker rsFC of the left PuM nucleus-left cere-
bellum VIII and right PuM nucleus-left cerebellum crus 11
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(voxel level P < .001, cluster level P < .05, GRF-corrected;
Table 2, figure 1H and J). We also extracted the rsFC values
of the above connections for each group and performed a
one-way ANOVA followed by post hoc comparisons with
Bonferroni’s test. Compared with the NAVH (P < .001,
Bonferroni-corrected)and NC (P <.01, Bonferroni-corrected)
groups, the AVH group showed significantly weaker rsFC of
the left PuM nucleus-left cerebellum VIII (figure 11) and right
PuM nucleus-left cerebellum crus II (figure 1K).

We found some significant correlations between above
connections in each group (Supplementary tables 1-3)
and across all participants (Supplementary table 4,
figure 1L). For example, the connection of the left PuM
nucleus-left cerebellum VIII was significantly correlated
with the connection of the left PuM nucleus-left MTG

Fig. 2. The full model was investigated using dynamic causal
modeling. DCM, dynamic causal modeling; LCereVIII, left
cerebellum VIII; LCeCrll, left cerebellum crus II; LM TG, left
middle temporal gyrus; LPuM, left medial pulvinar; RIFG, right
inferior frontal gyrus; RMGN, right medial geniculate nucleus;
RPuM, right medial pulvinar; RSTG, right superior temporal

gyrus.

within each group. Slight differences were existed among
three groups. In general, the AVH group showed weaker
correlations between connections.

We found stronger and weaker rsFC of the AN or DM
nucleus with the cerebral cortex and subcortex in the
AVH and NAVH groups compared with that in the NC
group, but no significant difference for the AN or DM nu-
cleus connectivity between the AVH and NAVH groups
(Supplementary materials, Supplementary table 5, and
Supplementary figure 1).

Effective Connectivity of the Thalamic Nucleus

The full model analyzed in this study is shown in
figure 2, and the effective connectivity values are shown
in Supplementary table 6. In the single-group analysis
(one-sample Wilcoxon-Signed-Rank test), we found sig-
nificant strong negative effective connectivity for the
self-connection of each node and other positive/neg-
ative effective connectivity (figure 3) for each group
(Supplementary materials, Supplementary table 6).

The between-group comparisons (Kruskal-Wallis’ H
test) showed significant between-group differences in effec-
tive connectivity from the left PuM nucleus to the right IFG,
from the left PuM nucleus to the left cerebellum crus 11, and
from the left cerebellum crus II to the right MGN (P = .004;
P =.039; P = .017). Dunn’s post hoc test revealed signifi-
cantly stronger effective connectivity from the left PuM nu-
cleus to the right IFG in the AVH group, compared with the
NAVH and NC groups (P = .025; P = .007), and weaker
effective connectivity from the left PuM nucleus to the left
cerebellum crus II, and from the left cerebellum crus II to
the right MGN, in the NAVH group compared with the NC
group (P = .034; P = .020; figure 3). No significant corre-
lation was found between altered effective connectivity and
symptom severity in the AVH or NAVH groups.

Discussion

In this study, we characterized rsFC and effective con-
nectivity of the thalamic nucleus, and found that the

Table 2. Between-Group Differences in the Resting-State Functional Connectivity of the PuM Nucleus or MGN

Peak MNI Coordinate

Between-group Differences Regions Cluster Size (Voxels) X Y Z Peak F/Z Values
AVH/NAVH > NC LPuM-RMTG 125 -39 —60 18 13.158
RPuM-RIFG 131 42 6 21 13.243
AVH/NAVH < NC RMGN-RSTG 75 48 =30 18 13.690
AVH < NAVH LPuM-LCereVIII 73 =27 —54 —42 —4.664
RPuM-LCeCrIl 75 -33 =72 -36 —4.100

Note: AVH, auditory verbal hallucination; LCeCrlI, left cerebellum crus II; LCereVIIL, left cerebellum VIII; LMTG, left middle tem-
poral gyrus; LPuM, left medial pulvinar; MNI, Montreal Neurological Institute; NAVH, without auditory verbal hallucination; NC,
normal control; RIFG, right inferior frontal gyrus; RMGN, right medial geniculate nucleus; RPuM, right medial pulvinar; RSTG, right

superior temporal gyrus.

1340


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab142#supplementary-data

Positive EC
aemIE— —-—» Negative EC
-
Pt -2 -=-+No EC g
R Rotad -7
0 Pavad e

’

\,

\- 1 ,'/ ,’, /,/
| S0 70
7
\ e

Thalamic Nucleus and Auditory Verbal Hallucination

-
g~ SR, T~ e o ————— P -
‘7 Rt - . L > s Lem Tl
/,/ '//' ‘/z” ————— // e ,’, ______ bt - "/‘ _____

,/' oLy T T ’ L7 - ’ PR VL 3
DO Pl NS SR 07 ’ - 1

I,_ /,, ] , ,, II , - £ , R4 < h
[/ 7 (LPuM A e £ (LPuM K ;
; AR /'n , ’ i oy 0 I'l
2/ 1 ’ 1 4 !

1 A ]

\ [

| .7
1
1 , ., S
’ N i ’ /,/ /7,
. | , .
S . R4 L A %
. . . " ,
)R e \ . /, 7,
. . b . e vl pots
- ’ - ’ )
/e R e - ) T
S P a - 7 OOy
K - - v
LCeCrll}— -~ LCeCrll LCeCrll) - -
- b

NAVH

Fig. 3. The DCM model at the group level. The solid and long-dash dotted lines represent significant nonzero values revealed from
single-group analysis. The solid lines represent significant positive effective connectivity, and the long-dash dotted lines represent
significant negative effective connectivity. The dash lines indicate that the connectivity value was not a significant nonzero value. The bold
lines indicate significant differences between groups. AVH, auditory verbal hallucination; DCM, dynamic causal modeling; LCereVIII,
left cerebellum VIII; LCeCrll, left cerebellum crus II; LM TG, left middle temporal gyrus; LPuM, left medial pulvinar; NAVH, without
auditory verbal hallucination; NC, normal control; RIFG, right inferior frontal gyrus; RMGN, right medial geniculate nucleus; RPuM,

right medial pulvinar; RSTG, right superior temporal gyrus.

critical structure in the thalamus underlying AVHs was
the PuM nucleus. Our results also showed aberrant
cerebello-thalamo-cortical connectivity in FES patients
with AVHs. Compared with the NAVH and NC groups,
the AVH group showed significantly weaker rsFC of the
left PuM nucleus-left cerebellum VIII and right PuM
nucleus-left cerebellum crus II. Compared with the NC
group, both the AVH and NAVH groups showed signif-
icantly stronger rsFC of the left PuM nucleus-left MTG
and right PuM nucleus-right IFG, as well as weaker rsFC
of the right MGN-right STG. Significantly stronger ef-
fective connectivity from the left PuM nucleus to the
right IFG was found in the AVH group compared with
the NAVH and NC groups.

These findings indicate that abnormal thalamic con-
nectivity was mainly found in the PuM nucleus and
partly in the MGN in patients with AVHs. More studies
have linked AVHs to the PuM nucleus,'?*?' rather than
the MGN.!? The pulvinar nucleus is closely related to the
visual system, as well as the auditory system.* Indeed,
the pulvinar nucleus is densely connected to cortical areas
involved in multisensory perception. In terms of the an-
atomical structure, the inferior, lateral, and medial parts
of the pulvinar nucleus are all densely connected with the
visual system, and the inferior and medial parts of the
pulvinar nucleus are also connected with the auditory
system; in terms of its functional role, the inferior, lateral,
and medial parts of the pulvinar nucleus are all heavily
involved in processing auditory and visual information.*
Qin and Yu* have also reported that the pulvinar nucleus
is a multimodal thalamic nucleus.

We found stronger connectivity from the PuM nucleus
to the IFG in patients with AVHs. The abnormal activity
of the pulvinar nucleus might impair speech selection and

filtering in patients with AVHs. Lesions of the pulvinar
nucleus have been reported to lead disruption in speech
selection.!® Froesel et al** proposed several roles of the
pulvinar nucleus, including sensory attention, selection,
distractor filtering, and perception. Moreover, we found
weaker connectivity between the PuM nucleus and cere-
bellum in patients with AVHs. The connection from the
cerebellum to the thalamus reportedly affects the compar-
ison of expected and actual sensory feedback.? Stronger
brain activity of the bilateral PuM nuclei has been
found in the AVH state in the schizophrenia patient with
AVHs.!!" However, hypoactivation of the PuM nucleus
has been reported in schizophrenia patients with AVHs
during monitoring of self- and externally-generated
speech.?? These findings also highlight the gateway func-
tion of the pulvinar nucleus, whereby hyperactivation
of the PuM nucleus at rest might inhibit activation for
externally-generated speech.

Our findings directly indicated aberrant cerebello-
thalamo-cortical connectivity in FES patients with AVHs.
Our findings offer direct support for the hypothesis that
the cerebello-thalamo-cortical circuit is associated with
AVHs, and support the forward model of AVHs* that
erratic prediction of sensory consequences in voice and
sound production is linked to an aberrant cerebello-
thalamo-cortical circuit. Others have also proposed that
AVHs result from mechanistic changes in the forward
model of the motor system.* Voice perception is thought
to engage an internal forward model that generates predic-
tions, and voice-selective prediction alterations have been
found in nonclinical voice hearers.* The forward model
predicts the sensory consequences of an action given the
current state and motor command.* When preparing for
or imaging speaking, the cerebellum receives inputs from
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the cortex, which is thought to perform the predictive
computation that underlies the forward model.¥ When
speaking, the auditory system relies on sensory feedback
to identify one’s own and others’ voices. The comparison
of expected and actual sensory feedback is thought to be
processed in the cerebellum via the thalamus.*® Pinheiro
et al® proposed that cerebellar circuitry might play a cen-
tral role in the forward model, and error signals following
altered sensory feedback may allow the cerebellum to
issue a feedback command via the thalamus to premotor
areas, resulting in decreased sensory suppression and in-
creased attention to self-generated feedback. Defective
self-monitoring during identifying the source of one’s
own or others’ speech has been proposed in AVHs,*
which is also associated with abnormal activation of
the thalamus.?? Therefore, the above hypotheses partly
involve the filtering function of the thalamus that also
supports the resting-state hypothesis of AVHs. Northoff
and Qin® proposed a resting-state hypothesis of AVHs,
and indicated that since the internally auditory stimulus
was derived from memory-based auditory experiences of
previous external stimuli, hyperactivity of the default-
mode network in AVHs might modulate auditory cortex
activity and result in the internally-generated auditory
stimulus being treated as an externally-generated one.

We found that the rsFC and effective connectivity
might be independent and complementary measures of
connections. On the one hand, rsFC is the consistency
of temporal activity between two different brain re-
gions, and effective connectivity is the effect of one brain
area on another. Therefore, there can be rsFC between
two brain regions, not necessarily effective connectivity.
Similarly, when rsFC is abnormal, effective connectivity
is not necessarily abnormal, which might explain why sig-
nificantly different rsFC was not directly related to effec-
tive connectivity in this study. On the other hand, effective
connectivity could be simply considered as functional
connectivity with directional information, and we can
use abnormal rsFC as the research hypothesis of effective
connectivity. Therefore, we combined these two types of
connectivity and found that the two measures were com-
plementary. Weaker rsFC of the left PuM nucleus-left
cerebellum VIII might be caused by negative informa-
tion flow from the left cerebellum VIII to the left PuM,
and stronger rsFC of the right PuM-right IFG might be
modulated by the left PuM in the AVH group. Negative
effective connectivity with the left MTG disappeared
and the left PuM was activated in the AVH group, which
might explain the stronger rsFC of the left PuM nucleus-
left MTG. The connections between the right MGN and
right STG seem be modulated by the cerebellum crus 11
in the NC group, but not in the AVH or NAVH groups,
which explain the weaker rsFC of the right MGN-right
STG in the AVH and NAVH groups. Rehme et al* also
found strong interactions between the two connectivity
analyses.
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In conclusion, our findings indicate that the critical
structure in the thalamus underlying AVHs is the PuM
nucleus, and provide direct evidence that the cerebello-
thalamo-cortical circuit is associated with AVHs.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin online.
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