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Auditory verbal hallucinations (AVHs) are a core symp-
tom of schizophrenia, and resistant to antipsychotic med-
ication in a substantial proportion of patients. This study 
aimed to investigate the neural correlates of AVHs in 
schizophrenia patients and its response to a modified con-
tinuous theta-burst stimulation (cTBS) by transcranial 
magnetic stimulation. In a cross-sectional experiment, 
resting-state functional magnetic resonance images were 
collected from 31 AVH schizophrenia patients, 26 non-
AVH schizophrenia patients, and 33 sex-/age-matched 
healthy controls (HCs). Functional connectivity strength 
(FCS) maps were compared among groups by 1-way 
analysis of variance (ANOVA). In a longitudinal experi-
ment, 16 and 11 AVH patients received real and sham 
cTBS treatment for 15 days, respectively. Notably, this 
was not a randomized control trail. Changes in AVH 
and FCS were analyzed by 2-way ANOVA and 2-sample 
t-test, respectively. In the cross-sectional experiment, 
comparison of FCS maps identified 8 clusters among 
groups, but only one cluster (in left cerebellum) differed 
significantly in AVH patients compared to both HCs and 
non-AVH patients. In the longitudinal experiment, the 
real cTBS group showed a greater improvement in symp-
toms and a larger FCS decrease in left cerebellum than 
the sham group. Pearson’s correlation analysis indicated 
that baseline FCS of the overlapping cerebellum cluster 
(between the cross-sectional and longitudinal findings) 
was negatively correlated with symptom improvement 
in the real treatment group. These findings emphasize 
the role of the left cerebellum in both the pathophysi-
ology and clinical treatment of AVHs in schizophrenia 
patients.
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Introduction

Auditory verbal hallucinations (AVHs) are a charac-
teristic symptom of schizophrenia, affecting approxi-
mately 60%−80% of patients.1 Although most patients 
are responsive to antipsychotic pharmacotherapy, a sub-
stantial number (~25%) are treatment-resistant and con-
tinue to experience AVHs. Thus, alternative therapies are 
urgently needed to reduce the severity and frequency of 
AVHs experienced by these patients.

AVH refers to the experience of perceiving speech in 
the absence of corresponding external stimuli.2 Despite 
numerous studies using a variety of approaches,3–6 the 
exact mechanisms by which AVHs arise spontaneously 
from intrinsic brain activity remains unclear. To address 
this issue, recent studies have examined the spontane-
ous functional connectivity in schizophrenia patients 
with AVH using resting-state functional magnetic reso-
nance imaging (rs-fMRI).5,7 Such studies have given rise 
to the “resting state hypothesis of AVH,” which posits 
that anomalies in intrinsic brain connectivity and ensu-
ing activity generate AVHs.8 Indeed, compared to schizo-
phrenia patients without AVH (non-AVH), AVH patients 
exhibited distinct intrinsic cortico-subcortical connectiv-
ity patterns9–11 and interhemispheric circuits.12–14 Particular 
attention has been paid to functional connectivity with 
the left temporo-parietal junction (TPJ),13,15,16 because the 
TPJ may be an effective repetitive transcranial magnetic 
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stimulation (rTMS) target for AVH patients.17–19 Local 
activity and global network properties have also been 
investigated by amplitude of low-frequency fluctuations20 
and graph theory.21 To exclude potential confounding 
variables (ie, variations in medication history and sever-
ity of symptoms), the neural correlates of AVH have also 
been examined by comparing nonpsychotic individuals 
with and without AVH.22–24 Such rs-fMRI studies yielded 
useful information to enhance an understanding of the 
neurobiological mechanisms underlying AVH. However, 
most of them were cross-sectional6,25,26 and rarely associ-
ated with novel therapies, such as rTMS.

rTMS is a well-established, noninvasive technique that 
induces long-lasting changes in excitatory and inhibitory 
activity (aftereffects) of the target network depending on 
the frequency and temporal pattern of stimulation. It 
has been applied for the treatment of many neurological 
and psychiatric disorders.27 Hoffman and colleagues28,29 
reported the possible efficacy of inhibitory rTMS on AVH 
in schizophrenia patients, and its frequency protocol (1-Hz 
rTMS over the left TPJ) was adopted in most subsequent 
studies. However, the clinical efficacy of this protocol was 
not consistently supported.30–33 In most of these studies, 
the TPJ was defined according to the international 10/20 
system of electroencephalography electrode placement. 
Given the anatomical variability of the human brain, this 
coarse localization method may prove less accurate and 
efficient than image-based navigation approaches.18,34,35 
Several studies have also tested continuous theta-burst 
stimulation (cTBS) for AVH treatment,36–38 since this 
paradigm exhibited more powerful inhibitory aftereffects 
than 1-Hz rTMS in the motor system.39 However, a ran-
domized trial found that the efficacy of cTBS was not sig-
nificantly higher than placebo treatment.33 This negative 
finding may be attributable to the stimulation parameters, 
which would be improved in the current study by using 
a longer stimulation regimen, precise target localization, 
and an optimized inter-session interval (ISI = 30 min).40

This study compared the resting-state brain function 
of AVH schizophrenia patients, non-AVH schizophrenia 
patients, and healthy controls (HCs) to provide a context 
for a longitudinal rTMS experiment. The researchers 
hypothesized that a modified cTBS protocol, compared to 
sham rTMS, may significantly alleviate AVH symptoms 
by remodeling the abnormal brain function observed in 
the cross-sectional experiment.

Materials and Methods

This study is composed of cross-sectional and longitudinal 
experiments. All participants provided written informed 
consent before experiments. The cross-sectional experiment 
investigated the neural correlates of AVH by comparing 
FCS maps among AVH, non-AVH, and HC participants. 
The longitudinal experiment tested the clinical efficacy of 
a modified rTMS protocol and its underlying neural mech-
anism by rs-fMRI. Finally, a spatial overlap map was pro-
duced, utilizing the fMRI findings of both experiments, to 
evaluate the rTMS mechanism in terms of baseline abnor-
mality (figure 1). Notably, the longitudinal rTMS exper-
iment was not a randomized control trail, although both 
real and sham treatment were performed in this part.

Participants

A total of 57 patients diagnosed with refractory schizo-
phrenia at the Anhui Mental Health Center (Hefei, China) 
were consecutively enrolled in this study (supplemen-
tary tables E1–E3). The study protocol was reviewed and 
approved by the Medical Ethics Committee of Anhui 
Medical University, Hefei, China. All participants satis-
fied the following inclusion criteria: (1) diagnosis of schizo-
phrenia using the Structured Clinical Interview for the 
Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition (SCID-IV), (2) were taking stable doses 
of psychotropic medication for at least 8 weeks before the 
study, and (3) verbal intelligence quotient >85 as measured 

Fig. 1. Experiment design and analytic strategy. Sixteen of 31 AVH patients in the cross-sectional study received real rTMS treatment. 
After rTMS treatment, 11 AVH patients were recruited to represent a control group in the longitudinal study. Notably, their imaging data 
were acquired using different scanners (albeit the same brand) than the other groups. The “overlap” represents a spatial overlap map of 
significant clusters from cross-sectional and longitudinal studies.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
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utilizing a Chinese version of the National Adult Reading 
Test. Exclusion criteria were as follows: (1) history of sig-
nificant head trauma or neurological disorders, (2) alcohol 
or drug abuse, (3) focal brain lesions on T1- or T2-weighted 
fluid-attenuated inversion-recovery magnetic resonance 
images, (4) recent aggression or other forms of behavioral 
dysfunction, (5) head motion exceeding 3 mm in translation 
or 3° in rotation during rs-fMRI scanning, or (6) Hamilton 
Anxiety Rating Scale or Hamilton Depression Rating Scale 
score >7. Patients were further classified into 2 groups: 
those reporting AVHs of spoken speech at least 5 times per 
day during the preceding 8 weeks (AVH group, n = 31) and 
patients who had not experienced AVHs (or olfactory, gus-
tatory, tactile hallucination) since the diagnosis of schizo-
phrenia or within 5 years before scans (non-AVH group, 
n  =  26). The most commonly positive syndromes of the 
non-AVH group were delusional disorder (n = 15), impul-
sion (n = 10), and restlessness (n = 8). All AVH patients 
were refractory, which may be defined as the experience of 
persistent daily hallucinations without remission despite 
antipsychotic medication administered at an adequate dos-
age for at least 12 weeks.

With regard to AVH patients participating in the longi-
tudinal rTMS study, additional exclusion criteria included 
(1) age <18 years, (2) non-removable metal objects in or 
around head, or (3) prior history of seizure or history in 
first degree relatives. Finally, 16 AVH patients provided 
their consent for real rTMS treatment. After the end of the 
rTMS treatment experiment, the researchers realized that 
a sham–control would be necessary to exclude the placebo 
effect of rTMS. According to the primary results of real 
stimulation (see Results), a sample of 7 participants proved 
large enough to identify the treatment effect (alpha = 0.05, 
beta = 0.8). Fortunately, an interim inspection of another 
ongoing study (Randomized Clinical Trail [RCT] number: 
NCT02863094) allowed the researchers to collect data 
from 11 refractory AVH patients (meeting the inclusion 
and exclusion criteria of this study) who had received sham 
rTMS. Thus, their data were utilized in the sham–control 
group in the current study. Thirty-three HCs with no his-
tory of neurological or psychiatric illnesses were randomly 
recruited from the local community. This group exhibited 
no gross abnormalities on brain MR images.

MRI Data Acquisition

Magnetic resonance images were acquired from 2 scan-
ners of the same type (3.0T, Discovery GE750w, General 
Electric). One scanner was used for the sham treatment 
group, and the other for the real treatment group and 
cross-sectional experiment. Details were outlined in sup-
plementary materials.

Neuro-navigated rTMS

The AVH patients made 17 study-related visits to the hos-
pital. On the first and last visits, the researchers acquired 

MRI data and assessed neuropsychological conditions 
and clinical symptoms. From the 2nd to 16th day, par-
ticipants received 3 daily sessions of cTBS treatment 
delivered using a MagStim Rapid2 stimulator (Magstim 
Company Ltd.) with a 70-mm air-cooled figure-of-eight 
coil. One session of cTBS was 40 seconds in duration 
and consisted of 3-pulse bursts at 50 Hz repeated every 
200 milliseconds (5 Hz) until a total of 600 pulses was 
reached.39 To achieve cumulative aftereffects, this pro-
tocol was repeated 3 times and (1800 pulses in total) 
separated by two 15-minute breaks (controlled by a stop-
watch) in line with previous methodological studies.40,41 
The researchers delivered cTBS at 80% of the resting 
motor threshold (RMT)38 or the highest intensity the 
stimulator could deliver for this protocol (50% of max-
imum output). The RMT was determined at each visit 
according to a 5-step procedure.42

The stimulation target, the left TPJ, was defined as a 
sphere of 6-mm radius centered at Montreal Neurological 
Institute (MNI) coordinates [−51, −31, 23].13,16 This tar-
get was transformed into each participant’s T1 space 
by applying an inverse matrix produced during T1 seg-
mentation in SPM (www.fil.ion.ucl.ac.uk/spm) and 
TMStarget software.43 Then, each individual’s target was 
imported into a frameless neuronavigation system (Visor 
2.0, Advanced Neuro Technologies). The coil was held 
tangentially to the skull pointing forward, with the center 
over the target sphere.

Patients in the sham control group received the same 
rTMS protocol and treatment duration as the real rTMS 
group. The only difference was the usage of a sham coil 
(Magstim Company Ltd.) that produced a similar feel-
ing on the participant’s scalp as the real coil but did not 
induce a current in the cortex.

Clinical Symptom and Neuropsychological Assessments

Clinical symptoms of all patients were graded according 
to the Positive and Negative Syndrome Scale (PANSS). In 
addition, all patients and HCs were evaluated using stan-
dardized neuropsychological tests (supplementary tables 
E1 and E2). For AVH patients participating in the rTMS 
study, the primary outcome was the Auditory Hallucination 
Rating Scale (AHRS), which would be administered with 
other measures on the 1st and 17th visits.

MRI Data Processing

Functional image processing was carried out using the 
DPARSF (http://rfmri.org)44 and SPM (www.fil.ion.ucl.
ac.uk/spm) toolkits. The preprocessing included (1) delet-
ing the first 5 volumes; (2) slice timing and realignment; (3) 
co-registering T1 to functional images; (4) normalizing T1 
to the MNI space and segmenting it into gray matter, white 
matter, and cerebrospinal fluid (spatial resolution: 3 × 3 × 
3); (5) smoothing images with a 4-mm isotropic Gaussian 
kernel; (6) filtering temporal bandpass (0.01–0.1 Hz),  

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://www.fil.ion.ucl.ac.uk/spm
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://rfmri.org
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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and regressing out 15 nuisance signals (global mean, white 
matter, cerebrospinal fluid signals, and 24 head-motion 
parameters.45 Subsequently, Pearson’s correlations were 
conducted between the time series of all pairs of voxels 
to construct a whole-brain matrix for each participant. 
Finally, functional connectivity strength (FCS) defined 
as the sum of the coefficients between a given voxel and 
all other voxels, was then standardized by dividing by the 
average whole-brain FCS value. To eliminate voxels with 
weak correlations attributable to signal noise, the analysis 
was restricted to positive correlations (r > .25, P < .001).46,47

Statistical Analysis

For the cross-sectional study, demographic characteris-
tics, neuropsychological scores, and imaging features were 
compared between the 3 groups by one-way analysis of 
variance (ANOVA). Notably, outliers in neuropsycholog-
ical scores were identified before ANOVA by nonlinear 
regression analyses in GraphPad Prism.48 The Bonferroni 
or Tamhane’s test was used for pair-wise post hoc com-
parisons. Clinical characteristics were compared between 
patient groups using 2-sample t-tests. In the longitudinal 
study, the change in clinical symptom was analyzed by 
2-way (group by time) ANOVA. Since the MRI data of 
real and sham groups were acquired using different scan-
ners, comparisons of pre- or post-treatment data between 
the groups largely reflect the systematic error of scanners 
rather than brain functional changes. However, the pre- to 
post-treatment alteration is comparable, since the scanner 
effect could be well controlled by the within center sub-
traction (post- minus pre-state). Thus, the FCS changes 
following treatment were compared between groups by 
2-sample t-test. All voxel-based imaging analyses were cor-
rected by Gaussian Random Field (GRF) theory (cluster-
defined threshold, P < .05, cluster-level corrected P < .05).

Complementary Experiments

First, target-to-whole brain functional connectivity was 
used as a secondary measure. Second, longitudinal data 
of 2 HC groups from 2 scanning sites were utilized to 
clarify whether the MRI findings for the TMS effect were 
influenced by scanner. Third, we re-computed the FCS 
for correlations >0 to test the robustness of the findings. 
Fourth, all image-based statistical analyses were corrected 
for multiple comparisons using Threshold-Free Cluster 
Enhancement in FSL software (corrected P < .05).49 See 
details of these experiments in supplementary materials.

Results

Demographic, Clinical, and Neuropsychological 
Assessments at Baseline

There were no differences in age, education, and sex ratio 
among the 3 groups (supplementary table E1). Four 

neuropsychological tests (digit span [backward], Stroop 
word test, trail making B, and recognition) showed signif-
icant group differences, and post hoc analyses indicated 
that both patient groups showed decreased performance 
on the Stroop word test and trail making B test compared 
to HCs; digit span [backward] was abnormal in non-AVH 
but not AVH patients (supplementary table E1). The 
AVH patients had higher PANSS positive scores than the 
non-AVH patients (supplementary table E1). There were 
no significant differences in baseline estimations between 
AVH patients in the real and sham cTBS groups (supple-
mentary table E2). Medication information of patients in 
TMS group (n = 27) was listed in supplementary table E3.

FCS at Baseline

One-way ANOVA indicated significant differences in 
FCS among AVH (figure 2A), non-AVH (figure 2B), and 
HC (figure 2C) groups in the bilateral cuneus, left cen-
tral sulcus, left inferior temporal gyrus (ITG), bilateral 
cerebellum, left supramarginal gyrus (SMG), bilateral 
thalamus, and right medial prefrontal cortex (MPFC, 
supplementary table E4; figure  2D, corrected P < .05). 
Post hoc analyses on these clusters are summarized in 
supplementary table E4 and figure 2D. No significant dif-
ference was found in frame-wise head motion50 among 
the 3 groups (F = 1.21, P = .30).

rTMS Improved Clinical Symptoms But Not Cognitive 
Function

According to a recent double-blind randomized trial,33 
this study defined rTMS responders as participants who 
showed ≥25% decrease in AHRS. Six of 16 participants 
in the real group, and 3 of 11 patients in the sham group 
were deemed responders. Fisher’s exact test did not reveal 
a significant difference in the responder/nonresponder 
ratio between groups (P  =  .69). However, the ratio for 
the real group was higher (P =  .05; figures 3A and 3B) 
than that found in a previous rTMS study (4 respond-
ers in 37 subjects).33 Two-way repeated ANOVA indicated 
a significant group × time interaction effect for clini-
cal symptoms but not for cognitive functions (supple-
mentary table E2; figures  3C and 3D). Specifically, the 
AHRS (t = −5.66, P <.0001), negative PANSS (t = −3.75, 
P =  .002), positive PANSS (t = −5.25, P < .0001), and 
total PANSS (t  =  −6.17, P < .0001) scores (figures  3C 
and 3D) significantly decreased following real treatment. 
Negative PANSS consisted of 3 dimensions (emotion, 
behavior, and thought), and behavior factor was the most 
responsive one to the treatment (paired t = 3.93, P = .001, 
supplementary table E5). Compared to the sham group, 
the real group showed lower scores in AHRS (t = −2.13, 
P = .04), negative PANSS (t = −2.48, P = .02), and total 
PANSS (t = −3.30, P = .003), but similar positive PANSS 
(t = 0, P > .99, figures 3C and 3D) at the end of treatment.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
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rTMS Modified Functional Connectivity

The frame-wise head motion before and after treatment50 
did not differ in either the real rTMS (t = 0.90, P = .39) or 
sham (t = 0.51, P = .62) group. Although the image data-
sets from the real and sham cTBS groups were obtained 
from 2 scanners, the alterations after rTMS were com-
parable between groups (see Complementary Experiments 
for the demonstration). Paired t-tests (post- vs pre-TMS) 
were first performed for both groups (voxel P < .05, voxel 

number > 10; unthresholded map in figures 4A and 4B). 
Voxels surviving in either group constituted a mask for 
comparing the functional alterations between groups 
by 2-sample t-tests. Compared to the sham group, the 
real group showed increased FCS in the bilateral infe-
rior occipital gyrus (IOG) and right post-central gyrus, 
and decreased FCS in the left MPFC and left cerebellum 
(supplementary table E6, figure 4C; corrected P < .05). 
Notably, significant alterations of the left cerebellum 

Fig. 2. One-way analysis of variance of functional connectivity strength (FCS) maps in the cross-sectional experiment. Mean maps 
of FCS are illustrated for schizophrenia patients with auditory verbal hallucinations (AVHs) (A), non-AVH patients (B), and healthy 
controls (C). Significant clusters were found in 8 brain areas (D). Post hoc findings are illustrated by bar graphs (E; error bars indicate 
SEM; **P < .01, ***P < .001). L, left; ITG, inferior temporal gyrus; MPFC, medial prefrontal gyrus; R, right; SMG, supramarginal 
gyrus.

Fig. 3. Clinical efficacy of 15-days’ repetitive transcranial magnetic stimulation (rTMS) treatment on the left temporal parietal 
junction (A). Bar graph (B) indicates a higher responder/nonresponder ratio in the current study than in Koops et al.33 The symptom 
improvements after real and sham treatment are illustrated at both the individual (C) and group (D) level. Notably, there is no outlier in 
the symptom measures. Error bars indicate SEM. *P < .05, **P < .01, ****P < .0001.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
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were found in the real cTBS group (t = −3.1, P = .008) 
but not in the sham group (t = 1.8, P = .1) (supplemen-
tary table E6, figure 4C).

Spatial Overlap and Correlation With Symptom 
Improvement

The baseline binary result map (figure  2D) overlapped 
with that of the longitudinal experiment (figure  4C) at 
the left cerebellum (figure  5A). The FCS value of the 
overlapping cluster was extracted from HC, non-AVH 
patients, and 16 AVH patients before and after real cTBS 
treatment. One-way ANOVA (F2,72 = 0.74, P = .0003) and 
post hoc analyses indicated that the left cerebellum clus-
ter showed higher FCS in AVH patients before treatment 
than either non-AVH patients (t = 2.89, P = .006) or HCs 
(t = 4.66, P < .0001; figure 5B). Following rTMS treat-
ment, FCS in the left cerebellum significantly decreased 
(t = 3.44, P = .004; figure 5B).

Since clinical symptoms were not significantly 
improved in the sham group (supplementary table E2, 
figure 3), the researchers performed a correlation analy-
sis only for the real group. The average FCS value in the 
overlapping cerebellum cluster at baseline showed a nega-
tive correlation with both AHRS (r = −0.58, P = .02) and 
total PANSS improvement (r = −.73, P = .001), but not 
negative (r = −.27, P = .07) or positive (r = −.43, P = .10) 
PANSS changes (post- minus pre-rTMS, negative change 
indicating improvement; figure 5C). The FCS change in 
the overlapping cluster showed a positive correlation with 
the total PANSS improvement (r = .57, P = .03), but not 
with AHRS (r = .29, P = .27), negative PANSS changes 
(r =  .19, P =  .48), or positive PANSS changes (r =  .38, 
P = .14) (figure 5C).

Complementary Experiments

All the 4 experiments confirmed the important role of left 
cerebellum in schizophrenia as the main text. See details 
in the supplementary table E7 and supplementary figures 
E1–E7.

Discussion

From a functional connectivity perspective, this study 
revealed the neuronal correlates of AVH in schizophrenia 
by a cross-sectional experiment involving patients exhib-
iting AVHs, patients without AVHs, and matched HCs. 
Among the clusters identified in the baseline ANOVA, 
only the cluster in the left cerebellum differed signifi-
cantly in AVH patients vs the other groups. Importantly, 
FCS within this cluster was modulated by real rTMS 
treatment but not the sham condition, and the baseline 
value was negatively correlated with clinical symptom 
improvement.

The cerebellum is connected to the cerebral cortex 
via a cortico-cerebellar-thalamic-cortical circuit. Its 
involvement in AVH has been demonstrated by meta-
analyses of  functional activation experiments,51,52 
though inconsistencies were also found.53,54 Dynamic 
fMRI analysis further indicated the activation of  the left 
cerebellum prior to the occurrence of  AVHs, suggesting 
a “trigger” role of  the cerebellum.55,56 At a cellular level, 
the crucial role of  the cerebellum in schizophrenia has 
been systemically reviewed.57 Cerebellar Purkinje cells 
discriminate specific input conditions, such as variation 
in patterns of  auditory input, through synaptoplastic 
processes including long-term potentiation and depres-
sion. In schizophrenia patients, the cerebellum fails to 
perform these error detection functions. As a result, 

Fig. 4. Functional connectivity strength (FCS) maps in the longitudinal experiment. FCS alterations after real (A) and sham (B) rTMS 
treatment are illustrated by unthresholded t maps. Regions showing different alterations between real and sham groups were identified by 
2-sample t-test (C), and the bar graphs indicate functional alterations of these regions within both groups. Error bars indicate SEM. *P < 
.05, **P < .01, ***P < .001. Cereb., cerebellum; L, left; IOG, inferior occipital gyrus; MPFC, medial prefrontal gyrus; R, right; post-CG, 
post-central gyrus.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby054#supplementary-data
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input information from the auditory cortex without 
an external stimulus may be misinterpreted as “exter-
nal” rather than internal, leading to the experience of 
AVHs.9,57 Decreased FCS within the cerebellum follow-
ing treatment may reflect an attempt to rebalance inhibi-
tory and excitatory transmission, which may result in 
an appropriate perception of  inner speech.4 Both AVH 
and non-AVH patients showed similar alterations in 
the right cerebellum, right MPFC, and left ITG com-
pared to HCs, which may underlie common symptoms 
of  schizophrenia. On the other hand, non-AVH patients 
showed abnormalities in the bilateral cuneus, bilateral 
thalamus, left central sulcus, and left SMG compared 
to both AVH patients and HCs, which may be related to 
the unique symptoms of  non-AVH patients. However, 
none of  these clusters survived the fourth validation 
analysis. As such, their biological meaning should be 
interpreted with care.

The researchers found significant symptom improve-
ment after cTBS treatment, and the responder/nonre-
sponder ratio was higher than in Koops et  al.33 This 
improved outcome may be due to optimized stimulation 
parameters, such as ISI, longer treatment and more ses-
sions/day.40,41 Psychological factor may also contribute to 
this difference, since patients in our real group knew they 

would received real treatment, while patients in Koops 
et al33 did not know their group allocation. Our findings 
suggest that the left cerebellum constitutes an important 
neural correlate for this clinical improvement. The left 
cerebellum has directly structural connectivity with the 
right rather than left cortices, such as the stimulation tar-
get. Thus, future rTMS studies stimulating the right TPJ 
may produce stronger aftereffect in both neuroimaging 
and clinical efficacy. Moreover, the negative correlation 
between symptom improvement and the pretreatment 
FCS value in the left cerebellum suggests that the baseline 
FCS may be used to screen patients sensitive to rTMS 
treatment.

Analyses of  neuropsychological tests indicated that 
both patient groups showed decreased performance on 
the Stroop word and trail making B test compared to 
HCs; a deficit was found in the digit span [backward] 
of  non-AVH patients. These findings derived from neu-
ropsychological tests were in line with previous stud-
ies that reported cognitive deficits in schizophrenia 
patients.58–60 Importantly, no cognitive difference was 
found between non-AVH and AVH groups. This find-
ing suggests that extraneous factors were well-balanced 
between groups. Although rTMS could modulate cog-
nitive function and neural circuitry,43,61 no cognitive 

Fig. 5. Analysis of the cerebellum cluster identified by both cross-sectional and longitudinal experiments. The overlap area (A) showed 
significantly higher FCS in AVH patients than non-AVH patients and HCs at baseline, and significantly decreased FCS after real rTMS 
treatment (B). The pretreatment FCS value in the overlap area negatively correlated with symptom improvement in both AHRS and 
PANSS total scores (C). The FCS decrease in the overlap area after real treatment positively correlated with an improvement in total 
PANSS scores but not in AHRS (C).



481

Auditory Verbal Hallucinations in Schizophrenia

improvement or deterioration was found in this study 
after treatment. This finding may be attributed to the 
fact that the current cTBS parameters, especially with 
regard to the target, were specifically designed for AVH 
alleviation rather than any particular cognitive func-
tion improvement.

Although the findings are encouraging, 3 limitations 
should be mentioned. First, the rTMS experiment was 
not a randomized control trial. The sham group was 
recruited after the real group, and their instructions were 
slightly different. The real rTMS group was told that they 
would receive a novel treatment through magnetic stim-
ulation, but its clinical efficacy was still in controversial. 
The sham group was part of a real RCT experiment, and 
the patients were instructed that they would be assigned 
to the real or sham group randomly. Thus, both real and 
sham group in this study would not have extremely high 
or no expectation on the treatment. Additionally, the 
sham stimulation was performed by a placebo coil, which 
induced quite similar sensory on scalp as the real one, but 
actually no induced current within the brain. Thus, the 
patients hardly knew whether they were receiving real or 
sham stimulation. For both group, the clinical syndrome 
was estimated by an experimenter blinded to the group 
allocation of patients. In all, the real and sham group 
had similar expectation before treatment and experienced 
similar stimulation procedures. To further exclude the 
effect of the design flaws on our findings, we strongly sug-
gest a real RCT investigation. Second, the real and sham 
groups were not acquired by the same scanner, which 
was not an ideal design. For cross-sectional compari-
son, the results may be affected by the systematic error 
between scanners. But for comparison of longitudinal 
alteration, as our complementary experiment indicated, 
no significant scanner effect was found in the left cerebel-
lum area. Third, this study did not control for the pos-
sible confounding effects of AVHs during rs-fMRI data 
acquisition. A similar problem exists for rs-fMRI studies 
on epilepsy, though a previous study demonstrated that 
internal events do not exert substantial effects on brain 
function.62

This rs-fMRI study revealed abnormally high FCS of 
the left cerebellum in schizophrenia patients with AVH. 
This abnormality as well as the AVH symptom could be 
significantly decreased through the administration of a 
modified cTBS treatment. Furthermore, the improve-
ment in AVHs after rTMS treatment may be predicted 
by baseline FCS in the left cerebellum. In summary, these 
findings emphasize the role of the left cerebellum in both 
the pathophysiology and clinical treatment of AVH in 
schizophrenia patients.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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