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A B S T R A C T

Purpose: Auditory hallucinations (AH), typically hearing voices, are a core symptom in schizophrenia. They may
result from deficits in dynamic functional connectivity (FC) between cortical regions supporting speech pro-
duction and language perception that interfere with the ability to recognize self-generated speech as not coming
from external sources. We tested this hypothesis by investigating dynamic connectivity between the frontal
cortex region related to language production and the temporal cortex region related to auditory processing.
Methods: Resting-state fMRI scans were acquired from 18 schizophrenia patients with AH (AH+), 17 schizo-
phrenia patients without AH (AH-) and 22 healthy controls. A multiband sequence with TR=427ms was
adopted to provide relatively high temporal resolution data for characterizing dynamic FC. Analysis focused on
connectivity between speech production and language comprehension areas, eloquent language cortex in the left
hemisphere. Two frequency bands of brain oscillatory activity were evaluated (0.01–0.027 Hz, 0.027–0.08 Hz) in
which differential alterations that have been previously linked to schizophrenia. Conventional static FC maps of
these seeds were also calculated.
Results: Dynamic connectivity analysis indicated that AH+ patients showed not only less temporal variability
but transient lower strength in connectivity between speech and auditory areas than healthy controls, while AH-
patients not. These findings were restricted to 0.027–0.08 Hz activity. In static connectivity analysis, no sig-
nificant differences were observed in connectivity between speech production and language comprehension
areas in either frequency band.
Conclusions: Reduced temporal variability and connectivity strength between key regions of eloquent language
cortex may represent a mechanism for AH in schizophrenia.

1. Introduction

Auditory hallucinations (AH) are a common and distressing
symptom of schizophrenia affecting 60–90% of patients at some point
during their illness course (Adams et al., 2013). Hallucinations are
proposed to be caused by disturbed brain mechanisms that ineffectively
distinguish self-generated mental experiences from those stimulated by
external sensation (Feinberg, 2011). Neuroimaging and

neurophysiological studies have indicated that abnormal connectivity
between frontal speech production and temporal auditory perception
cortex of the left hemisphere, representing key eloquent language-re-
lated regions, may represent a mechanism for AH in schizophrenia
(Alderson-Day et al., 2015; Allen et al., 2012; Curcic-Blake et al., 2013;
Ford et al., 2012; Hare et al., 2017; Hoffman and Hampson, 2011; Javitt
and Sweet, 2015; Johnsen et al., 2013).

Prior neuroimaging studies of AH examined static functional
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connectivity(FC), which averages brain connectivity over an entire
acquisition period, thus may not effectively capture functionally im-
portant features of the dynamic coherence of brain oscillations between
regions. Recent EEG research has shown that FC in language-related
cortex varies dynamically during the generation and processing of self-
generated speech in healthy individuals (Wang et al., 2014). This ob-
servation of an important role for dynamic connectivity alterations is
not specific to the language system, as multiple studies have shown
dynamic FC alterations in schizophrenia that are more robust than
those seen with static connectivity assessments (Allen et al., 2014;
Damaraju et al., 2014; Du et al., 2017a; Du et al., 2017b; Du et al.,
2016). While dynamic changes related to AH have been investigated
with EEG (Wang et al., 2014), with its high temporal and low spatial
resolution, to date there has not yet been an assessment of dynamic
brain connectivity changes in FC between speech production and au-
ditory perception areas in schizophrenia patients with AH.

In addition to the importance of assessing dynamic aspects of FC,
connectivity changes may occur in specific frequency bands. Coherent
oscillatory brain activity in the brain language network at specific low
frequencies is also found important for the ability to differentiate self-
generated and externally generated speech using EEG (Wang et al.,
2014). Although the frequency bands of brain activity revealed by EEG
are quite different from those of fMRI, the functional importance of
coherent oscillations at specific frequency band recognized in electro-
physiological research across brain regions (Buzsaki and Draguhn,
2004) has recently begun to be noted and actively investigated in fMRI
studies (Meda et al., 2015; Zuo et al., 2010). Increasing evidence sug-
gested that FC between brain regions arises from a band-limited slow
rhythmic mechanism (Li et al., 2015; Xue et al., 2014), and more im-
portantly that both dynamic changes of amplitude of low-frequency
fluctuations (Hare et al., 2017; Yu et al., 2014) and FC pattern (Wang
et al., 2017) of brain function in schizophrenia are found with fre-
quency-dependent characteristics within frequency bands in fMRI data.
Thus, whether there are specific frequency band-related characteristics
of dynamic FC in schizophrenia that are associated with AH remains to
be investigated.

In the present study, we tested the hypothesis of abnormal dynamic
FC between speech production and auditory perception cortex and its
potential frequency-dependent characteristics in schizophrenia patients
with AH relative to those without AH and also to healthy controls. In
secondary exploratory analyses, static FC analyses between brain re-
gions of interest (ROIs) were performed. Whole brain analyses are

presented in Supplementary Materials.

2. Materials and methods

2.1. Participants

The ethics committee of West China Hospital of Sichuan University
approved the study, and all participants provided written informed
consent. This study included 35 schizophrenia patients and 22 healthy
controls, recruited from the hospital's outpatient clinics. Clinical eva-
luations were conducted by two experienced psychiatrists, with over
5 years of clinical work as attending physicians, to confirm clinical di-
agnosis using the Structured Interview for DSM-IV (SCID) Axis I
Disorders. Psychopathology ratings were obtained using the Positive
and Negative Syndrome Scale (PANSS) (Kay et al., 1987). Eighteen
patients reported experiencing hallucinations within the past 6 weeks
(AH+), most within the past week, while the other 17 patients reported
no AH in their lifetime (AH-). The scores of hallucination item (P3) of
PANSS were significantly higher in the AH+ patients than those of AH-
patients (3.56 ± 0.92 vs 1.0 ± 0.00, p < 0.01). The antipsychotic
medication dosage (in chlorpromazine equivalents, mg/d) was some-
what higher in AH+ patients, but there was no significant difference
between patient subgroups (320.77 ± 171.40 vs 253.57 ± 71.67,
p=0.19). Patients had not experienced a significant change in psy-
chosis severity or change in psychopharmacological treatment during
the preceding month.

Healthy comparison subjects were recruited from same local areas
through poster advertisements to match patients in age, sex and edu-
cational backgrounds (Table 1). The non-patient version of the SCID
was used to establish the lifetime absence of psychiatric illness. We
excluded potential controls reporting history of major psychiatric ill-
ness in their first-degree relatives. All participants were right-handed
and of Chinese Han ancestry. The following exclusion criteria applied to
both groups: 1) age younger than 18 years or older than 60 years, 2)
history of substance abuse or dependence, 3) pregnancy, 4) significant
systemic or neurologic illness as assessed by clinical evaluations and
medical records, and 5) comorbid affective illness or schizoaffective
disorder.

2.2. Data acquisition

MRI data was collected on a whole-body 3.0 T MR scanner (Siemens

Table 1
Demographic and clinical characteristics of schizophrenia patients with and without auditory hallucinations and healthy controls.

Demographic and clinical characteristics Mean (SD)

AH+ (N=18) AH- (N=17) HC (N=22) Statistics p

Age (years) 35.22 (13.03) 30.00 (10.13) 34.91 (13.34) F= 1.00 0.38
Education (years) 12.33 (3.46) 13.18 (2.65) 13.32 (5.15) F= 0.33 0.72
Duration of illness (years) 5.87 (6.9) 4.00 (3.47) t= 1.02 0.32

Sex (number)
Male 9 12 9 χ2=3.46 0.18
Female 9 5 13
PANSS scores p
Total 58.50 (13.8) 45.10 (10.00) t= 2.55 0.02
Negative 14.92 (3.80) 13.7 (5.75) t= 0.59 0.56
Positive 13.08 (5.55) 8.00 (1.33) t= 2.82 0.01
General 30.50 (7.49) 23.40 (4.86) t= 2.57 0.02

Medication information (for antipsychotics)
% on 1st generation 0% (0/18) 6.0% (1/17)
% on 2nd generation 88.9% (16/18) 82.4% (14/17)
% on both 11.1% (2/18) 11.8% (2/17)
CPZ dose (mg/day) 320.77 (171.40) 253.57 (71.67) t= 1.35 0.19

Abbreviations: AH+, schizophrenia patients with auditory hallucination; AH-, schizophrenia patients without auditory hallucination; CPZ-chlorpromazine
equivalent antipsychotic dosage; HC, healthy comparisons; PANSS, positive and negative syndrome scale; SD, standard deviation
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Trio, Erlangen, Germany) with a 32 channel phase array head coil.
Resting-state fMRI data were acquired using a prototype simultaneous
multi-slice multiband echo planar imaging sequence. This parallel
imaging technique could simultaneously excite multiple slices with a
multiband excitation pulse and read out images in an echo train. This
approach can provide enhanced temporal information about BOLD
signals closer to real time connectivity in brain, without significantly
sacrificing spatial resolution or signal/noise ratio (Feinberg et al., 2013;
Moeller et al., 2010). Protocol details: TR= 427ms; TE= 30ms; flip
angle= 45°; multiband accelerate factor= 8; matrix= 64×64; field
of view=192×192mm2; 48 slices with no gap, voxel
size= 3×3×3mm. Scan duration is ~7min and each functional run
contained 1000 volumes. A high-resolution T1-weighted anatomical
image (TR/TE=1900/2.26ms, flip angle= 9°, 176 sagittal slices with
thickness= 1mm, FOV=256×256mm2 and data ma-
trix= 256×256) was acquired for normalization and coregistration of
functional data.

Foam pads and earplugs were employed to limit head motion and
noise during scanning. All participants were simply instructed to keep
still with their eyes closed, remaining awake, but not thinking of any-
thing in particular. Head motion was limited to translational and ro-
tational parameters at the thresholds of± 1.5 mm and ± 1.5° respec-
tively. All patients reported experiencing no hallucinations during their
scans.

2.3. Data preprocessing

Resting-state fMRI data were preprocessed using SPM 12 (http://
www.fil.ion.ucl.ac.uk/spm) and DPABI (Version 2.3, http://rfmri.org/
dpabi). Volumes obtained in the first 10s (24 volumes) were discarded

to achieve signal equilibrium. The remaining data were corrected for
head motion, and individual 4D volumes were then spatially normal-
ized to Montreal Neurological Institute (MNI) space, retaining voxel
size 3mm3, using Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra (DARTEL) (Ashburner, 2007). Next, linear
trends were removed to account for scanner drift, and temporal band-
pass filtering (0.01–0.08 Hz) was performed to reduce the effects of
low-frequency drift and high-frequency physiological noise (Lowe et al.,
1998). Finally, multiple linear regression was performed on potential
nuisance variables including six head motion parameters and cere-
brospinal fluid, white matter and global signals (Fox et al., 2005). Be-
cause spatial smoothing prior to network construction artificially in-
creases correlations among nearby voxels, we did not perform a
smoothing step before the connectivity analysis.

2.4. Image analysis

We used a seed-based correlation approach to estimate FC among
regions. The ROIs for speech production and auditory perception were
made based on the Brodmann atlas as implemented previously (Curcic-
Blake et al., 2013; Hoffman et al., 2007). The speech production area
(including Broca's area) included Brodmann areas 44 and 45 in pos-
terior ventrolateral frontal cortex, whereas the auditory perception area
(including Wernicke's area) was defined as the posterior part (posterior
to y=−30) of Brodmann area 22 and Brodmann area 40 in temporal
cortex. Time series in each of these regions were averaged to obtain
seeds for assessing dynamic connectivity, as well as secondary static FC
analyses.

Two main analytic steps were performed: first, we calculated the
dynamic FC between speech production and auditory perception areas.

Fig. 1. Flowchart illustrating analytic procedures of present study.
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Second, conventional static FC maps were created using the selected
ROIs as seeds. In both analyses, we calculated all possible connections
between the 4 ROIs, with 6 connections in total, but our primary in-
terest was in connectivity between speech and auditory areas of the left
hemisphere which are the crucial eloquent cortical regions for language
processing. To explore potential frequency dependent characteristics,
all analyses were conducted separately in 0.01–0.027 Hz and
0.027–0.08 Hz frequency bands, as done previously (Hare et al., 2017;
Yu et al., 2014). These analyses were also calculated in the full
0.01–0.08 Hz to provide findings comparable to previous results. The
flowchart of analytic procedures is presented in Fig. 1.

2.5. Dynamic FC measurement

Dynamic FC was evaluated using DynamicBC toolbox (www.
restfmri.net/forum/DynamicBC) (Liao et al., 2014) with a sliding
window approach (Allen et al., 2014; Du et al., 2017b; Hutchison et al.,
2013). We employed a window length of 100 TRs (42.7 s) as the
window duration, comparable to previous studies (Allen et al., 2014;
Damaraju et al., 2014), and slid the window forward in steps of 2 TRs
(0.85 s). In each of the resulting 439 windows, FC was measured be-
tween ROIs. Fisher's z-transformed Pearson's correlation coefficients
were computed for each estimated connectivity for statistical analyses.
In the dynamic analysis, two measures were assessed: the temporal
variability in connectivity strength and the most reoccurring transient
FC strength. Temporal variability was defined as the variance of the

connectivity strength across the all the windows.
To identify transient FC strength, we used a k-means cluster algo-

rithm on all the connectivity windows of all subjects to identify discrete
structure of reoccurring connectivity patterns. The k-means algorithm
clusters similar data into ‘n’ groups, minimizing the within-cluster sum
of squares (Lloyd, 1982). The correlation distance metric was chosen as
the similarity measure in clustering, which is sensitive to connectivity
patterns irrespective of their magnitude (Damaraju et al., 2014). K-
means clustering was performed in a search window of k ranging from 2
to 8 based on the whole sample, and the optimal number of clusters was
estimated using the elbow criterion, calculated as the ratio of within-
cluster distance to between-cluster distance (Allen et al., 2014). An
optimal k of 5 was determined for both frequency bands. Thus, five
most frequent transient states of FC strength were identified and com-
pared between patient subgroups and healthy controls.

2.6. Static FC measurement

Static FC analysis, which measured average connectivity strength
between ROIs, was also conducted. During the analysis, we also cal-
culated the FC strength between ROIs (speech production and auditory
perception areas bilaterally) within 0.01–0.027 Hz and 0.027–0.08 Hz
separately, and the full 0.01–0.08 Hz. Detailed results of these analyses
are presented in Supplemental materials.

Fig. 2. Temporal variability in connectivity between ipsilateral speech production and auditory perception areas in the left and right hemispheres at different
frequency bands. The left column indicates group differences of dynamic variability in brain connectivity while the right column plots individual participant values.
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2.7. Statistical analysis

Dynamic connectivity between ROIs at each frequency band, in-
cluding temporal variability and transient connectivity strength were
compared among patient subgroups and healthy controls using analysis
of covariance (ANCOVA) with follow-up pairwise tests. Analyses were
conducted controlling for age, sex and antipsychotic medication do-
sage. Correction for multiple comparisons was performed using the
false discovery rate (FDR, p < 0.05). Parameters with significant inter-
group differences were examined in relation to clinical symptom ratings
using partial correlations with age, sex and medication dosage as cov-
ariates. As medication dose may be related to symptom severity, we
recalculated these correlations without dosage correction.

3. Results

3.1. Demographic and clinical variables

Demographic and clinical characteristics for study participants are
presented in Table 1. No significant inter-group differences were found
in age, years of education or sex distribution (p > 0.05). As may be
expected, the PANSS positive and total symptom ratings were higher in
patients with AH than those without (see Table 1 for details).

3.2. Dynamic FC differences among groups

3.2.1. Frequency band: 0.027–0.08 Hz
AH+ patients showed decreased dynamic variability of FC between

left frontal speech and left temporal auditory areas relative to healthy
controls, consistent with our hypothesis. Group comparisons of tran-
sient FC strength demonstrated that in State 4, AH+ patients showed
significantly lower connectivity strength between speech and auditory
areas in the left hemisphere relative to healthy controls (Fig. 2,
Table 2). This effect was not seen in AH- patents.

With regard to other connectivity patterns between ROIs in the right
hemisphere and interhemispheric connections, there was no significant
difference in the temporal variability or transient connectivity strength
of any other connectivity between AH- patients and healthy controls, or
between patient subgroups. Thus, connectivity alterations related to AH
were specific to eloquent language cortex.

3.2.2. Frequency band: 0.01–0.027 Hz
There was no significant difference of temporal variability or tran-

sient FC strength in the connectivity between left hemisphere speech
production and auditory perception areas in this band. No other con-
nectivity parameter in this band significantly differed across groups.

3.2.3. Frequency band: 0.01–0.08 Hz
In this band, there were no significant inter-group differences in

temporal variability, or in any of the five main transient connectivity
strength states.

3.3. Static FC differences among groups

No significant findings were observed in any connectivity measures
between ROIs at any frequency band after FDR correction.

3.4. Correlation with clinical ratings

No significant correlations were observed between the temporal
variability or transient connectivity strength in FC between left hemi-
sphere speech production and auditory perception areas and clinical
ratings as revealed by PANSS composite scores, or in the PANSS item
rating current hallucination severity. These findings did not change
when medication dosage was not corrected.

4. Discussion

Recently, the concept that AH may result from abnormalities in
time-varying neural connectivity within eloquent language cortex has
received growing support (Jones, 2010; Lefebvre et al., 2016). As a
result, identifying alterations in spatiotemporal brain dynamics asso-
ciated with hallucinations has become an important research goal
(Alderson-Day et al., 2016). While studies have supported the view of
disrupted FC between left hemisphere speech production and auditory
perception brain regions in schizophrenia patients with AH, clarifying
the importance and characteristics of dynamic connectivity alterations
and potential frequency-dependent mechanisms can advance under-
standing of this symptom in schizophrenia. The findings of the current
study contribute toward this goal by demonstrating that altered dy-
namic connectivity between regions supporting speech production and
language perception at a specific oscillation frequency are related to the
presence of AH. These findings were not observed using static FC
analysis.

While previous work has implied a mismatching synchronization of
neural activities (Hoffman et al., 2011) and an abnormal casual model
of information processing (Curcic-Blake et al., 2013) between speech
production and auditory perception areas in schizophrenia with AH,
our study provides novel evidence demonstrating that abnormality in
this connectivity also involves a frequency specific pattern of altered
neural dynamics. These findings support the theory that connectivity
alterations in eloquent cortex of the left hemisphere are related to AH in
schizophrenia, and suggest a neuroradiological procedure for identi-
fying this abnormality in Psychoradiology, an evolving subspecialty of
radiology focusing on psychiatric disorders (Kressel, 2017; Lui et al.,
2016).

Three specific observations from the present study contributed to
the understanding of brain alterations related to AH. First, reduced
temporal variability in FC was found within left hemisphere eloquent
language cortex in AH+ patients. This novel finding is consistent with
the model that reduced time-varying connectivity between these re-
gions that is crucial for differentiating self-generated speech is related
to AH. Together with compromised connectivity strength, this pattern
represents a reduced synchronization of neural activity in this circuitry.
Speech production areas support language processing and send pre-
dictive signals for self-initiated speech to auditory cortex as an efferent
copy in advance of speaking, which is important for discriminating

Table 2
Dynamic functional connectivity strength in AH+ and AH- schizophrenia pa-
tients and healthy controls at different transient states within the 0.027–0.08 Hz
frequency band.

All functional
connectivity between
ROIs

ANCOVA Post-hoc analysis directionality
and p values

F p p′a AH+ vs
HC

AH- vs
HC

AH+ vs
AH-

State 4
SPE. L-AUD. L 6.04 0.004 0.026 ↓0.001 0.177 0.162
SPE. R-AUD. R 0.64 0.529 0.530
SPE. L-AUD. R 0.67 0.517 0.530
SPE. R-AUD. L 1.72 0.189 0.283
SPE. L-SPE. R 2.15 0.127 0.253
AUD. L-AUD. R 2.42 0.099 0.253
State 1, 2, 3, 5 No significant findings

Abbreviations: ANCOVA, analysis of covariance; AH+, schizophrenia patients
with auditory hallucination; AH-, schizophrenia patients without auditory
hallucination; HC, healthy comparisons; AUD, auditory perception area; SPE,
speech production area; ROI, region of interest; R, right; L, left

a indicates that p′ has been corrected by FDR and the number of states
(n=5).
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internally and externally generated auditory information (Wang et al.,
2014). Impaired information flow between these two regions could
result in difficulty separating self-generated and external sounds, and a
compensatory increase in internal speech production to make up for the
information feedback loss leading to hallucinations, as has been pre-
viously proposed (Ford et al., 2013; Grossberg, 2000). Our observation
in language-related brain circuitry is consistent with other reports in-
dicating that brain circuitry in schizophrenia patients tends to linger in
a state of weak and relatively rigid connectivity (Damaraju et al., 2012;
Hutchison et al., 2013).

Notably, our analysis did not reveal significant static connectivity
abnormalities in AH+ patients. Averaging connectivity in this ap-
proach may fail to detect variable connectivity alterations. Although
previous work has identified static FC abnormalities associated with
language-related regions (Chang et al., 2017; Hoffman and Hampson,
2011), some still failed to identify the specific disconnectivity between
frontal speech production and temporal auditory perception areas
(Chang et al., 2017), whilst patients in the other study were experien-
cing hallucination during scanning (Hoffman and Hampson, 2011),
which might make the abnormal connectivity stand out. Other possi-
bilities including the heterogeneity in the patients and methodology
could also account for the inconsistency. However, by studying the
static and dynamic FC in the same participant sample, our findings
highlight the importance of dynamic rather than static connectivity
disturbances for this prominent neuropsychiatric symptom.

Future studies could investigate variability of circuitry alterations
over time in relation to the frequency of hallucination experiences, and
determine whether this abnormality is related to the state of actively
having hallucinations or to an enduring neural system alteration that
creates a vulnerability to experiencing AH. Although the impaired
temporal variability of FC was not correlated to clinical symptoms,
further research is needed to investigate this relationship in long-
itudinal studies tracking patients through acute episodes of illness
during which AH are more frequent.

Second, impaired time-varying FC between left hemisphere lan-
guage areas in AH+ patients was only found at our higher frequency
band of resting-state brain activity (0.027–0.08 Hz). This observation
suggests frequency band specificity of functionally relevant oscillatory
activity in eloquent language cortex in relation to AH. This type of ef-
fect has long been observed in electrophysiological data, and our
findings suggest that with higher temporal resolution, such frequency-
specific effects can be detected with fMRI. Although the origins and
physiological mechanisms of activity in different frequency bands re-
main to be fully understood in fMRI data, previous neuroimaging stu-
dies have indicated that functional abnormalities in schizophrenia are
frequency band specific and more robust in the higher frequency band
within the frequency range of brain oscillations typically examined in
resting-state studies (Hoptman et al., 2010; Wang et al., 2017; Yu et al.,
2013).

Finally, abnormal connectivity between frontal speech and temporal
auditory areas in AH+ patients was restricted to the left hemisphere.
This is consistent with our hypothesis since all patients were right-
handed with a typical left hemisphere lateralization in language pro-
cessing. Observing effects specific to eloquent left hemisphere circuitry
in relation to auditory/verbal hallucinations adds confidence regarding
their validity. This observation is also consistent with prior reports of
left lateralized abnormalities in brain function (Alderson-Day et al.,
2016; Curcic-Blake et al., 2013; Jardri et al., 2011) and anatomical
studies of cortical folding abnormalities of left language areas in schi-
zophrenia (Cachia et al., 2008; Palaniyappan et al., 2013). Thus, our
findings are consistent with relevant prior reports, and add confidence
to the model that dynamic connectivity between language production
and comprehension areas in the left hemisphere are a crucial compo-
nent of the pathophysiology of AH in schizophrenia.

It is noteworthy that there were no significant differences in dy-
namic FC between AH+ and AH- patients at any frequency band. In the

higher frequency band which may be more sensitive to functional ab-
normalities in schizophrenia (Wang et al., 2017), we observed a non-
significant trend for lower temporal variability in hallucinating patients
than AH- patients in the connectivity between left hemisphere language
areas. The small sample size of our patient sample may contribute to
this outcome, as this circuitry may be impaired, but more modestly so,
in schizophrenia patients without hallucinations.

Several limitations in our study are important to consider. First, all
patients included in this study were being treated with antipsychotic
treatment. While drug dose was not related to our MRI measures, it may
be advantageous to confirm our findings in untreated patients. Second,
PANSS total scores of hallucinating patients were greater than AH-
patients. Even though this was in part caused by ratings of hallucination
symptoms increasing total scores, effects of overall symptom severity
should be taken into consideration when interpreting our findings.
Third, our sample size is not large. Thus, while our study had sufficient
power to detect clinically relevant effects, replication in a larger sample
to establish generalizability of our findings is important.

Our findings, in more general terms, suggest that ongoing refine-
ments in image acquisition and analysis techniques may be useful for
investigating brain system function in psychiatric disorders and po-
tentially in their clinical evaluation. However, there are also potential
limitations associated with our image acquisition and analysis metho-
dology. We adopted a dynamic sliding window step of 2 TR (0.85 s),
briefer than the 2 s period used in most prior studies in this area. While
this represents an advance in temporal resolution, brain neurophy-
siology occurs at a faster time interval. While hemodynamic BOLD
signals have a longer relative time course, full understanding of the
neurobiological implications of our findings will require a more ad-
vanced understanding of the relation of neural and hemodynamic
measures. Second, a faster sampling rate for investigating dynamics of
brain activity by the use of multiband acquisition provides advantages
for modeling brain oscillations but may have certain limitations. For
example, it has been suggested that false-positive activation of BOLD
signals could arise when a higher multiband accelerator factor over 4
was adopted (Todd et al., 2016). Finally, we did not employ a si-
multaneous EEG or other measuring for the participants during the MRI
scanning which might be done in future studies. Last, different states of
transient FC strength were determined with cluster analysis, and the
biological and psychological substrate of each state need to be further
elucidated.

In conclusion, investigation of dynamic FC in schizophrenia patients
provides evidence for impaired temporal variability and connectivity
strength between brain regions known to be important for speech
production and comprehension as a potential neurophysiological sub-
strate for AH. These effects were specific to eloquent cortex in the left
hemisphere and to a higher frequency component of brain oscillations
typically examined in resting-state fMRI studies. These findings offer
new insights into the neurobiological processes associated with AH in
schizophrenia.
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Supplementary data to this article can be found online at https://
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