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ARTICLE INFO ABSTRACT

Keywords: Background: Auditory hallucinations (AH) are typically associated with schizophrenia (SZ), but they are also
Auditory hallucinations prevalent in bipolar disorder (BD). Despite the large body of research on the neural correlates of AH in SZ, the
Schizophrenia

pathophysiology underlying AH remains unclear. Few studies have examined the neural substrates associated
with propensity for AH in BD. Investigating AH across the psychosis spectrum has the potential to inform about
the neural signature associated with the trait of AH, irrespective of psychiatric diagnosis.

Bipolar disorder
Resting state functional magnetic resonance

imagin
Funitiognal connectivity Methods: We compared resting state functional magnetic resonance imaging data in psychosis patients with (n =
Cerebellum 90 AH; 68 SZ, 22 BD) and without (n = 55 NAH; 16 SZ, 39 BD) lifetime AH. We performed region of interest

(ROID)-to-ROI functional connectivity (FC) analysis using 91 cortical, 15 subcortical, and 26 cerebellar atlas-
defined regions. The primary aim was to identify FC differences between patients with and without lifetime
AH. We secondarily examined differences between AH and NAH within each diagnosis.

Results: Compared to the NAH group, patients with AH showed higher FC between cerebellum and frontal (left
precentral gyrus), temporal [right middle temporal gyrus (MTG), left inferior temporal gyrus (ITG), left temporal
fusiform gyrus)], parietal (bilateral superior parietal lobules), and subcortical (left accumbens, left palldium)
brain areas. AH also showed lower FC between temporal lobe regions (between right ITG and right MTG and
bilateral superior temporal gyri) relative to NAH.

Conclusions: Our findings suggest that dysconnectivity involving the cerebellum and temporal lobe regions may
be common neurofunctional elements associated with AH propensity across the psychosis spectrum. We also
found dysconnectivity patterns that were unique to lifetime AH within SZ or bipolar psychosis, suggesting both
common and distinct mechanisms underlying AH pathophysiology in these disorders.

1. Introduction inform the development of more targeted and effective treatments.

Although AH are typically associated with schizophrenia (SZ), they

Auditory hallucinations (AH) are often intrusive, distressing, and
associated with increased suicide risk (Dugre et al., 2018; Falloon and
Talbot, 1981; Hor and Taylor, 2010) and poor long-term recovery
among patients with psychosis (Goghari et al., 2013; Goghari and Har-
row, 2016). They can also persist in spite of treatment (Shergill et al.,
1998; Agid et al., 2011). Given the potentially debilitating nature of AH,
better understanding of the underlying pathophysiology is necessary to

are not disease specific and can occur in a range of neuropsychiatric
disorders (Pierre, 2010; Waters et al., 2012). In bipolar disorder (BD),
AH is present in approximately 34% (Shinn et al., 2012) of BD patients,
though different rates have been reported (Baethge et al., 2005; Black
and Nasrallah, 1989; Braunig et al., 2009; Carlson and Goodwin, 1973;
Chaturvedi and Sinha, 1990; Goghari and Harrow, 2016; Hammersley
et al., 2003; Keck et al., 2003; Kumari et al., 2013; Pini et al., 2004;

;5 AH, Auditory hallucinations; NAH, No lifetime history of auditory hallucinations; SZ, Schizophrenia; BD, Bipolar disorder; HC, Healthy control; rsfMRI, Resting
state functional magnetic resonance imaging; FC, Functional connectivity; ROI, Region of interest.
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Shinn et al., 2012; Taylor and Abrams, 1973, 1975; Tillman et al., 2008).
There are other significant clinical, neurobiological, and genetic simi-
larities between the two disorders (Argyelan et al., 2014; International
Schizophrenia Consortium et al., 2009; Lichtenstein et al., 2009; Pini
et al., 2004; Skudlarski et al., 2013; Yamada et al., 2020). However, it
remains unclear the degree to which the mechanisms underlying AH in
SZ and BD are shared or distinct.

The neuroimaging literature on AH in SZ serves as a rational starting
point for investigating the pathophysiology of AH across diagnoses.
Early studies of AH in SZ examined brain abnormalities during the
experience of AH (i.e., symptom capture studies) (e.g., Dierks et al.,
1999; Silbersweig et al., 1995), underlying state AH. However, neuro-
biological trait factors associated with AH—for example, alterations in
brain connectivity (Bullmore et al., 1997; Feinberg, 1982), whether due
to abnormal neuronal migration, pruning, and/or activity-dependent
changes, that set the individual up for impaired perceptual and other
information processing, and greater propensity for AH—are also
important. Identifying neurobiological trait features associated with
clinically significant lifetime AH history may have greater relevance for
treatments better aimed at prevention and early intervention.

The dysconnectivity hypothesis of SZ, initially proposed by Wernicke
in 1894 (Pillmann, 2007; Wernicke, 1906) and Bleuler in 1911 (Bleuler,
1911), suggests that a “dysconnected brain” — or one with abnormal
functional integration — may increase proneness or vulnerability to
symptoms of psychosis, including AH. Contemporary models propose
that AH result from: failure to inhibit an overactive auditory cortex
(Hugdahl, 2009), failure to suppress unstable memory representations
that become intrusive and unintentionally activated (Waters et al.,
2006), misattribution of inner speech as originating externally due to
impaired corollary discharge (Feinberg, 1978; Ford and Mathalon,
2005), increased synchrony between bilateral auditory cortical areas
(Steinmann et al., 2014), abnormal interactions between auditory cortex
and default mode network (Northoff and Qin, 2011), and/or impaired
coordinating (Schmahmann, 1991; Schmahmann, 1998; Andreasen
et al.,, 1996; Andreasen et al., 1999; Andreasen, 1999) and predictive
(Pinheiro et al.,, 2020) functions of the cerebellum, among other
mechanisms [see reviews by (Allen et al., 2008) and (Curci¢-Blake et al.,
2017)]. Many of these models can be viewed in the context of dyscon-
nectivity, i.e., altered connections between frontal control and auditory
cortical areas, between frontal control areas and the hippocampus, be-
tween brain areas that generate speech (e.g., Broca’s) and areas that
perceive or comprehend it (e.g., auditory cortex and Wernicke’s area),
between auditory cortices in bilateral hemispheres, between auditory
cortex and nodes of the default mode network such as medial prefrontal
cortex, and between the cerebellum and other brain areas, respectively.

Resting state fMRI (rsfMRI) provides an effective way to study
functional connectivity (FC)- and by extension, dysconnectivity — be-
tween areas of the brain that may be associated with a disease state or
symptom dimension. Consistent with some of the proposed AH models,
prior rsfMRI studies investigating AH in SZ have reported altered FC
involving auditory, speech, and language-related regions, anterior
cingulate cortex, hippocampal formation, insula striatum, and nodes of
the default mode network, among other brain areas (e.g., see review by
Alderson-Day et al., 2015). However, in spite of the large literature on
AH, the pathophysiology underlying AH remains unclear. Many previ-
ous studies have constrained their investigations of FC using a priori seed
regions based on specific AH models. But taking a step back and
analyzing the data using a more agnostic approach may provide new
insights.

Moreover, though research into the neural correlates of AH in SZ has
proliferated, similar studies on AH in BD are more scarce. A handful of
structural neuroimaging studies of AH or related symptoms in BD have
been conducted (Fkman et al., 2017; James et al., 2011; Mgrch-Johnsen
etal., 2018; Neves et al., 2016; Song et al., 2015; Zhuo et al., 2020). With
respect to rsfMRI, two studies to date have examined functional re-
lationships between distributed brain areas associated with
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hallucinations in BD (Okuneye et al., 2020; Schutte et al., 2021). Oku-
neye and colleagues Okuneye et al. (2020) investigated whether FC of
auditory and language cortices was associated with current hallucina-
tion severity across a combined sample of patients with psychosis as well
as within specific diagnoses (SZ, schizoaffective disorder, BD, HC) or
biomarker-based biotypes; however, this study used a non-agnostic
seed-based FC approach focusing on auditory/language cortices, and
also examined hallucinations in any modality, not necessarily AH.
Schutte and colleagues Schutte et al.,, (2021) were innovative in
including individuals with lifetime hallucinations across a wide psy-
chosis continuum (SZ with hallucinations, BD with hallucinations, BD
without psychosis, and non-clinical individuals with hallucinations);
however, the focus again was hallucinations in any sensory modality,
not AH. And, more critically, each group was compared only to non-
hallucinating healthy control participants rather than to diagnosis-
matched patients without hallucinations, thus limiting inferences
about FC patterns specific to hallucinations. Another recent study
investigated global functional connectivity density (gFCD) associated
with AH in BD (Qiu et al., 2020); however gFCD, which uses rsfMRI to
measure the total number of functional connections between one voxel
and all other voxels in the brain, does not inform about the functional
relationships between specific brain areas.

In the current study, we investigated FC abnormalities associated
with the propensity for AH in patients across the psychosis spectrum (SZ
spectrum and BD with psychotic features) using an unbiased approach
that is agnostic to both specific brain regions and diagnosis. The primary
goal was to compare trait-level differences in whole-brain brain archi-
tecture between psychosis patients with and without AH propensity, as
indicated by a lifetime history of AH. We secondarily sought to examine
aberrant connectivity patterns associated with lifetime AH within each
of the two diagnostic categories. We predicted that we would find FC
abnormalities that are common to psychosis patients with lifetime AH,
as well as those that are more specific to AH in SZ or BD.

2. Methods
2.1. Participants

We compared rsfMRI data in psychosis patients with lifetime audi-
tory hallucinations (AH) and psychosis patients with no lifetime history
of AH (NAH). Data were collected from men and women ages 18-65
years with diagnoses of schizophrenia spectrum disorders (SZ; including
schizophrenia and schizoaffective disorder) or bipolar disorder with
psychotic features (BD). Patients were recruited from in- and outpatient
clinical services at McLean Hospital, a private psychiatric hospital in
Belmont, MA, USA, affiliated with Harvard Medical School. Data were
collected as part of an ongoing study approved by the Mass General
Brigham Institutional Review Board, which oversees human subjects
research at McLean. Exclusion criteria included significant medical or
neurological illness, pregnancy, electroconvulsive treatment in the
previous 3 months, history of head trauma with significant loss of con-
sciousness, and contraindications to MRI. Subsets of this dataset have
been previously described (Baker et al., 2014; Shinn et al., 2017).

Patients underwent comprehensive clinical assessments within 24 h
of scanning. The Structured Clinical Interview for the DSM-IV-TR (SCID)
(First et al., 1995) was administered to confirm diagnoses. In addition,
we used SCID item B16 (“Did you ever hear things that other people
couldn’t, such as noises or the voices of people whispering or talking?”)
to categorize patients into AH and NAH groups. The initial sample, prior
to quality control, consisted of 114 psychosis patients (86 SZ, 28 BD)
with AH and 71 psychosis patients (19 SZ, 52 BD) categorized as NAH.

We also administered the Young Mania Rating Scale (YMRS) (Young
etal., 1978), the Montgomery-Asberg Depression Rating Scale (MADRS)
(Montgomery and Asberg, 1979), and the Positive and Negative Syn-
drome Scale (PANSS) (Kay et al., 1987) to assess the severity of mood
and psychotic symptoms in the past month. The scores for the PANSS
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total, PANSS positive, and YMRS were calculated after excluding the
score for the hallucination-related items (PANSS item P3 and YMRS item
8 for content). We calculated total medication load (TML) (Phillips et al.,
2008)—a composite score of all psychotropic medications a patient was
on at the time of scanning- in addition to chlorpromazine (CPZ)
equivalent doses, since many patients were on multiple medications,
including antidepressants and mood stabilizers in addition to
antipsychotics.

To serve as a point of reference for interpretation, we analyzed
rsfMRI data from 75 healthy control (HC) participants. HC data were
selected from an existing database of 2292 adults, aged 18-83 years,
who were scanned using identical pulse sequences on an identical
scanner, and selected to match the psychosis patients on age, sex,
handedness, and image signal-to-noise ratio (SNR) (Holmes et al., 2015).
Exclusion criteria for HC participants included any past or current psy-
chiatric illnesses, any current medical or neurological illness, preg-
nancy, history of head trauma with significant loss of consciousness, and
MRI contraindications.

2.2. Image acquisition

Imaging was performed on a Siemens 3-Tesla Tim-Trio scanner with
a 12-channel phased-array head coil. Functional data were acquired
using gradient-echo echoplanar imaging sensitive to blood oxygenation
level-dependent (BOLD) contrast. Participants were instructed to
remain still, stay awake, and keep their eyes open. No fixation image
was used, but patients were monitored via eye tracking video to ensure
that eyes remained open during functional scans.

The echoplanar imaging parameters were repetition time, 3000 ms;
echo time, 30 ms; flip angle, 85°; 3 mm voxels; field of view, 216; and 47
axial sections interleaved with no gap. Functional runs lasted 6.2 min
(124 time points). Whole-brain coverage was achieved with sections
aligned to the anterior commissure—posterior commissure plane using
an automated alignment procedure, ensuring consistency among par-
ticipants. Structural data included high-resolution, multiecho,
magnetization-prepared, gradient-echo (ME-MPRAGE) T1-weighted
images allowing increased contrast through weighted averaging of
four derived images.

2.3. Image analysis

We used the Conn functional connectivity toolbox (Whitfield-
Gabrieli and Nieto-Castanon, 2012) version 17e (www.nitrc.org/pro-
jects/conn) with SPM12 and Matlab 2016a for analysis of our rsfMRI
data. The first four time points of the resting BOLD image were discarded
to account for magnet stabilization. Other preprocessing steps included
realignment, slice-time correction, segmentation, normalization into
Montreal Neurological Institute (MNI) space, and smoothing with a 9
mm kernel.

Rigorous methods for handling artifact are required for valid inter-
pretation of FC analyses, as rsfMRI data are frequently contaminated by
head motion and other non-neuronal sources of noise (Power et al.,
2011; Van Dijk et al., 2012). For data quality assurance, we calculated
signal-to-noise ratio (SNR; mean + SD of the mean slice intensity time
series). In addition, we identified outlier time points in the rsfMRI scans
using the ARtifact Detection Tool (ART), with z set to > 3 SD from mean
global activation, subject-motion threshold > 1 mm, and rotation
threshold 0.05. Participants with either SNR < 100 or > 20 outlier time
points (i.e., without at least 100 time points, or 300 s of rsfMRI data)
were excluded from analysis (n = 22 AH, n = 16 NAH). Two AH par-
ticipants were missing symptom severity information, so were removed
from further analysis as well. Among the 90 AH and 55 NAH patients
who met our inclusion cut-off for data quality, there was no difference
between the AH (mean 3.5, range 0-19) and NAH (2, 0-15) groups in
ART outliers (p = 0.859). HC were also screened for motion outliers
using ART (mean 4, range 0-15).
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For the 145 cases meeting our data quality criteria, we took several
steps to further denoise the rsfMRI data. For each case, we regressed out
ART outliers (“scrubbing™), the six rigid body realignment parameters
and their first derivatives, and the five principal components of white
matter signal and five principal components of cerebrospinal fluid (CSF)
signal using the CompCor noise reduction method (Behzadi et al., 2007)
in Conn. White matter and CSF signals were extracted using white
matter and CSF masks generated from segmentation of each partici-
pant’s anatomical images. After the noise regression steps, band-pass
temporal filtering (0.008, 0.09) was applied.

We performed ROI-to-ROI FC analysis using the atlas ROI’s in Conn.
These consist of 132 ROI’s consisting of 91 cortical and 15 subcortical
regions as defined by the Harvard-Oxford maximum likelihood atlas,
and 26 cerebellar regions defined by the Automated Anatomical Label-
ing (AAL) atlas (Tzourio-Mazoyer et al., 2002). This set of ROI’s, which
comprise the default parcellation distributed with Conn, provides good
whole-brain coverage which is critical for our agnostic analysis
approach, has sufficient anatomical specificity, has anatomically-based
boundaries which are easy to interpret, and enables results to be
compared with other studies using these atlases.

As the primary aim was to identify FC features associated with life-
time AH, we compared the two patient groups (AH vs. NAH). We
secondarily examined differences between AH and NAH within each
diagnosis (SZ, BD). Third, we explored the contrast between SZAH vs.
SZNAH and BDAH vs. BDNAH. As clinical and demographic differences
between the AH and NAH groups could bias findings (e.g., results could
reflect differences related to diagnosis more than AH), we adjusted for
between-group differences in clinical and demographic variables
(Table 1) by including them as covariates in the general linear model of
all FC analyses. Given the detrimental effect of head motion in rsfMRI
studies, we also covaried for ART outliers in all FC analyses. For all
analyses, the significance threshold was set at p < 0.05, two-sided, false
discovery rate (FDR)-corrected for multiple comparisons.

For all FC abnormalities, we extracted the Fisher-transformed cor-
relation coefficients in BOLD signal between each ROI-pair. We did not
include HC participants in FC analyses, as we were interested in iden-
tifying FC abnormalities associated specifically with AH, rather than
those associated with psychotic disorders more broadly; hence, the
contrasts of interest were between AH and NAH psychosis patients.
Nevertheless, for each FC abnormality identified by comparing the AH
and NAH groups, we extracted the Fisher-transformed coefficients from
HC’s and present them alongside the values for AH and NAH as a point of
reference.

3. Results
3.1. Participant characteristics

As shown in Table 1, the AH and NAH groups were comparable with
respect to age, sex, and handedness. As expected, the severity of hallu-
cinations in the past month, as measured by the PANSS P3 hallucination
item, was significantly higher in the lifetime AH group than in the NAH
group (median 3.5 vs. 1; p = 0.0001). The two groups also differed
significantly on diagnosis and severity of visual and tactile hallucina-
tions, negative symptoms, and manic symptoms. The rates of DSM-IV-TR
alcohol or substance abuse and dependence were not statistically sig-
nificant between the AH and NAH groups. TML was not significantly
different, but there was a trend for the AH group to take higher doses of
antipsychotic medications than the NAH group, as measured by chlor-
promazine equivalent dose. To minimize confounding by these de-
mographic and clinical differences between the AH and NAH groups (i.
e., diagnosis, lifetime history of hallucinations in non-auditory modal-
ities, PANSS negative subscale, YMRS score, MADRS score, CPZ equiv-
alents), we included these variables, as well as a measure of head motion
(i.e., ART outliers), as covariates in all FC analyses.
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Table 1
Participant Characteristics.
Lifetime AH NAH Statistic Significance
Sample Size (N = 145) 90 55
DSM-IV-TR Primary Diagnosis x> = 30.242 p=3.8x10%
Schizophrenia (SZ), No. (%) 68 (76%) 16 (29%) - -
Bipolar Disorder (BD), No. (%) 22 (24%) 39 (71%) - -
Age, median (range), y 29 (18-57) 26 (18-62) z =-0.373 p =0.709
Female, No. (%) 31 (38%) 16 (29%) Xz = 0.447 p = 0.504
Not Right-Handed, No. (%) 11 (12%) 5 (11%) x> = 0.341 p =0.559
Hallucinations in Other Modalities (SCID) 48 (53%) 11 (20%) Xz =15.717 p=7.4x10°
Visual Hallucinations, No. (%) 37 (41%) 5 (9%) ¥*=17.011 p=37x10%
Tactile Hallucinations, No. (%) 29 (32%) 7 (13%) Xz = 6.952 p =0.008
Olfactory & Gustatory Hallucinations', No. (%) 10 (11%) 2 (4%) p=0.133
PANSS P3 Hallucination Item”, median (range) 3.5 (1-7) 1(1-6) z = 20.421 p = 0.0001
PANSS Total Score’, median (range) 58 (32-102) 54 (29-84) z =-1.537 p=0.124
Positive®, median (range) 14 (6-29) 14 (6-32) z =-0.541 p =0.589
Negative, median (range) 12 (7-40) 9 (7-28) z =-3.521 p=43Xx 10
General Psychopathology, median (range) 29.5 (16-56) 28 (16-46) z =-1.140 p =0.254
YMRS®, median (range) 6 (0-30) 14 (0-37) z =-3.149 p = 0.002
MADRS, median (range) 15.5 (0-44) 12 (0-40) z =-1.859 p =0.063
Chlorpromazine Equivalent, median (range) 300 (0-1959) 200 (0-1175) z=-1.774 p =0.076
Total Medication Load, median (range) 3 (0-10) 4 (0-11) z = -0.668 p = 0.504
Current Substance Abuse or Dependence
Alcohol, No. (%) 5 (6%) 2 (4%) Xz =0.274 p =0.601
Cannabis, No. (%) 13 (14%) 9 (16%) )(2 = 0.098 p =0.755
Stimulant and/or Cocaine', No. (%) 2 (2%) 1 (2%) p = 1.000
RsfMRI ART Outlier Time Points 3.5 (0-19) 2 (0-15) z=-0.178 p =0.859

Abbreviations: AH = Lifetime auditory hallucinations group; NAH = No lifetime auditory hallucinations group; SCID = Structured Clinical Interview for the DSM-IV-
TR; PANSS = Positive and Negative Syndrome Scale; YMRS = Young Mania Rating Scale; MADRS = Montgomery-Asberg Depression Rating Scale; ART = ARtifact

Detection Tool in Conn functional connectivity toolbox.

Variables with p-values in bold are included as covariates, along with ARtifact detection Tool (ART) outlier time points, in AH vs. NAH functional connectivity

analyses.
! Fisher’s exact test due to cell sizes < 5.

2 PANSS P3 Hallucination Item assessed current symptom severity, i.e., severity of hallucinations in the past month; therefore, patients with lifetime but no current
AH could have a P3 score of 1 (absent) or 2 (minimal). P3 asks about hallucinations in any modality, and is not specific to AH; therefore, patients in the NAH group

could have P3 scores > 2.
3 Symptom scale total calculated by excluding hallucination-related item.

3.2. Functional connectivity of AH vs. NAH across the psychosis spectrum

We found that psychosis patients with AH have connectivity abnor-
malities involving multiple, distributed brain regions (Fig. 1). Relative
to NAH, psychosis patients with AH demonstrated higher FC between
the cerebellum and several cerebral cortical (Fig. 2) and subcortical
(Fig. 3) brain areas. The cerebellar regions involved were left and right
cerebellar lobule VIII and right cerebellar lobule X. Examination of the
Fisher-transformed correlation coefficients showed that AH patients had
higher cerebellar-cortical and cerebellar-subcortical FC compared to
both NAH and HC. Notably, the NAH group had lower FC even relative
to HC.

In addition, lifetime AH was associated with lower FC between
temporal lobe areas (Fig. 4). This pattern was seen mostly with temporal
lobe gyri in the right hemisphere, i.e., between right posterior inferior
temporal gyrus (pITG) and right posterior superior temporal gyrus
(pSTG) and between right pITG and right posterior middle temporal
gyrus (pMTG). However, lower FC between temporal lobe areas was also
observed between hemispheres, between right pITG and left pSTG.
Fisher-transformed correlation coefficients between the temporal lobe
region pairs shows that AH patients have lower FC relative to both NAH
patients and HC, with the NAH group showing FC intermediate between
AH and HC.

3.3. Functional connectivity of AH vs. NAH within the schizophrenia
spectrum

Compared to SZNAH patients (n = 16), SZAH patients (n = 68)
showed higher FC between cerebellar and temporal lobe areas, between
the occipital pole bilaterally and temporal and frontal regions, and be-
tween right cuneus and right pMTG (Fig. S5A, Supplementary Table 1).

The SZAH vs. SZNAH analysis yielded only one lower FC finding, be-
tween cerebellar vermis I/1I and left cerebellar lobule VIII.

3.4. Functional connectivity of AH vs. NAH within psychotic bipolar
disorder

BDAH patients (n = 22) also showed cerebellar FC abnormalities
relative to BDNAH patients (n = 39), though fewer than the number
observed within SZ (Fig. 5B, Supplementary Table 2). Compared to
BDNAH patients, BDAH patients showed higher FC between right
cerebellar lobule X and bilateral superior parietal lobules, and higher FC
between cerebellar vermix IX and right precentral gyrus. BDAH patients
were also characterized by lower FC within the sensorimotor network,
specifically between pre- and postcentral gyri, lower FC between right
PMTG and right postcentral gyrus, and higher FC between left putamen
and left precentral gyrus compared to BDNAH patients.

3.5. Functional connectivity of schizophrenia AH vs. bipolar disorder AH

FC between the right cerebellum lobule VI and bilateral middle
temporal gyri distinguished the SZ AH group from the BD AH group
(Supplementary Material for details).

4. Discussion

In this study, we took an unbiased approach to investigating whole-
brain resting state functional connectivity (FC) associated with lifetime
history of AH across the psychosis spectrum, and report connectivity
abnormalities involving multiple, distributed brain regions. Across the
psychosis spectrum, lifetime AH was associated with increased con-
nectivity of the cerebellum with frontal, temporal, parietal, and
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subcortical regions, and decreased connectivity between temporal lobe
regions. Further exploration of AH within each diagnostic category
revealed increased cerebello-temporal connectivity in SZAH vs. SZNAH,
and increased cerebello-parietal connectivity in BDAH vs. BDNAH,
among other FC abnormalities. As we compared psychosis patients with
AH vs. those without AH, rather than comparing psychosis patients with
AH to HC, our findings allow us to draw inferences about FC patterns
that are specific to AH and not a general characteristic of psychotic
disorders.

Across the psychosis spectrum as well as within SZ and BP, a common
underlying neurofunctional element associated with AH in our sample
was cerebellar dysconnectivity. Our finding of AH-related cerebellar
dysconnectivity is not surprising when considered in the context of the
associative functions of the cerebellum. Although the cerebellum was
historically thought to mediate only motor functions such as balance and
coordination, we now know that the cerebellum also has reciprocal
connections with myriad cerebral cortical regions that coordinate non-
motor functions (Buckner et al., 2011; Middleton and Strick, 1994).
Indeed, mapping of the cerebellum using FC has revealed that only a
small portion of the cerebellum is involved in motor processing; the
majority is dedicated to higher-order associative functions mediated by
large-scale networks including the fronto-parietal network, dorsal
attention network, salience network, and default mode network (Buck-
ner et al., 2011).

Prior research has drawn on this newer understanding of the cere-
bellum’s associative functions and implicated dysfunction in cerebello-

4 el - 2,

thalamo-cortical circuits in psychosis. Schmahmann’s dysmetria of
thought model suggests that abnormal modulation of cognitive and af-
fective processes by the cerebellum may underlie psychotic symptoms
(Schmahmann, 1991, 1998). Similarly, Andreasen’s cognitive dysmetria
model suggests that misconnections between the cerebral cortex, thal-
amus, and cerebellum lead to dysmetria or incoordination of mental
activity which, in turn, contribute to psychotic symptoms such as AH
(Andreasen et al., 1996; Andreasen et al., 1999; Andreasen, 1999).
Given the contributions of the cerebellum to auditory and other
perceptual processing (Baumann et al., 2015), cerebellar involvement in
AH and other perceptual abnormalities makes sense. In particular, the
cerebellum is thought to play a key role in feedforward models (Ram-
nani, 2006), and it has been proposed that the receipt of an imprecise or
delayed corollary discharge, imprecise comparison of predicted vs.
actual sensory feedback, and/or insufficient updating of the forward
model by the cerebellum could lead to AH (Pinheiro et al., 2020).
Consistent with these frameworks implicating aberrant cerebellar
function in psychosis and AH, we (Brady et al., 2019; Shinn et al., 2015,
2017) and others (Bernard et al., 2017; Cao et al., 2018; Chen et al.,
2013; Collin et al., 2011; Ferri et al., 2018; Guo et al., 2015, 2018; Liu
etal., 2011; Repovs et al., 2011; Wang et al., 2016; Zhuo et al., 2018; Lee
et al., 2019) have previously reported disruptions in cerebro-cerebellar
FC in psychotic disorders. Cerebellar dysconnectivity has also been re-
ported in whole-brain rsfMRI studies investigating AH (Clos et al., 2014;
Chang et al., 2015; Mallikarjun et al., 2018; Zhao et al., 2018; Itahashi
et al., 2018; Chen et al., 2019), more specifically, and been shown to
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Fig. 2. Cerebello-cerebral cortical functional connectivity associated with lifetime AH across the psychosis spectrum. Compared to NAH patients, AH patients
showed higher functional connectivity between cerebellum and regions in frontal, temporal, and parietal areas. The bar graphs show the Fisher-transformed
Pearson’s correlation between example ROI-pairs, with healthy control data presented in dashed lines as a point of reference. The data show patients with AH to

have increased connectivity relative to both NAH and also healthy controls.
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Fig. 3. Cerebello-subcortical functional connectivity associated with lifetime AH across the psychosis spectrum. Compared to NAH patients, AH patients showed
higher functional connectivity between cerebellum and left nucleus accumbens and left pallidum. The bar graphs show the Fisher-transformed Pearson’s correlation
between the two significant ROI-to-ROI findings, with healthy control data presented in dashed lines as a point of reference.

normalize with theta-burst transcranial magnetic stimulation to the left
temporoparietal junction (Chen et al., 2019). Similarly, a recent lesion
mapping study found that brain lesions causing hallucinations were
located within a single functionally connected network defined by
positive FC with regions in the cerebellum— consistent with our finding
of cerebellar hyperconnectivity—and negative FC with right superior
temporal sulcus (Kim et al., 2021). Convergent with the FC literature on
cerebellar abnormalities in AH, a voxel based morphometry study
investigating abnormalities of cerebellar structure in AH found lower

gray matter volume in right lobule VIIIa in patients with versus those
without persistent AH (Cierpka et al., 2017). Moreover, a meta-analysis
of AH symptom capture studies (Zmigrod et al., 2016), as well as a fMRI
study of healthy hallucinators (Powers et al., 2017), found that the
cerebellum is functionally activated during AH.

Notably, dysconnectivity involving the cerebellum was not among
the results of two recent studies examining FC associated with halluci-
nations across the continuum of psychosis (Okuneye et al., 2020; Schutte
et al., 2021). However, one of these studies employed parcellations that
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Fig. 4. Functional connectivity between temporal lobe regions in association with lifetime AH across the psychosis spectrum. Compared to NAH patients, AH patients
showed lower functional connectivity between temporal lobe areas within the right hemisphere as well as between hemispheres. The bar graphs show the Fisher-
transformed Pearson’s correlation between example ROI-pairs, with healthy control data presented in dashed lines as a point of reference.
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Fig. 5. Functional connectivity of AH vs. NAH within each diagnostic category. (A) Schizophrenia AH vs. schizophrenia NAH. (B) Bipolar psychosis AH vs. bipolar
psychosis NAH. (See supplementary materials for Fisher-transformed correlation coefficients.)

excluded the cerebellum (Schutte et al., 2021), and the second used a
seed-based approach that focused on auditory and language regions
(Okuneye et al., 2020). While seed-based FC analysis is important for
testing specific hypotheses, such a strategy is, by definition, constrained
to evaluate only those FC patterns associated with the a priori defined
seed region(s) of interest while ignoring other potentially important
functional connections. Neuroimaging research tends to have a corti-
cocentric bias (Parvizi, 2009). Perhaps as a result of such bias, as well as
the historical understanding of the cerebellum as a brain area involved
primarily in motor functions, the cerebellum has been relatively

neglected in the AH literature (Pinheiro et al., 2020). The identification
in the current study of cerebellar dysconnectivities associated with AH
across the psychosis spectrum illustrates a valuable role for unbiased
investigational approaches, especially when the pathophysiological
mechanism(s) underlying a condition or dimension are unclear, and also
suggests that the cerebellum ought to be considered for analysis in future
studies of AH.

Many of the frequently cited AH models feature altered connections
involving frontal control areas (Hugdahl, 2009; Waters et al., 2006);
auditory, speech, and language areas (Feinberg, 1978; Hugdahl, 2009;
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Northoff and Qin, 2011; Steinmann et al., 2014)); the hippocampus and
related limbic regions involved in memory (Waters et al., 2006); and
nodes of the default mode network (Northoff and Qin, 2011), among
other brain areas. Thus, in addition to the results we found, we had
expected to find abnormal FC involving the inferior frontal gyrus,
anterior cingulate cortex, dorsolateral prefrontal cortex, medial pre-
frontal cortex, and other higher order cerebral cortical association areas.
We did not observe dysconnectivity directly affecting these brain areas.
However, there is regional specificity to cerebellar topography (Makris
et al., 2005), and many of our findings of cerebellar dysconnectivity
involved posterior lobules in the lateral hemisphere of the cerebellum
(VIII, X), which are associated with cognitive and other higher order
associative functions. Neuroimaging studies have demonstrated that the
posterior cerebellum, specifically lobules VI - X, is generally associated
with language, cognitive, and higher-order executive processes, while
the anterior cerebellar lobe is more responsible for motor functions
(Stoodley and Schmahmann, 2009; Kansal et al., 2017).

In addition to the cerebellum, our results also implicated dyscon-
nectivity of temporal regions in AH across the psychosis spectrum. We
found altered connectivity between temporal lobe regions within a
single hemisphere, between hemispheres, and between temporal regions
and the cerebellum. There was hypoconnectivity between temporal lobe
regions, and cerebello-temporal hyperconnectivity, in AH vs. NAH.
Multiple studies (Clos et al., 2014; Gavrilescu et al., 2010; Hoffman
et al., 2011; Liemburg et al., 2012; Oertel-Knochel et al., 2013; Shinn
et al., 2013; Sommer et al., 2012; Vercammen et al., 2010; Wolf et al.,
2011)—including studies in patients across the continuum of SZ and
BD56, (Schutte et al., 2021), as well as in individuals with non-clinical
voice hearing (Diederen et al., 2012; Lutterveld et al., 2013; Schutte
et al., 2021)—have described abnormal connectivity involving temporal
regions in association with AH. Meta-analyses of functional activation
studies have reported abnormal activations in the auditory cortex
(Kompus et al., 2011) and language-related regions (Jardri et al., 2010)
associated with AH. In addition, a quantitative meta-analysis of voxel-
based morphometry studies showed that AH severity was significantly
associated with gray matter volume reductions in the left superior
temporal gyrus, including the primary auditory cortex, and also
marginally with right superior temporal gyrus (Modinos et al., 2012).
Moreover, as mentioned, a lesion mapping study that found that lesions
causing hallucinations were defined by connectivity to both cerebellum
and right superior temporal sulcus (Kim et al., 2021). Our finding of
abnormal cerebello-temporal FC more specifically suggests that,
consistent with dysmetria models, AH may result from altered ability of
the cerebellum to modulate or coordinate activity in auditory, speech,
and language areas in the temporal lobe.

While our findings show evidence of dysconnectivity associated with
AH in patients across the psychosis spectrum, we also observed FC
features that were unique to AH in BD. The cerebello-temporal FC ab-
normalities observed in SZAH were generally consistent with the find-
ings we observed in lifetime AH across the psychosis spectrum. By
contrast, AH in BD was characterized by higher cerebello-parietal FC,
vermis-precentral FC, and putamen-precentral FC, as well as lower
precentral-postcentral gyri FC and pMTG-postcentral gyrus FC. In
addition to cerebellar FC abnormalities, our results point to significant
FC abnormalities involving somatosensory and motor cortices in BDAH.
Though Schutte and colleagues Schutte et al. (2021) compared BD with
hallucinations to HC, rather than to BD without hallucinations, they
similarly reported decreased FC in the sensorimotor network to be
among the many FC abnormalities (i.e., fronto-temporal, fronto-central,
and between bilateral frontal lobes) that characterized BD patients with
hallucinations. It is more difficult to compare our findings with those of
Okuneye and colleagues Okuneye et al. (2020), who constrained their
analysis to auditory/language cortex FC. Nevertheless, Okuneye and
colleagues included pMTG as part of the unimodal auditory association
cortex (AAC) seed and found that left AAC showed greater FC with a
right MTG/angular gyrus cluster that included the right homologue of
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Wernicke’s area in BD. They did not observe pMTG-postcentral FC ab-
normalities in BDAH as we did. The discrepant results could be related to
our studying AH while Okuneye and colleagues, like Schutte and col-
leagues, examined FC hallucinations in any sensory modality. Regard-
less of differences in the specific results, an important point that is
highlighted by all three studies, including ours, is that there do appear to
exist distinctive FC features that are unique to AH/hallucinations in BD.
This suggests that while some elements of AH pathophysiology may be
shared across SZ and BD, they are not identical. In the current study, we
went one step further to also directly examine the contrast between AH
in SZ and BD; however, the results of this exploratory analysis, which
involved contrasting four subgroups with small and unequal samples
[(68 SZAH vs. 16 SZNAH) vs. (22 BDAH vs. 39 BDNAH)] require
replication and should be interpreted with caution. That said, it is
possible that the FC differences between SZAH and BDAH could reflect
differences in the phenomenology of AH in SZ and BD. Distinct
phenomenological subtypes may arise from different pathophysiological
mechanisms (McCarthy-Jones et al., 2014), and a recent study investi-
gating AH phenomenology found differences in affective and non-
affective psychosis (Toh et al., 2020). Unfortunately, we did not
collect data about AH phenomenology in this sample to examine asso-
ciations between FC and specific characteristics of AH.

This study investigates FC between specific brain areas associated
with AH in BD, an area with limited research to date compared to the
sizeable literature relating to FC of AH in SZ. Our unbiased approach to
FC analysis, agnostic to specific brain areas or diagnosis, is a strength of
this study. Furthermore, we directly compared psychosis patients with
and without AH, unlike many studies that purport to identify brain ab-
normalities associated with AH yet compare patients with AH to healthy
control participants. However, this study also has several limitations.
First, the prevalence of lifetime AH is higher among individuals with SZ
than among people with BD, and this was reflected in a smaller number
of BD patients with AH in our sample. However, our analyses controlled
for diagnosis so that results were more likely to reflect differences
related to AH than diagnosis. Second, BD is characterized by fluctuations
in mood, and different BD mood states are associated with different
patterns of FC (Brady Jr. et al., 2017). In order to recruit as large a BD
sample as possible, we recruited BD patients in heterogenous mood
states (i.e., manic, depressed, or euthymic). However, we controlled for
the severity of manic and depressive symptoms, along with differences
in hallucinations in other modalities and negative symptom severity in
our analyses. Third, we studied patients who were medicated, and there
was a trend-level difference in antipsychotic exposure between AH and
NAH patients. However, restricting recruitment to unmedicated in-
dividuals is difficult, given the practical and ethical challenges of
withholding medications from psychosis patients. We decided, instead,
to include chlorpromazine equivalent antipsychotic dose as a covarate in
our analyses.

Fourth, as mentioned, AH phenomenology has the potential to pro-
vide important clues about differences in underlying pathophysiological
mechanisms, and we did not collect details about the characteristics of
patients’ AH. Fifth, we also did not collect data on AH experiences
during scanning and thus could not control for potential state-related AH
effects that may confound FC associated with lifetime, or trait, AH.
Sixth, AH can occur in non-psychiatric samples, and we did not confirm
the absence of lifetime AH in HC participants, as their data were drawn
from a study unrelated to psychosis. The AH status of the HC group may
be less relevant in the current study, however, as we did not directly
compare AH or NAH with HC; rather, we included the Fisher-
transformed coefficients from the HC group merely as a point of refer-
ence. Finally, it has been shown that functional and structural connec-
tivity results can vary according to the choice of parcellation scheme
(Craddock et al., 2012; Zalesky et al., 2010), and we used anatomical
atlas-based brain parcellations with ROI's that may lack sufficient
spatial specificity and functional homogeneity. However, the set of
Harvard-Oxford and AAL parcellations in Conn provides good whole-
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brain coverage, which was important for our agnostic approach, has
high interpretability owing to its anatomically based parcellations, and
enables integration of findings with other studies that have used these
atlases. A related issue is that the findings of this study rely on group
averaged data and, as such, may not capture unique variations across
patients that are related to AH. The use of finer grained parcellations,
and ideally those that are individually-based, should be employed in
future studies to not only improve spatial specificity, but also help lay
the groundwork for the development of precision medicine approaches
to treating AH.

While recognizing the limitations of this study, our findings advance
our understanding of functional connectivity abnormalities associated
with AH as a trait. Specifically, our findings point to the significance of
hyperconnectivity involving the cerebellum and hypoconnectivity be-
tween temporal lobe regions in individuals with a history of lifetime AH
across the psychosis spectrum. We also found dysconnectivity patterns
that were unique to lifetime AH within SZ or bipolar psychosis, sug-
gesting both common and distinct mechanisms underlying AH patho-
physiology in these disorders.
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