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Abstract
Background—Higher levels of inter-region functional coordination can facilitate emergence of
neural activity as conscious percepts. We consequently tested the hypothesis that auditory/verbal
hallucinations (AVHs) arise from elevated functional coordination within a speech processing
network.

Methods—Functional coordination was indexed using functional connectivity (FC) computed
from functional magnetic resonance imaging data. Thirty-two patients with schizophrenia
reporting AVHs, 24 similarly diagnosed patients without hallucinations, and 23 healthy controls
were studied. FC was seeded from a bilateral Wernicke’s region delineated according to activation
detected during AVHs in a prior study.

Results—Wernicke’s-seeded FC with Brodmann Area 45/46 of the left IFG was significantly
greater for hallucinating patients compared to nonhallucinating patients, but not compared to
healthy controls. In contrast, Wernicke’s-seeded FC with a large subcortical region that included
the thalamus, midbrain and putamen was significantly greater for the combined patient group
compared with healthy controls after false discovery rate correction, but not when comparing the
two patient groups. Within that subcortical domain, the putamen demonstrated significantly
greater FC relative to a secondary left IFG seed region when hallucinators were compared to
nonhallucinating patients. A follow-up analysis found that FC summed along a loop linking the
Wernicke’s and IFG seed regions and the putamen was robustly greater for hallucinating patients
compared to nonhallucinating patients and healthy controls.

Conclusions—These findings suggest that higher levels of functional coordination intrinsic to a
corticostriatal loop comprise a causal factor leading to AVHs in schizophrenia.
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Between 60–80% of patients with schizophrenia experience auditory verbal hallucinations
(AVHs) of spoken speech (1,2). These hallucinations often produce high levels of distress,
and functional disability. Understanding the mechanism of AVHs may shed light on the
pathophysiology of schizophrenia overall, and lead to more specific treatments.

A leading hypothesis is that AVHs are instances of inner speech misidentified as nonself due
to a disruption of frontotemporal efference copy projections that ordinarily curtail activation
of sensory systems arising from self-generated actions (3–7). This hypothesis is supported
by studies showing non-suppression of the N100 event-related potential and impaired pre-
speech inter-trial electroencephalographic (EEG) coherence in patients with AVHs (6,7).
The efference copy mechanistic model is consistent with studies suggesting partial frontal
disconnection in schizophrenia (8), and predicts that AVHs are distinguished from ordinary
inner speech by virtue of excess experiential vividness or loudness.

A phenomenological study found, however, that patients rely on other aspects of AVH
experience to distinguish them from their typical inner speech (9). For instance, AVHs
generally are cast in distinct, nonself speaking voices, whereas inner speech is typically cast
in the first-person voice. A second distinguishing feature of AVHs is verbal content
experienced as uncharacteristic of the patient’s own inner speech. These experiential
features of AVHs are not readily explained by disrupted efferent copy projections during
inner speech.

An alternative and possibly complementary hypothesis accounting for these experiential
features of AVHs is suggested by studies demonstrating that inter-region functional
coordination plays an important role in determining whether neural activity is experienced
consciously as percepts (10–13). AVHs consequently may arise from exaggerated functional
coordination between frontal and bitemporal cortical sites that underlie perception of verbal
content and voice characteristics of external speech (14–16). Spontaneous speech percepts
“sounding” like distinct, nonself speakers could consequently emerge with unusual,
unexpected or undesirable verbal content that ordinarily would inaccessible to
consciousness.

Network coordination involving inferior frontal and temporal regions during speech
perception has been detected as elevated functional connectivity (FC) computed from
interregional correlations of functional magnetic resonance imaging (fMRI) activity (17–
20). To test our model, FC was seeded from pooled sites in Wernicke’s and right
homologous temporal regions found to activate during AVHs in a prior study by our group
(21). This approach was designed to maximize chances of accessing speech processing areas
directly involved in generating AVHs. Wernicke’s-seeded FC was computed for subregions
of the left IFG based on studies highlighting the critical involvement of the latter during self-
generated auditory imagery of spoken speech (22,23), perception of external speech (24,25),
and AVHs themselves (26,27). Our prediction was that Wernicke’s-seed FC with subregions
of IFG would be elevated in patients with AVHs compared to similarly diagnosed patients
without AVHs and psychiatrically healthy control subjects. An exploratory, voxel-based
analysis was also undertaken to identify other sites hyperconnected to the Wernicke’s seed
region that may contribute to genesis of AVHs.
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Methods
Subjects

Fifty-six symptomatically stable patients meeting DSM-IV criteria for schizophrenia or
schizoaffective disorder based on the Structured Clinical Interview for DSM-IV Axis I
Disorders (SCID – I/P; ref. 28) were enrolled. Twenty-three persons without histories of
psychiatric disorders confirmed by assessment with the SCID–NP (29) were enrolled via
advertisement. Subjects’ consent was obtained in accord with procedures established by the
Yale School of Medicine Investigational Review Board, who approved this protocol. All
participants were right-handed without histories of significant head trauma or neurological
disorder, substance abuse during the prior month, substance dependence at any time, or
estimated IQ<85. Patient belonged to two groups: those reporting AVHs of spoken speech
for the prior 4 weeks at least once daily (N=32), and patients who never experienced AVHs
or had not experienced them within 5 years prior to scanning (N=24). All but 3 patients (2
hallucinators and 1 non-hallucinator) received antipsychotic drugs when studied.
Chlorpromazine (CPZ) equivalent dosages were calculated for second- and first-generation
antipsychotic drugs (30–32). The Positive and Negative Symptom Scale (33) was used to
match patient groups in terms of composite positive and negative symptom severity. The
WAIS-III vocabulary score was used to estimate verbal intelligence.

Neuroimaging methods
Magnetic resonance imaging employed a Siemens 3T Trio scanner. Twenty-two 4 mm T1-
weighted images were acquired parallel to the AC-PC line with 0.8 mm skip between
images. Blood-oxygen-level dependent (BOLD) activity data were collected at the same
slice locations in runs lasting four minutes, six seconds (164 gradient recalled, single shot
echo planar images for each slice: TR = 1500 ms, TE = 30 ms, flip angle = 80 degrees, 64 ×
64 acquisition matrix, 3.125 mm × 3.125 mm × 4.8 mm).

Patients were identified exhibiting high rates of intermittent AVHs (> once every three
minutes) combined with sufficiently extended inter-hallucination intervals (majority of
intervals greater than 15 seconds) to permit detection of corresponding waxing and waning
neural co-activation as hemodynamically delayed and smoothed BOLD signal. Selection
was based on extended hallucination monitoring prior to scanning using a mechanical
counter. These patients (N=11) were instructed to depress/release a button to signal onset/
offset of these events during functional runs. Their scan data were used to characterize time-
course of BOLD activation associated with hallucination events that is reported separately
(27). In order to control for effects of motorically depressing a button during scanning, some
nonhallucinating patients (N=9) and normal control subjects (N=11) were instructed to
depress a button spontaneously at random intervals approximating button depression rates
and durations generated by hallucinating patients. Otherwise, no task was performed during
scan runs. The nonhallucinating patients and healthy controls selected to generate random
button-press behavior matched gender and age of hallucinating patients who motorically
signaled hallucination events.

Computing FC
Functional pathways critical to vision, motor function, audition, language, reading, and
attention are detectable as enhanced FC computed from at rest inter-region oscillatory
synchronization determined via functional magnetic resonance imaging (34–42). Network
coordination facilitating perceptual processing, including speech comprehension, has been
detected as elevated FC (17,20,43–47). To compute FC for this study, BOLD time-course
data were first corrected for displacement movement and rotational movement using the
SPM algorithm. A spatial Gaussian filter was then applied to the data considered in 3D
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space with a width of 2 voxels at its half maximum. Voxels with a median value over the
time-course that fell below 5% of the maximum were set to zero, and data were low-pass
filtered with a cutoff frequency of 0.1 Hz as is the convention for FC analysis (35,40); for
functional pathways; inter-region BOLD signal oscillatory synchronization is expressed
almost entirely below this frequency cut-off (48).

A bilateral Wernicke’s seed region comprised of sites in left posterior BA22 and a right
homologous site in BA21/22 (Figure 1A) was delineated based on an earlier fMRI study
showing activation in these sites concurrent with AVH events in a non-overlapping patient
group (21). For each subject, this seed region was mapped into the space of the individual
subject using an inverse Talairach transform, and its mean time-course for each run was
computed as the average of all voxels in the region defined in the subject space. The mean
time-course of data within each slice was also determined for each run by averaging the
time-course across all nonzero voxels. For each run, the partial correlation between the
BOLD signal time-course of each voxel and that of the seed region was found after
removing effects of slice mean time-course, thereby filtering out broadly shared, non-
specific covariance such as arising from respiration and heart rate (40). These correlations
were transformed to a Gaussian distribution via Fisher’s transformation (49):

where r is the partial correlation at each voxel. This transformation produced an
approximately Gaussian distribution for each subject, which was adjusted to a standard
normal z-distribution using a method previously described (34). For each voxel in each slice,
z-values were then averaged across runs to compute FC relative to the seed region.

Left IFG Regions of Interest (ROIs)
Bilateral Wernicke’s seeded FC was computed with the left IFG subdivided into BA44,
BA45, BA46 and BA47 as ROIs delineated using the Talairach atlas (50). Although BA46 is
typically viewed as a middle frontal region, its ventral aspect lies in IFG and participates in
language processes (51–53) and has been implicated in the genesis of AVHs (26,54).
Consequently, this IFG subregion was included in our ROI analysis.

A linear mixed model was employed for the ROI analysis, and included group (healthy
controls, hallucinators and nonhallucinating patients) as a between-subjects explanatory
factor and left IFG subregion as a within-subjects factor. Subject was used as the clustering
factor. Post hoc pairwise group comparisons employed error variance from the overall
ANOVA model.

Exploratory, voxel-based analysis of bilateral Wernicke’s seeded FC
An exploratory, voxel-based analysis was undertaken to ascertain other regions
hyperconnected to the bilateral Wernicke’s seed region that therefore could contribute to the
genesis of AVHs. After false discovery rate (FDR) correction (55) with cut-off set at p=0.05,
no region expressed FC differences when comparing hallucinators and nonhallucinating
patients. We therefore sought to identify hyperconnected pathways characteristic of
schizophrenia overall that could contribute to hallucination vulnerability by linking with
other pathways exhibiting relatively greater FC for hallucinators compared to
nonhallucinating patients. This possibility was investigated by retaining the same
Wernicke’s seed region and pooling the two patient subgroups. A large, bilateral subcortical
cluster was detected in the combined patient group relative to healthy controls after FDR
correction (Figure 2, and Table S1 in the Supplement). This cluster was divided into three
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subcortical ROIs. The first two were in the putamen and thalamus, which are involved in
initiating and organizing language representations ordinarily (56–58), and have been shown
to be activated coincident with AVH occurrences in two reports (26,59). The third region
was in the midbrain, and incorporated monoamine neuronal centers implicated in the
pathophysiology of schizophrenia (60,61).

Delineating a cortico-subcortical loop possibly underlying the mechanism of AVHs
To delineate a functional loop possibly underlying AVHs, a second seed region was defined
as the left IFG cluster showing greater FC relative to the Wernicke’s seed region comparing
hallucinators with non-hallucinating patients at an uncorrected cut-off level of p=0.005
(Figure 1B). FC linking this seed region with each of the three subcortical ROIs was
assessed. One of these regions, the putamen, demonstrated elevated IFG-seeded FC in
hallucinators comparing to nonhallucinating patients after Bonferroni correction.

This finding prompted a follow-up analysis of FC summed along a loop incorporating the
bilateral Wernicke’s seed region, the left IFG seed region, and the putamen (Figure S1 in the
Supplement). A univariate linear model was employed with group (healthy controls,
hallucinators and nonhallucinating patients) as the between-subjects explanatory factor. This
analysis was repeated using button-pressing as a second (binary) fixed factor. Duncan
pairwise comparisons were utilized.

It is possible that elevated FC between regions could be due to on/off co-activation
accompanying discrete hallucination events rather than a pre-emergent causal factor.
Moreover, the act of monitoring one’s own hallucinations and motorically pressing a button
could alter FC determination. To assess these possibilities, effects of subject group on
corticostriatal loop FC were re-assessed after eliminating hallucinators who signaled
hallucinations events during scanning. These were the only hallucinators reporting
hallucination frequencies and inter-hallucination intervals in ranges suggesting that
coactivation accompanying hallucinations could significantly elevate corresponding FC. In
addition, button-press frequency and duration during scanning were utilized as covariates in
assessing group effects.

Prior to group comparisons, approximately normal distributions for the FC variables
described above were confirmed using normal probability plots and Kolmogorov-Smirnov
test statistics. All statistical tests were two-tailed.

Results
Group characteristics are profiled in Table 1. The three groups were well-matched in terms
of age, gender and education. Hallucinators and nonhallucinating patients had near identical
levels of delusions, disorganization, and composite positive symptoms, while differing at a
trend level (p =0.09) for composite negative symptoms.

Bilateral Wernicke’s FC with the left IFG ROIs
Wernicke’s-seeded FC with the four left IFG ROIs averaged within the three subject groups
is shown in Figure 3. These data yielded a main effect for group (F(2,76) = 5.04, p = .009)
and subregion (F(3,76)=15.08, p <.0001) with a significant group x subregion interaction
(F(6,76)=2.87, p =.014). Both hallucinators and healthy controls demonstrated greater
Wernicke’s-seeded FC with left BA45 and BA46 compared to nonhallucinating patients, but
were not significantly different from each other (Table 2). Healthy controls demonstrated
greater Wernicke’s FC with left BA47 compared to both patient groups, who were not
different from each other for this measure (Table 2). To control for possible effects of
cognitive monitoring and negative symptoms, an analysis of covariance (ANCOVA) was
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computed after eliminating hallucinators who signaled AVHs during scanning and including
negative symptoms as a covariate. Significantly greater Wernicke’s-seeded FC for
remaining hallucinators compared to nonhallucinating patients was confirmed (for FC with
left BA45, F(2,53)=4.4, p=.018; for FC with left BA46, F(2,53)=7.6, p=.001).

Follow-up analysis of a corticostriatal loop
An exploratory, voxel-based analysis did not reveal any differences in Wernicke’s-seeded
FC comparing hallucinating and nonhallucinating patients after FDR correction. However, a
voxel-based analysis revealed a large cluster of subcortical voxels exhibiting excessive FC
relative to the Wernicke’s seed region when comparing the combined patient group to
healthy controls following FDR correction. This cluster incorporated major components of
the thalamus, midbrain and putamen bilaterally; diverse cortical regions, moreover,
exhibited reduced FC (Figure 2; and Table S1 in the Supplement). FC relative to a left IFG
seed region (see methods for definition) was then computed for these three subcortical
regions. One of these regions, the putamen, demonstrated excessive IFG-seeded FC when
hallucinators were contrasted with non-hallucinating patients (t(52) = 2.7, p=.009 × 3 = .027
after Bonferroni correction).

IFG-seeded FC with the putamen, Wernicke’s-seeded FC with the putamen, and
Wernicke’s-seeded FC with the IFG seed region were summed together to trace a
corticostriatal loop (Figure S1 in the Supplement). This composite FC measure
demonstrated a significant group effect (F(2,76)=9.84, p= 0.0002), with hallucinators greater
than nonhallucinating patients and healthy controls, who were not different from each
(Duncan pairwise comparisons with α=0.05; Figure 4). Using a corticostriatal FC cut-off
score of 0.5, sensitivity in classifying patients correctly as hallucinators was 0.78, while
specificity was 0.67 relative to nonhallucinating patients and 0.65 relative to healthy
controls.

Since the putamen is also involved in initiating hand movement (62), a pairwise comparison
of the two patient groups was conducted using an ANCOVA with frequency and duration of
button-pressing during scanning plus negative symptoms considered as covariates.
Corticostriatal FC for hallucinators remained robustly greater than for nonhallucinating
patients after these adjustments (F(1,51)=18.9, p=0.00007). An ANCOVA comparing
hallucinators and healthy controls controlling for button-press frequency and duration
revealed a parallel group difference (F(1,51)=12.9, p=0.001).

As discussed in the methods section, elevated FC between regions could arise from on/off
co-activation accompanying discrete hallucination events rather than a pre-emergent causal
factor. Moreover, the act of monitoring one’s own hallucinations and motoring pressing a
button could alter FC determination. To assess these possibilities, effects of group on
corticostriatal loop FC were re-assessed after eliminating hallucinators who signaled
hallucinations events during scanning. These were the only hallucinators reporting
hallucination frequencies and inter-hallucination intervals in ranges whereby accompanying
coactivation could significantly elevate corresponding FC. A significant group effect was
again detected (F(2,65) = 7.54, p = 0.001), with remaining hallucinating patients
demonstrating statistically greater corticostriatal FC compared to both nonhallucinating
patients and healthy controls, who were not significantly different from each other (pairwise
Duncan post hoc tests with α=0.05).

To further gauge effects of button-pressing on corticostriatal FC, an analysis of variance was
computed after adding button-pressing during fMRI as a second categorical fixed effect. A
similar group effect remained (F(2,73) = 9.9, p = 0.0002, with hallucinating patients
significantly greater than nonhallucinating patients and healthy controls (pairwise Duncan
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post hoc tests with α=0.05). There was no main effect of button-pressing (F(1,73)=2.61,
p=0.11), but trend-level evidence of a group × button-pressing interaction (F(2,73)=2.55,
p=0.085).

The correlation between corticostriatal FC and frequency of hallucination events among
patients who signaled these events during scanning was found to be positive although not
significant due to small sample size (N=11, Spearman rho=0.50, p=0.11).

Pooling data from the two patient groups, correlations between corticostriatal FC and
antipsychotic drug dose (tallied as chlorpromazine equivalents) was found to be
nonsignificant (R=0.08). To determine if chronicity of illness contributed to findings,
correlation between network FC and number of hospitalizations was computed and found to
be nonsignificant (R= −0.21).

Discussion
Although Wernicke’s seeded FC with some subregions of left IFG was, as predicted, greater
in hallucinators compared to nonhallucinating patients, we failed to detect a parallel group
difference when hallucinators were compared to healthy controls, suggesting the need for a
more complex mechanistic model. This prompted a voxel-based analysis to search for other
sources of hyperconnectivity anchored to the same seed region that may contribute to the
genesis of AVHs. After FDR correction, this analysis revealed supranormal FC in a large,
subcortical domain for the combined group of hallucinating and nonhallucinating patients.
Within that subcortical domain, the putamen exhibited greater FC relative to a secondary left
IFG seed region when contrasting hallucinating patients with nonhallucinating patients. FC
summed along a loop linking this striatal site, the IFG seed region, and the original
Wernicke’s seed region was robustly elevated for hallucinators compared to both
nonhallucinating patients and healthy controls, suggesting that this combined FC measure is
an indicator of AVH vulnerability.

A primate study has demonstrated widespread anatomic connectivity linking the putamen
and temporal cortices (63). Insofar as the putamen plays a critical role in initiating language
representations (58), excessive functional coordination linking this region with the bilateral
Wernicke’s seed region in patients with schizophrenia overall may produce an
overabundance of language representations that can become hallucinogenic. Our findings
suggest that AVHs are blocked in a patient subgroup, however, by partial disconnection of
frontotemporal and frontostriatal pathways that ordinarily underlie speech generation,
imagery and perception (22–25,56,58). It is generally assumed that disconnection leads to
greater disturbance. However, our data support a more complex view whereby
hyperconnectivity intrinsic to one component in a functional loop may be counterbalanced
by hypoconnectivity in other components of that loop.

Relevant to this model is a study of spontaneous fluctuations of resting fMRI activity
comparing treatment-naïve patients with schizophrenia and healthy control subjects. Greater
regional fluctuations in the patient group were detected only in the bilateral putamen (64).
Functional lability in the former could therefore induce higher functional coordination with
these temporal regions. A physical analogy is shaking a tree branch – more vigorous
rhythmic shaking will elicit oscillatory movement correlations in other tree branches
physically connected to the source branch; these correlations will be reduced or absent with
less vigorous shaking.

Three other studies have recently reported cortical fMRI FC data to investigate brain
mechanisms leading to AVHs.
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Vercammen et al (65) utilized resting FC relative to a bilateral seed region located at the
temporoparietal junction to compare patients with active AVHs and healthy controls. A
nonhallucinating patient comparison group was not studied. Their patients demonstrated
subnormal temporoparietal FC linking to the right IFG. Within the patient group, severity of
AVHs was correlated with the degree of reduction of temporoparietal FC to the anterior
cingulate cortex. Relevant to the Vercammen et al. findings, we also detected reduced FC
between our seed region and the anterior cingulate in patients compared to controls (Figure
2); however, this finding was not specific to hallucinators.

Gavrilescu et al. (66) examined cross-hemisphere resting FC linking the primary and
secondary auditory cortices and reported reductions in hallucinating patients when compared
with nonhallucinating patients and healthy controls. We consequently computed cross-
hemisphere FC linking left and right components of our more posterior Wernicke’s seed
region. Cross-hemisphere FC linking these two locations was significantly greater for
healthy controls compared to nonhallucinating patients, with hallucinators intermediate and
not significantly different than either group.

Raij et al. reported that subjective ratings of the reality of AVHs were positively correlated
with enhanced coupling linking left IFG to bilateral auditory cortices and posterior temporal
lobes elicited by AVHs (67). Although their findings implicated circuitry similar with ours,
our study attempted to characterize FC elevations as predisposing factors leading to AVHs
rather than arising from hallucination events themselves. However, it is plausible that
hyperconnectivity within this circuitry both predisposes subjects to hallucinations and
increases during hallucination events in a manner related to hallucination salience.

Also relevant to our mechanistic model is the efference copy model of AVHs (3–7).
Heightened functional coordination across a corticostriatal loop in hallucinators that
incorporates posterior temporal regions could render these regions less responsive to
suppressive efferent copy projections during internally-generated language, thereby
amplifying sensory attributes.

Our methods have noteworthy limitations.

First, intensive learning can enhance inter-region FC (68). Therefore, we cannot rule out the
possibility that elevated corticostriatal FC in hallucinators, at least in part, is secondary to
repeated experience of AVHs over months to years, rather than a causal factor.

Second, our method for computing FC does not specify whether lower FC values are due to
absent positive BOLD correlations versus greater BOLD anti-correlation, which may have
different physiological origins. However, it should be stressed that we not claiming one
versus the other physiological mechanism to account for the group differences detected in
this study, but only that group differences exist.

Third, the partial overlap of corticostriatal FC between groups suggests that other factors not
identified in this study contribute to the genesis of AVHs. It is also worth noting that the
localization of normal language processes in cortical areas is quite divergent across subjects
(69). Therefore the Wernicke’s seed region delineated according to BOLD activation
associated with AVHs averaged across a prior subject group is likely to have been
suboptimal on a subject-by-subject basis in accessing that subject’s hallucinogenic network.
This approach was necessary, however, since most patients do not hallucinate at a frequency
range that permits patient-specific delineation of regional fMRI activation coincident with
these experiences.
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Fourth, a positive albeit non-significant correlation was detected between frequency of
hallucinations and corticostriatal FC among the eleven patients who signaled these events
motorically during scanning. This finding is consistent with the hypothesis that higher
corticostriatal FC increases hallucination vulnerability. However, this finding could also
reflect the impact of heightened coactivation due to hallucination events themselves that
enhances inter-regional correlations. The two hypotheses are not mutually exclusive. Higher
levels of functional coordination, if mediated by excitatory inter-region projections, could
lead to episodic coactivation that further increases FC.

We addressed this uncertainty by repeating group comparisons after eliminating from the
analysis those patients who signaled AVH events with button-presses. These were the
patients whose hallucination frequency and inter-hallucination intervals were in ranges
where waxing/waning neural co-activation due to hallucinations could possibly increase
inter-region correlations of BOLD signal -- and corresponding FC (see methods). Remaining
hallucinators still demonstrated significantly greater corticostriatal FC compared to the other
two groups. Most importantly, mean corticostriatal FC for high-frequency, button-pressing
hallucinators was virtually identical compared with remaining hallucinators. These findings,
considered together, suggest that elevated corticostriatal FC in hallucinators reflects
primarily a factor associated with hallucination vulnerability rather than a downstream
consequence of hallucination events. It is possible, however, that some patients with low-
frequency hallucinations outside the scanner may have experienced higher hallucination
rates during scanning, although debriefing after scanning did not suggest that this was the
case. This possibility cannot be ruled out since many hallucinating patients were not
instructed to signal hallucinations with button-presses during scanning. To do so could have
introduced a bias unique to that group since there is no comparable internal monitoring
condition for nonhallucinating subjects. Therefore conclusions based on the equivalence of
FC observed for the button-pressing vs. non-button-pressing hallucinators must remain
tentative.

Further study of the role of elevated corticostriatal FC in the genesis of AVHs is indicated.
One approach would be to target the bilateral Wernicke’s seed area with suppressive, low
frequency rTMS (70) in hallucinators. One could then ascertain if degree of subsequent
improvement in hallucination severity was better predicted by rTMS-induced curtailment of
FC within components of the functional loop shown in Figure S1 (see Supplement) versus
curtailment of activation variability in the targeted cortical areas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Bilateral Wernicke’s seed region based on prior fMRI activation study of AVHs
occurrences utilizing a non-overlapping patient sample (21) shown in red. (B) The
secondary seed region in the left IFG in maroon showing greater FC relative to the bilateral
Wernicke’s seed region when comparing hallucinators with nonhallucinating patients
according to an uncorrected p=0.005. Z-values reflect zed stereotaxic level.
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Figure 2.
Altered FC relative to the Wernicke’s seed region when comparing data from both patient
groups pooled together to healthy controls. MB = midbrain regions appearing to encompass
monoamine neuroregulatory centers, including substantia nigra and ventral tegmental area,
locus coeruleus and dorsal raphe nuclei; PUT = putamen; THAL = thalamus. Voxels shown
are those where FC differences survive false discovery rate (FDR) correction thresholded at
p < 0.05, which corresponded to an uncorrected p value of 0.0011 (see color scale right of
figures; blue→ purple shows reduced FC, while maroon→yellow shows elevated FC). Table
S1 in the Supplement provides detailed information regarding clusters exhibiting FC
differences calculated relative to the bilateral Wernicke’s seed region for patients versus
healthy controls.
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Figure 3.
FC data for each of the ROIs in the left IFG. Data are FC z-scores averaged across all voxels
in the ROI. Voxel-specific z-scores are FC values scaled against normalized distributions of
FC values for all voxels assessed across the brain of each subject. Consequently a negative
z-score for a given subject and voxel does not imply a negative inter-region BOLD
correlation, but only that the FC value for that voxel and subject fell below the mean of FC’s
assessed across all voxels in that subject’s brain. Error bars=standard error.
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Figure 4.
Scatterplots of FC summed along the corticostriatal loop defined according to Figure S1
section (see Supplement) comparing hallucinating patients, nonhallucinating patients and
healthy controls. Y-axis reflects summed FC scaled as z-scores. An analysis of variance
followed by Duncan pairwise comparisons with cut-off of p=0.05 demonstrated that
hallucinators had significantly greater corticostriatal FC compared to both nonhallucinating
patients and healthy controls.
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Table 1

Demographic, psychopathological, and scanning characteristics of the two patient subgroups and healthy
controls

Variable Hallucinating patients (N=32) Nonhallucinating patients (N=24) Healthy controls (N=23) Statistical tests1

Demographic

 Gender (M/F) 18/14 13/11 13/10 χ2 (2) = .03 (.98)

 Race/ethnicity (Non-HisW/Af-Am/Other) 27/5/0 21/2/1 16/6/1 χ2 (6) = 7.5 (.27)

 Age (yr)2 37.2 (8.8) 41.1 (10.7) 35.9 (9.7) F(2,76)= 1.9 (.16)

 Education (grades completed)2 13.8 (2.3) 13.8 (2.0) 14.1 (2.0) F(2,76)= 0.2 (.80)

Clinical, behavioral and data acquisition
characteristics

 Diagnosis (PS/SA-D/SA-B/UN)3 14/13/3/2 4/14/3/3 * χ2 (3) = 4.7 (.19)

 No. of hospitalizations2 8.6 (9.0) 8.6 (6.9) * t(54)= .01 (1.0)

 PANSS Composite Positive Symptoms2 16.5 (4.9) 16.6 (4.9) * t(54)= .07 (.94)

 PANSS Delusion2 2.9 (1.6) 3.3 (1.8) * t(54) = .77 (.44)

 PANSS Disorganization2 1.5 (0.8) 1.7 (1.2) * t(54) =.51 (.61)

 PANSS Suspiciousness/persecution2 2.7 (1.3) 3.3 (1.5) * t(54) =1.4 (.16)

 PANSS Composite Negative Symptoms2 13.7 (5.0) 16.1 (5.6) * t(54)= 1.7 (.09)

 PANSS Composite General
Psychopathology Symptoms2

33.0 (9.2) 34.8 (8.6) * t(54)= .8 (.75)

Antipsychotic medication type (A/T/T+A/
ND)4

20/3/7/2 17/4/2/1 * χ2(6)=2.4 (.49)

Chlorpromazine equivalent2 634 (457) 474 (377) * t(54) = 1.4 (.17)

WAIS vocabulary scaled score2 10.8 (3.5) 12.2 (2.9) 12.0 (3.0) F(2,76)= 1.5 (.23)

Edinburgh Handedness Inventory Score2,5 73.3 (21.5) 63.5 (19.6) 75.7 (19.5) F(2,73) = 2.4 (.
10)

Subjects depressing button during scanning
(yes/no)6

11/21 9/15 11/12 χ2(2)=1.1 (.59)

Number of scan runs (6/> 6)7 28/4 23/1 21/2 χ2(2)=1.2 (.55)

1
degrees of freedom and p-values in parentheses

2
data presented as mean (standard deviation)

3
PS=paranoid schizophrenia; SA-D=schizoaffective disorder, depressed; SA-B=schizoaffective disorder, bipolar; UN=undifferentiated

schizophrenia

4
A=atypical; T=typical; T+A=typical plus atypical; ND=no drug

5
scale from Oldfield (71); data from three subjects not available (2 hallucinators and 1 nonhallucinating patient)

6
for subjects depressing button during runs, group comparison of rate of button depressions not significant different (F(2,28)=2.1, p=0.13)

7
One hallucinator had 7 runs, two hallucinators had 8 runs, and one hallucinator had 9 runs to collect additional hallucination event data for our

parallel activation time-course analysis (ref 27); 1 nonhallucinating patient had 7 runs and 2 healthy control subjects had 7 runs in order to match
frequency and duration of button presses in the hallucinator group.
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Table 2

Pairwise group comparisons of bilateral Wernicke’s FC with subregions of the left IFG

Comparison F value (df =1,76) P-value Direction of difference1

Controls vs. Hallucinators averaged over left IFG 2.31 .13 *

Controls vs. Nonhallucinators averaged over left IFG 10.0 .002 HC > NH

Hallucinators vs. Nonhallucinators averaged over left IFG 3.55 .06 HAL > NH

Controls vs. Hallucinators in BA44 of left IFG 0.15 .69 *

Controls vs. Nonhallucinators in BA44 of left IFG 0.35 .55 *

Hallucinators vs Nonhallucinators in BA44 of left IFG 0.06 0.81 *

Controls vs. Hallucinators in BA45 of left IFG 0.44 0.51 *

Control vs. Nonhallucinators in BA45 of left IFG 7.02 0.01 HC > NH

Hallucinators vs. Nonhallucinators in BA45 of left IFG 4.82 0.03 HAL > NH

Controls vs. Hallucinators in BA46 of left IFG 0 0.98 *

Controls vs. Nonhallucinators in BA46 of left IFG 9.68 0.003 HC > NH

Hallucinators vs. Nonhallucinators in BA46 of left IFG 11.1 0.001 HAL > NH

Control vs. Hallucinators in BA47 of left IFG 7.13 0.009 HC > HAL

Control vs. Nonhallucinators in BA47 of left IFG 4.18 0.04 HC > NH

Hallucinators vs. Nonhallucinators in BA47 of left IFG .24 .63 *

1
HC=Healthy controls, HAL = hallucinating patients, NH=nonhallucinating patients
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