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Introduction: Auditory hallucinations or voices are experi-
enced by 75% of people diagnosed with schizophrenia. We
presumed thatauditorycortexof schizophreniapatientswho
experiencehallucinations is tonically ‘‘tuned’’ to internal au-
ditory channels, at the cost of processing external sounds,
both speech and nonspeech. Accordingly, we predicted
that patients who hallucinate would show less auditory cor-
tical activation to external acoustic stimuli than patients
who did not.Methods:At 9 Functional Imaging Biomedical
Informatics Research Network (FBIRN) sites, whole-brain
images from 106 patients and 111 healthy comparison sub-
jects were collected while subjects performed an auditory
target detection task. Data were processed with the FBIRN
processing stream. A region of interest analysis extracted
activation values from primary (BA41) and secondary audi-
tory cortex (BA42), auditory association cortex (BA22),
and middle temporal gyrus (BA21). Patients were sorted
into hallucinators (n 5 66) and nonhallucinators (n 5 40)
based on symptom ratings done during the previous week.
Results: Hallucinators had less activation to probe tones
in left primary auditory cortex (BA41) than nonhallucina-
tors. This effect was not seen on the right. Discussion: Al-
though ‘‘voices’’ are the anticipated sensory experience, it
appears that even primary auditory cortex is ‘‘turned on’’
and ‘‘tuned in’’ to process internal acoustic information at

the cost of processing external sounds. Although this study
was not designed to probe cortical competition for auditory
resources,wewereable to takeadvantageof thedata and find
significant effects, perhaps because of the power afforded by
such a large sample.
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Introduction

Auditory hallucinations or voices are experienced by 75%
of people diagnosed with schizophrenia. These voices
range from random and/or muffled words to complete
sentences and conversations. Patients can describe
them as either internal (coming from inside their head)
or external, and they are often reported as real despite
evidence to the contrary.1 With hemodynamic and elec-
trophysiological brain imaging, we have the opportunity
to understand both the neural origin of the voices and the
neural mechanisms underlying them.

Different neurobiological strategies have been used to
assess the pathophysiology of auditory hallucinations in
schizophrenia. Some investigators have had success using
a naturalistic ‘‘symptom capture’’ approach where neu-
robiological data are collected as patients experience hal-
lucinations. While this approach is conceptually simple, it
is difficult in practice because it relies not only on the
timely occurrence of an elusive subjective experience
but also on the ability of the patient to reliably report
its initiation and completion. Symptom capture requires
patience from the research team as well as cooperation
and insight from the patient. Nevertheless, 4 groups
have been successful at comparing brain activations dur-
ing periods when hallucinations were present and absent.
One found no activation in auditory cortex during peri-
ods of hallucinations,2 2 found auditory cortical activity
but no primary auditory cortex activity,3,4 and 1 found
activation in primary and secondary auditory cortex.5

The lack of consistency may be due to small sample sizes
(n � 6) used in these studies.

A more mechanistic approach that does not rely on
timing, patience, and cooperation is the ‘‘fundamental def-
icit’’ approach.6 Following the writings of Feinberg7 and
Frith,8 we used electroencephalography-based methods
totest thehypothesis that there isa fundamentaldysfunction
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of the efference copy/corollary discharge mechanism,
whereby old memories, preoccupations, and thoughts,
that are not identified as self-generated, are interpreted
as coming from an external source (ie, hallucinations).9,10

The ‘‘probe approach’’ is yet another method used to
study auditory hallucinations. With this approach, audi-
tory stimuli, which might compete for resources with au-
ditory hallucinations, are presented to patients while
hearing voices11 or to patients likely to be hearing voi-
ces.12,13 Hubl et al11 combined symptom capture and
probe approach. They asked psychotic patients who fre-
quently hallucinated to signal periods of hallucinations
while simultaneously probing cortical responsiveness
with pure tones. They found that the N1 component
of the auditory event-related brain potential to the tones
was reduced, especially on the left, during periods of au-
ditory hallucinations compared with periods without hal-
lucinations. Woodruff et al12 did not ask patients to
signal hallucinations but instead studied the same
patients during episodes of severe hallucinations (state
positive) and about 3 months later when not actively hal-
lucinating (state negative). He also studied schizophrenia
patients who never hallucinated (trait negative) and
healthy controls. Regardless of hallucination propensity,
patients with schizophrenia responded less to speech
probes than did controls in BA42 and BA22 on the
left. This effect was exaggerated in patients likely to be
hearing voices, suggesting that external sounds were com-
peting with voices for left hemisphere resources. Simi-
larly, Plaze et al13 found a strong negative relationship
between activation in BA22 on the left to sentences
and severity of auditory hallucinations in 16 schizophre-
nia patients who hallucinated daily.

Current Approach and Hypothesis

We have adopted the probe approach in this article. We
presumed that the auditory cortex of schizophrenia
patients who recently experienced hallucinations is toni-
cally ‘‘tuned’’ to the internal channels in which hallucina-
tory stimuli are typically broadcast. In this way, the
auditory cortex is always in a state of readiness to process
internally generated auditory signals whenever they are
spontaneously emitted. The auditory processing ‘‘band-
width’’ devoted to internal verbal dialogues is posited to
be particularly costly from the standpoint of auditory
processing resources, diminishing the capacity of the au-
ditory cortex to process external sounds. Based on this
framework, we predicted that patients who hallucinate
would show less auditory cortical activation to external
acoustic stimuli than patients who did not. While it is cer-
tainly possible that patients who hallucinated during the
previous week were more likely to be actively hallucinat-
ing during the experiment, our predictions did not strictly
depend on this being the mechanism of diminished audi-
tory cortical activation.

We adopted a region of interest (ROI) analysis ap-
proach in our analysis. This was based on our observation
that hallucinations may be generated from different sub-
regions within a cortical area, as noted in figure 1 of Dierks
et al.5 Compared with the more traditional voxel-wise
group analysis approach, the ROI approach allows us
to extract activations from within a region rather than re-
lying on consistent activation of a cluster of voxels. Al-
though areas other than auditory have been implicated
in the experience of auditory hallucinations (eg, anterior
cingulate, supplementary motor area, Broca’s area), we
focused our analysis on cortical areas directly related to
auditory processing to test the theory that voices would
compete with external sounds for auditory processing
resources. We inspected activations in 4 auditory cortical
regions: primary auditory cortex (BA41), which is also
called anterior transverse temporal gyrus; secondary au-
ditory cortex (BA42), which is also called posterior trans-
verse temporal gyrus; auditory association cortex (BA22);
and middle temporal gyrus (BA21). Because language per-
ception14 and voices15 may involve right hemisphere struc-
tures, we included both left and right hemisphere
structures in our analysis.

We predicted that external sounds would primarily
compete for auditory cortex resources on the left because
of the left lateralization of language. Specifically, we pre-
dicted that schizophrenia patients endorsing auditory
hallucinations would have less activation to sounds in
left auditory cortex compared with right in comparison
to patients who did not endorse auditory hallucinations.
Although patients and controls were balanced for age
within each site, there were age differences across sites;
consequently, age was included as a factor in the analysis.
Also, because there were different magnet strengths and
manufacturers at the different sites, site was also consid-
ered in the analyses.

Methods

Participants

All 9 Functional Imaging Biomedical Informatics Re-
search Network (FBIRN) sites received local Institutional

Fig. 1. Median Activations for Each Region of Interest are Plotted
for Healthy Controls and Patients With Schizophrenia (Those Who
Did and Did Not Hallucinate in the Prior Week). Activations are
plotted separately for left and right hemisphere.
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Review Board approval for this study, and all participants
provided written informed consent. Data from healthy
menandwomen(n=111)andfrompeoplewithschizophre-
nia or schizoaffective disorder (n = 106) were included.
All subjects had normal hearing (no more than a 25 dB
loss in either ear) and were able to perform the task.

Control subjects were interviewed with Structured
Clinical Interview Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition, (DSM-IV) for normal
persons. They were excluded if they had a current or past
history of a major neurological, psychiatric, medical ill-
ness; substance or alcohol dependence; head injury; and
IQ less than 75 (as measured by the North American
Adult Reading Test [NAART]); if they were using mi-
graine treatments; or if a first-degree family member
had a diagnosis of a psychotic illness.

Patients meeting the Structured Clinical Interview
DSM-IV criteria for schizophrenia or schizoaffective dis-
order participated in the study. Subjects were excluded if
they had a current major medical illness; previous head
injury or prolonged unconsciousness; or current or past
substance and/or alcohol dependence. Patients were
also excluded if they had an IQ less than 75 as measured
by the NAART, migraine treatments, and significant tar-
dive dyskinesia (measured by the Global section of the
Abnormal Involuntary Movement Scale). Subjects were
required to be clinically stable with no significant changes
in their psychotropic medications in the previous 2
months.

Subjects were asked to have a normal night’s sleep the
night before each scan, no more than one alcoholic drink
the night before, and abstain from drinking coffee within
2 h prior to lying down in the scanner. Subjects who
smoked refrained from smoking starting 40 min before
lying down in the scanner.

Clinical Measures Collected

Many demographic data were collected from patients
and controls; those relevant to this report are the Edin-
burgh Handedness Inventory and the Socioeconomic
Status Questionnaire. In addition, all patients received
a full complement of symptom ratings, but only the Scale

for the Assessment of Positive Symptoms (SAPS) is rel-
evant to this report.

For the purposes of the analysis presented here,
patients were split into 2 groups: hallucinators (SAPS
item #36 � 1) and nonhallucinators (SAPS item #36 =
0). There were 66 hallucinators and 40 nonhallucinators.
Demographic characteristics of this sample appear in
table 1. In addition, we performed a control analysis
based on thought disorder (SAPS item #69—global rat-
ing of positive thought disorder). For this analysis,
patients were split into 2 groups: thought disordered
(SAPS #69 � 1) and nonthought disordered (SAPS
#69 = 0).

Task

Subjects heard a sequence of standard (95%; 1000 Hz)
and target (5%; 1200 Hz) 100-ms duration tones every
500 ms. They were instructed to press a button to the
oddball tone. A black fixation cross in the middle of a
gray screen was presented for the duration of each run.
There were 2 practice runs and 4 experimental runs
each lasting 280 s (4.67 min). Before and after the 4 ex-
perimental runs, there was a fixation block lasting 15 s.

Each subject adjusted the volume of a test stimulus to
the left and right ears so that it could be heard comfort-
ably over the noise of the scanner during an echo planar
image (EPI) scan.

Responses were monitored for performance accuracy.

Imaging Parameters

Scan parameters relevant to this article are described
here.

The numbers of subjects included in the final analysis
from each site are listed here, as well as the type of scan-
ner used. DUKE-UNC, n = 29, GE LX 4T; BWH, n = 14,
GE Signa 3T; MGH, n = 7, Siemens 3T Trio; UCLA, n =
20, Siemens 3T Trio; UCI, n = 34, Picker 1.5T Eclipse;
UNM, n = 29, Siemens 1.5T Sonata; UI, n = 27, Siemens
3T Trio; UMN, n = 29, Siemens 3T Trio; Yale, n = 28,
Siemens 3T Trio.

The scanning session consisted of a localizer scan as
needed to identify the anterior commissure-posterior
commisure (AC-PC) axis; any shimming that a site
used (higher order when possible); B0 field mapping scans
were acquired, and dewarping was used in the analysis,
except at sites using 1.5T scanners or spiral acquisitions.

The functional scans were T2*-weighted gradient echo
EPI sequences, with relaxation time = 2000 ms, echo time
(TE) = 30 ms (UCI used TE = 40 ms. UNM used TE = 39
ms), flip angle 90� (acquisition matrix 64 3 64, 22 cm field
of view, 27 slices (UCI collected 21 slices), 4 mm thick
with 1 mm gap, oblique axial AC-PC aligned.

Each scan session consisted of a brief training session
to familiarize the subject with the paradigms, placement
in the scanner for about 1½ h during which structural and
functional images were collected. At least 24 h later and

Fig. 2.Same as Figure 1, but for hallucinators and nonhallucinators,
separately.
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Table 1. Demographics of Populations Studied

Variable

Healthy Controls (n = 111) Nonhallucinating Patients (n = 40) Hallucinating Patients (n = 66)

P ValueMean SD Minimum Maximum Mean SD Minimum Maximum Mean SD Minimum Maximum

Age (y) 36.33 11.71 19 65 39.58 13.10 19 65 38.47 11.60 19 58 .32
Education (y)a 15.9 2.43 5 24 13.97 2.11 11 18 13.17 1.87 10 18 .0001
SESb based on education of primary

caretaker before age 18 yc
2.85 1.38 1 7 3.32 1.49 1 7 3.00 1.48 1 7 .22

SES based on occupation of primary
caretaker before age 18 yd

3.3 1.81 1 7 3.97 1.83 1 7 3.80 1.83 1 7 .08

Mean symptom scores from SAPSe

Item #36 auditory hallucinations 3.27 1.37 1 5
Item #37 voices commenting 1.85 1.85 0 5
Item #38 voices conversing 1.47 1.73 0 5
Handedness 100 right 35 right

7 left 4 left 61 right
4 ambidexterous 1 ambidextrous 5 left

Gender 43 women 10 women 20 women
68 men 30 men 46 men

aData missing from 6 controls, 5 nonhallucinators, and 12 hallucinators.
bScale for the Assessment of Positive Symptoms.
cData missing from 2 controls, 2 nonhallucinators, and 5 hallucinators.
dSocioeconomic status, Hollingshead and Redlich, 1958.
eData missing from 7 controls, 3 nonhallucinators, and 2 hallucinators.
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no more than 3 weeks later, the subject repeated the entire
session; however, only data from the first session are in-
cluded here.

Data Analysis: Preprocessing

Images were processed with a developmental version of
the FBIRN Image Processing System (FIPS), an image
analysis pipeline primarily using routines from the
FMRIB Software Library (FSL) (http://www.fmrib.ox.
ac.uk/). Preprocessing steps were separated from the re-
mainder of the FIPS pipeline, with XML and related files
developed to track provenance information. The prepro-
cessing scripts used FSL’s MCFLIRT to motion correct
the time series of each subject (usually aligning to the
middle volume), PRELUDE and FUGUE to B0 correct
images at sites where field maps were collected, and ‘‘slice-
timer’’ to correct images for slice-timing differences
(http://www.fmrib.ox.ac.uk/). To equilibrate images for
potential site differences in the blood oxygen level depen-
dent (BOLD) signal due to spatial smoothness, we
smoothed all 3-D volumes to 8 mm full-width-half-
max (FWHM).16 The smooth-to-script used FSL’s ‘‘bet-
func’’ program to skull-strip the functional magnetic
resonance imaging (fMRI) dataset, then Freesurfer’s
‘‘mri_fwhm’’ program (http://surfer.nmr.mgh.harvard.
edu/) and FSL’s ‘‘ip’’ program to spatially smooth the
fMRI dataset to the prescribed smoothness.

Image Quality Assurance Screening

Upload scripts included a wide range of image quality
measures aimed at identifying image sets with poor tem-
poral stability, in-plane intensity distortion, and abnor-
mal smoothness, among other characteristics. We
excluded 1 control and 2 patients for coregistration fail-
ures, 6 controls and 3 patients for poor performance (tar-
get detection accuracy < 50%), and 4 controls and
7 patients for not having 4 complete runs on the first
session. None of the excluded subjects are included in
table 1.

ROI Analysis Approach

WFU Pickatlas was used to generate masks in MNI space
for auditory cortex (left and right Brodmann areas 41, 42,
22, and 21) and for primary visual cortex (BA17) as a
control ROI. The median activation in each ROI was
extracted. This analysis focused on the contrast between
targets and standards.

Two main analyses of variance (ANOVAs) with con-
trasts were run to assess group effects, hemisphere, and
ROI; in one ANOVA, we compared healthy controls
with all patients, and in the other ANOVA we compared
patients who endorsed recent hallucinations (hallucina-
tors) with those who did not (nonhallucinators). The
data were entered to allow a focused assessment of pri-

mary auditory cortex (BA41) compared with all the other
regions (BA41 þ BA22þ BA21; contrast 3), planum tem-
porale (BA42) compared with superior temporal gyrus
(STG) þ middle temporal gyrus (MTG) (BA22 þ
BA21; contrast 2), and STG (BA21) compared with
MTG (BA22; contrast 1). The analysis is evident in table
2 where the results from both ANOVAs are presented.

To assess the specificity of the effects to hallucinations,
we performed a similar analysis comparing nonthought
disordered and thought disordered patients. To assess
the specificity of effects to auditory cortex, we performed
an analysis of group effects (nonhallucinators vs halluci-
nators) and hemisphere for activation in BA17.

Performance accuracy differences between the groups
were assessed in 2 t tests, healthy controls vs all patients,
and nonhallucinators vs hallucinators.

Results

The results of the ANOVAs comparing auditory cortical
activations of healthy controls to schizophrenia patients
(left) and of hallucinators to nonhallucinators (right) ap-
pear in table 2. In this table, all modeled effects are pre-
sented. Those involving effects of noninterest (site and
age) are shaded. Significant effects of interest are bolded.
The results of the other analyses are detailed below.

Healthy Controls (n = 111) vs Patients (n = 106)

As can be seen in table 2 and figure 1, there was a main
effect of group, with healthy controls having greater ac-
tivation in the temporal lobe ROIs than the patients,
a main effect of hemisphere, with left hemisphere having
more activation than right hemisphere, and a main effect
of ROI, with BA42 having greater activation than
BA21and BA22, and BA22 having greater activation
than BA21.

There was a group 3 ROI interaction involving the
contrast between BA22 and BA21. This was parsed by
inspecting the contrast separately for each group. Al-
though the effect of BA22 > BA21 was larger in the con-
trols than in the patients, it was significant for both
groups (controls, P < .0001; patients, P < .0001).

There was an ROI 3 hemisphere interaction involving
the contrast between BA42 and BA21 þ BA22. This was
parsed by inspecting the contrast separately for left
and right hemispheres; BA42 had more activation than
BA21 þ BA22 in both left (P < .0001) and right (P <
.0001) hemispheres.

Controls missed fewer targets (7.3%) than patients
(9.3%), but this difference was not significant (P = .16).

Hallucinators (n = 66) vs Nonhallucinators (n = 40)

As can be seen in table 2 on the right, and in figure 2, there
was a main effect of ROI, with BA42 having greater ac-
tivation than BA21and BA22 and BA22 having greater
activation than BA21. Most important, there was a
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Table 2. ANOVA Results for Median Activations in Auditory Cortex Regions of Interest (ROIs): BA21, BA22, BA42, BA41

Source Contrasts for ROI Contrast for Hemisphere

Healthy Controls (111) Vs
Schizophrenia Patients (106)

NonHallucinators (40)Vvs
Hallucinators (66)

df F Significant df F Significant

Group 1, 206 3.76 .05 1, 95 2.99 .09

Hemisphere Right vs left 1, 206 3.79 .05 1, 95 2.43 .12

Hemisphere 3 group Right vs left 1, 206 1.23 .27 1, 95 0.00 .96

Hemisphere 3 age Right vs left 1, 206 3.92 .05 1, 95 2.04 .16

Hemisphere 3 site Right vs left 8, 206 1.34 .23 8, 95 0.79 .61

ROI BA22 vs BA21 1, 206 59.76 .0000 1, 95 21.33 .0000
BA42 vs (BA22 þ BA21)/2 1, 206 46.39 .0000 1, 95 31.46 .0000
BA41 vs (BA22 þ BA21 þ BA42)/3 1, 206 2.07 .15 1, 95 0.48 .49

ROI 3 group BA22 vs BA21 1, 206 4.40 .04 1, 95 0.03 .87
BA42 vs (BA22 þ BA21)/2 1, 206 1.18 .28 1, 95 1.50 .22
BA41 vs (BA22 þ BA21 þ BA42)/3 1, 206 1.61 .21 1, 95 8.14 .01

ROI 3 age BA22 vs BA21 1, 206 9.56 .00 1, 95 4.05 .05
BA42 vs (BA22 þ BA21)/2 1, 206 6.73 .01 1, 95 8.67 .00
BA41 vs (BA22 þ BA21 þ BA42)/3 1, 206 0.82 .37 1, 95 0.68 .41

ROI 3 site BA22 vs BA21 8, 206 3.89 .00 8, 95 0.82 .59
BA42 vs (BA22 þ BA21)/2 8, 206 3.08 .00 8, 95 0.77 .63
Level 4 vs Previous 8, 206 4.05 .00 8, 95 2.19 .04

ROI 3 hemisphere BA22 vs BA21 Right vs left 1, 206 1.49 .22 1, 95 0.18 .67
BA42 vs (BA22 þ BA21)/2 Right vs left 1, 206 6.89 .01 1, 95 3.18 .08
BA41 vs (BA22 þ BA21 þ BA42)/3 Right vs left 1, 206 1.38 .24 1, 95 0.01 .91

ROI 3 hemisphere 3 group BA22 vs BA21 Right vs left 1, 206 2.30 .13 1, 95 0.03 .86
BA42 vs (BA22 þ BA21)/2 Right vs left 1, 206 2.02 .16 1, 95 0.11 .75
BA41 vs (BA22 þ BA21 þ BA42)/3 Right vs left 1, 206 0.31 .58 1, 95 6.79 .011

ROI 3 hemisphere 3 age BA22 vs BA21 Right vs left 1, 206 0.00 .97 1, 95 0.28 .60
BA42 vs (BA22 þ BA21)/2 Right vs left 1, 206 3.42 .07 1, 95 1.03 .31
BA41 vs (BA22 þ BA21 þ BA42)/3 Right vs left 1, 206 0.05 .83 1, 95 1.01 .32

ROI 3 hemisphere 3 site BA22 vs BA21 Right vs left 8, 206 1.23 .28 8, 95 0.74 .65
BA42 vs (BA22 þ BA21)/2 Right vs left 8, 206 1.37 .21 8, 95 1.42 .20
BA41 vs (BA22 þ BA21 þ BA42)/3 Right vs left 8, 206 1.98 .05 8, 95 2.03 .05
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group 3 hemisphere 3 ROI interaction involving the con-
trast between BA41 and the other 3 ROIs. The group 3

ROI interaction involving this contrast was stronger on
the left (F1,95 = 12.40, P < .001) than on the right (F1,95 =
0.753, P = .39). Specifically, nonhallucinators had greater
activation in left BA41 than hallucinators (F1,95 = 8.34,
P < .005). This was not true for right BA41 (F1,95 =
2.68, P = .11).

In addition, we calculated the correlation between ac-
tivation in left BA41 and hallucination severity in the
group of hallucinators. The correlation was not signifi-
cant (r = 0.02, P = .86), suggesting that whether a patient
tends to hallucinate or not is a better predictor of BA41
activation to sounds than is hallucination severity.

Nonhallucinators had significantly (P = .028) fewer
missed targets (5.5%) than hallucinators (9.9%); never-
theless, poor performance was not significantly related
to decreased activation in left BA41 (r = �0.20, P =
.11) in the hallucinators. In addition, we ran the main
ANOVA with accuracy as a covariate. The group 3 hemi-
sphere 3 ROI interaction involving the contrast between
BA41 and the other 3 ROIs changed in significance from
P = .011 to P = .014.

A comparison of thought disordered (n = 58) and non-
thought disordered (n = 44) patients revealed a different
pattern of results (symptom ratings for thought disorder
were missing for 4 patients). While thought disordered
patients had less activation in the auditory cortical struc-
tures than the thought disordered ones (F1,91 = 4.99, P =
.028), the group 3 hemisphere 3 ROI interaction involv-
ing the contrast between BA41 and the other 3 ROIs was
not significant (F1,91 = 0.772, P = .38).

The analysis of BA17 revealed a main effect of group
with nonhallucinators having greater activation that hal-
lucinators (F1,95 = 7.80, P = .006). The group 3 hemi-
sphere interaction was not significant (F1,95 = 2.10, P =
.15), but there was a tendency for a larger group differ-
ence over the right than left hemisphere.

Discussion

Using the probe method of studying auditory hallucina-
tions, we found that patients who hear voices have less
activation to probe tones in left primary auditory cortex
than patients who do not hear voices. This effect was not
seen on the right. That is, in patients who hallucinate,
resources for processing external sounds were compro-
mised on the left relative to the right, perhaps because
of the linguistic content of voices. This effect might be
due to both functional and structural reasons.

Functional

Although we had no direct evidence that people were
hearing voices while listening to tones in the scanner,
our finding of reduced responsiveness to tones in the
left auditory cortex in hallucinators is consistent with

a study using event-related potentials (ERPs) to tones.11

Using the symptom capture þ probe approach, Hubl
et al11 asked patients to signal the start of hallucinations
and sorted ERP trials according to the presence or ab-
sence of voices, allowing them to compare state-positive
to state-negative periods. In the 7 patients studied, they
found that the N1 ERP component from left auditory
cortex to tone probes was reduced during state-positive
periods. Because N1 is likely to emanate from primary
auditory cortex,17,18 these ERP findings are similar to
our findings of reduced left primary auditory cortex re-
sponsiveness in hallucinators. In spite of the fact that we
both used pure tones, which are processed by both the
right and left primary auditory cortex, both our findings
were distinctly left-sided. Perhaps the linguistic nature of
the internal acoustic experience (‘‘voices’’) competes for
general auditory resources on the left.

Our findings are also consistent with fMRI probe stud-
ies of Woodruff et al12 and Plaze et al.13 Although neither
study asked patients to signal the presence of hallucina-
tions, it is possible that the patients were hallucinating
while hearing the external acoustic stimuli. We have no
evidence that patients in our study were hallucinating
while listening to the sounds. Instead, we presumed
that the auditory cortex of patients with recent hallucina-
tions is tonically poised to process internally generated
voices at the expense of processing external sounds. Ac-
cordingly, we predicted that patients who tend to expe-
rience hallucinations would show less auditory cortical
activation to externally delivered acoustic stimuli and
less capacity to engage cortical resources to perform au-
ditory tasks, such as an auditory oddball task, than
patients who do not experience hallucinations. This pre-
diction was borne out. Thus, while we did not do a symp-
tom capture study, the power of our analysis to capture
group differences in hallucinations was clearly enhanced
by the large sample collected by the 9 FBIRN data col-
lection sites. Our sample included 66 hallucinators and 40
nonhallucinators.

While the ERP probe study suggested the involvement
of primary auditory cortex,11 neither of the fMRI probe
studies pointed to the involvement of BA41.12,13 This dif-
ference may be due to the different probes used. We used
tones and found reductions in primary auditory cortex,
BA41; the other fMRI probe studies used speech sounds
and found reductions in speech processing regions, BA42
and BA22.12,13 Because we used pure tones, it is not sur-
prising that the effects were seen in primary auditory cor-
tex, as the main processing region for pure tones. If we
had used speech sounds, we may have found robust com-
petition for resources in the auditory association cortex in
posterior portion of the temporal cortex (BA22).

It is important to consider the possible contribution of
attention to the main finding described here, the interac-
tion between Group, Hemisphere, and ROI (BA41 vs
the other areas). If patients were hearing voices and
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attending to them, their attention may have been diverted
from the task. However, controlling for performance ac-
curacy did not affect this effect, in spite of the fact that
patients who tended to hallucinate performed the task
less accurately.

Also, the reduction of left hemisphere primary audi-
tory cortical activation in hallucinators is not seen in
thought disordered patients, nor is left hemisphere reduc-
tion seen in visual cortex in patients who tend to hallu-
cinate. Although other symptoms and other regions were
not subjected to the same analysis, these effects may be
relatively specific to hallucinations and auditory cortex.

Structural

It is also possible that a reduction in gray matter volume
of the left auditory cortex in hallucinators is responsible
for their reduced responses to sounds on the left. MRI
studies suggest that auditory hallucinations are associ-
ated with reduced gray matter volumes in the temporal
lobe, especially in the STG including the primary audi-
tory cortex.15 Although the topic of another article
from the FBIRN, structural MR data were available
from 20 nonhallucinators and 39 hallucinators. The vol-
ume of gray matter for each subject’s transverse temporal
gyrus was measured using a semi-automated method
(Freesurfer version 3.05, http://surfer.nmr.mgh.harvard.
edu/).19–21 We found no differences in gray matter vol-
ume between hallucinators and nonhallucinators. Per-
haps a more focused inspection of BA41 alone would
have revealed some group differences because this is
the region in our data that was sensitive to group differ-
ences. However, we have no evidence that our group
effects are due to structural brain differences.

In summary, patients who tended to hallucinate had
less activation to target tones in left primary auditory cor-
tex (BA41) than did nonhallucinators. This suggests that
even though ‘‘voices’’ are the anticipated sensory experi-
ence, a nonspeech area of auditory cortex (eg, Heshcl’s
gyrus) is also ‘‘turned on’’ and ‘‘tuned in’’ to process in-
ternal acoustic information at the cost of processing
sounds in general. Although this study was not designed
to probe auditory cortical competition for processing
resources, we were able to take advantage of the data
and find significant effects perhaps because of the power
rendered by such a large sample.
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