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Effects of Prior Information on Decoding
Degraded Speech: An fMRI Study
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Abstract: Expectations and prior knowledge are thought to support the perceptual analysis of incoming
sensory stimuli, as proposed by the predictive-coding framework. The current fMRI study investigated
the effect of prior information on brain activity during the decoding of degraded speech stimuli. When
prior information enabled the comprehension of the degraded sentences, the left middle temporal gyrus
and the left angular gyrus were activated, highlighting a role of these areas in meaning extraction. In
contrast, the activation of the left inferior frontal gyrus (area 44/45) appeared to refl3ect the search for
meaningful information in degraded speech material that could not be decoded because of mismatches
with the prior information. Our results show that degraded sentences evoke instantaneously different
percepts and activation patterns depending on the type of prior information, in line with prediction-
based accounts of perception. Hum Brain Mapp 00:000-000, 2012 v 2012w iley Periodicals, Inc.
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INTRODUCTION

The comprehension of spoken utterances is a highly
challenging task due to the transient nature of auditory
speech stimuli and its vulnerability to ambiguity. The

success of our sensory system to convey most stimuli with
reasonable precision despite the regular disturbance of
noise has been attributed to its constant anticipation of
upcoming events [Bar, 2007; Enns and Lleras, 2008; Fris-
ton, 2005]. That is, perception is not simply a passive
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relRection of sensory input but arises from an active inte-
gration of sensory data and prior expectations. According
to the framework of predictive coding [Friston, 2005; Rao
and Ballard, 1999], such expectations can resolve percep-
tual ambiguities because prior knowledge and context in-
formation incorporated in the predictions might help to
decode noisy stimuli. Predictive coding is conceptually
related to, e.g., semantic or contextual priming but refers
to the use of any kind of prior information. In fact, pri-
ming may thus be regarded as a special instance of predic-
tive coding in which a single piece of prior information
(the prime) inBuences the processing of the subsequent
stimulus.

Evidence for predictive coding has been observed in vis-
ual processing [e.g., Hosoya et al., 2005; Sharma et al.,
2003; Summerbeld et al., 2006], in tactilo-motor interac-
tions [Blakemore et al., 1998], in motor preparation [Jakobs
et al.,, 2009] and in audiovisual perception [Arnal et al.,
2011; den Quden et al., 2009, 2010]. However, rather little
is known about the role of predictive coding in auditory
speech perception despite the fact that comparable expec-
tation-generating mechanisms involving interactions
between bottom-up and top-down processing have often
been deemed crucial for speech perception [e.g., Davis and
Johnsrude, 2007; Grossberg, 2003]. Furthermore, auditory
processing is thought to be hierarchically organized such
that higher processing levels respond to increasingly more
complex and abstract sound properties. In accordance
with this hierarchical organization, research has identibPed
at least three distinct levels of auditory processing in non-
human primates. Specibcally, with increasing complexity,
sound information proceeds from the core region of the
auditory cortex to the belt and the more lateral parabelt

area [Kaas and Hackett, 2000; Rauschecker et al., 1995].

Neuroimaging studies have found a comparable hierarchi-
cal processing pattern in humans in response to complex
sounds [Hall et al., 2002] and to spoken language [Scott
et al., 2000]. Whereas the core and belt areas of the audi-
tory cortex in the superior temporal gyrus are responsive
to the amplitude and frequency modulations of speech,
left lateralized cortical regions including the posterior infe-
rior parietal lobe, middle temporal gyrus, fusiform and
parahippocampal gyrus, dorsomedial prefrontal cortex, in-
ferior frontal gyrus, ventromedial prefrontal cortex, and
posterior cingulate gyrus seem to be involved in speech-
specibc semantic processing [Binder et al., 2009].
Previously, indications for effects of prior knowledge on
speech perception have been demonstrated in studies
showing that speech can be decoded even when extremely
distorted [Remez et al., 1994; Saberi and Perrott, 1999;
Shannon et al.,, 1995] and that perception of degraded
speech can improve through training [Davis et al., 2005;
Giraud et al., 2004; Hannemann et al., 2007]. Moreover,
comprehension of degraded speech stimuli after training
was associated with increased blood-oxygen-level-depend-
ent (BOLD) activity in the right superior temporal sulcus
and bilateral middle and inferior temporal gyri [Giraud

et al.,, 2004] and with increased gamma band activity in
left temporal regions [Hannemann et al., 2007] when com-
pared to exposure to the degraded stimuli prior to the
training. As noted above, however, experiments in the vis-
ual domain have demonstrated analogous perceptual and/
or neural effects of prior information also without requir-
ing a training phase. That is, degraded images could be
recognized instantaneously once the original (nonde-
graded) image had been shown [e.g., Ludmer et al., 2011,
Porter, 1954]. However, the neural mechanisms of corre-
sponding phenomena in the auditory domain (i.e., speech
perception) are yet unknown.

To shed light on this question, we used functional mag-
netic resonance imaging (fMRI) to measure brain activity
during the perception of spectrally degraded sentences fol-
lowing exposure to an equally degraded or, which is the
critical condition, following exposure to a nondegraded
sentence. Importantly, the employed spectral degradation
(see Methods for details) produced sentences that were
incomprehensible when heard in isolation but which
became comprehensible (i.e., their meaning could be
extracted) when having been preceded by their original
(nondegraded) version. In light of the predictive-coding
framework, the comprehension of degraded speech can be
explained by the formation of a template based on the
processing of the preceding nondegraded sentence. This
template consists of predictive codes that, if matching with
subsequent input, carry enough information for the suc-
cessful decoding of degraded speech. Subsequently, we
refer to this prediction-based understanding of speech as
OOmeaning extraction,00 although we do not claim that this
process can be mechanistically equated with a direct
decoding of the degraded sentence. Alternatively, under-
standing might stem from an indirect meaning reactivation
that is triggered after the degraded sentence is OOrecog-
nized®O based on structural commonalities (e.g., prosody)
with the template. Most probably, however, both proc-
essesNdirect meaning decoding based on lexical-semantic
predictions and meaning retrieval based on a structural
match with previous language inputNrun in parallel. In
any case, the prediction-dependent understanding of
degraded language offers an excellent opportunity to
investigate the neural mechanisms of integrating sensory
data and prior knowledge in speech processing.

METHODS
Participants

Twenty-nine healthy participants took part in this study
(14 females, mean age¥ 34.5 years, SD% 12.2 years). All
participants were right-handed, native speakers of Ger-
man, had no history of neurological or psychiatric dis-
eases, and gave written informed consent prior to
participation. The study was approved by the local ethics
committee of the RWTH Aachen University.
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TABLE |. Overview of conditions

Reference

Target

Condition

Structural prior

Degraded sentence A
Degraded sentence A
Propositional prior
Nondegraded sentence A
Nondegraded sentence A

Degraded sentence A
Degraded sentence B

Degraded sentence A
Degraded sentence B

Structural match
Structural mismatch

Propositional match
Propositional mismatch

Paradigm and Stimuli

The participants performed a delayed-matching-to-sam-
ple task in which a target sentence had to be compared
with a preceding reference sentence. The stimuli com-
prised 25 sentences, each in a nondegraded and a
degraded version. All stimuli had been developed for a
previous fMRI experiment and are described in detail in
Meyer et al. [2004]. In brief, the sentences were recordings
of short declarative inpPnitival statements of similar length
(mean duration % 3.8 s, SD% 0.3 s), spoken by the same
female speaker. A transcription of these sentences can be
found in the Supporting Information. Degraded versions
of these sentences (see the Supporting Information for a
sound example) were created by low-pass bltering and an
additional removal of aperiodic signals. This procedure
included a reduction of spectral information to frequencies
containing the Fy as well as the 2nd and 3rd harmonic (see
Supporting Information Fig. S1 for spectrograms of a non-
degraded sentence and its degraded version). Thus, the
resulting degraded stimuli merely retained the prosodic
parameters of the original version (i.e., intonation, dura-
tion, and suprasegmental acoustic modulations) but lack
any segmental and lexical information. Unlike purely low-
pass bltered sentences, the degraded sentences employed
in the present study sound like a humming voice heard
from behind a door and are virtually impossible to under-
stand without prior presentation of the nondegraded ver-
sion as a reference [Meyer et al., 2002].

The experiment consisted of Pve blocks, each containing
two subblocks of 10 events. For each event, the stimuli
were presented in pairs consisting of a reference sentence
followed by a target sentence for comparison. While the
target sentence always was a degraded sentence, the type
of the preceding reference sentence alternated between
sub-blocks: it was degraded in the Prst sub-block and non-
degraded in the second sub-block. The reason for keeping
the order of sub-blocks constant (rather than randomizing
them) was twofold. First, we wanted to minimize task-
switching demands. Second, we wanted to ensure that the
target sentences preceded by degraded reference sentences
(structural match and mismatch conditions, cf., Table I)
were processed as spectrally degraded, incomprehensible
sentences. Therefore, we decided to present them always
in the brst sub-block before the template based on the
intact sentence could be formed (i.e., before encountering

the nondegraded version in the second sub-block). Each
sub-block consisted of Pve matching and bve nonmatching
pairs presented in randomized order. Within each block,
the pairs in either sub-block were based on combinations
of the same bPve sentences to ensure equivalent stimulus
material and hence sensory input for both sub-blocks. The
order of sentence presentation within each sub-block and
the order of blocks were pseudo-randomized across partic-
ipants. In sum, the type of reference sentence (degraded
vs. nondegraded) varied between sub-blocks to minimize
trial-to-trial task-switching effects, while the type of refer-
encebtarget match (match vs. mismatch) varied between
trials (i.e., within sub-blocks) to allow for an event-related
analysis of hemodynamic activity (see below). The current
experiment thus uses an event- (epoch-) related design for
modeling and analysis, which was embedded in an over-
arching block-structure of event-presentation to reduce
confounding effects of task-switching.

Our pairing scheme vyielded four conditions (Table I): (1)
a structural match condition when two identical degraded
sentences were presented; (2) a structural mismatch condi-
tion when two different degraded sentences were pre-
sented; (3) a propositional match condition when a
nondegraded reference sentence was identical to the
degraded target (i.e., the target sentence was the degraded
version of the reference sentence); and (4) a propositional
mismatch condition when a nondegraded reference was
different from the degraded target (i.e., the target sentence
was not the degraded version of the reference sentence).
The brst two conditions thus require sentence comparisons
that are entirely based on OOstructural®0 information such as
prosody, suprasegmental acoustic modulations, intonation,
pitch, etc. The latter two conditions in contrast enable
comparisons that are additionally based on lexical-seman-
tic (OOpropositional®d) information provided by the nonde-
graded reference sentence. Importantly, the propositional
match condition evoked an understanding of the degraded
target (as established by pretesting). Therefore, this condi-
tion allowed for meaning extraction from the degraded
(and normally unintelligible) target.

Each of the 25 degraded sentences was presented
exactly once as a target in every condition. Therefore, the
stimulus material constituting the (crucial) second part of
each event was identical across conditions. Thus, the only
difference between conditions that could explain differen-
tial fMRI results was (1) whether only structural or also
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propositional information was provided by the reference
sentence, and (2) whether this information matched the
target sentence.

Procedure

After receiving task instructions, participants performed
a practice run with sentence pairs different from those in
the main experiment. The practice run was introduced to
familiarize participants with the auditory stimuli and with
the sequence of events. After entering the MR scanner, a
sequence of test scans was run while examples of practice
sentence stimuli were presented. This was done to allow
an individual adjustment of the headphone volume for
each participant and ensure that the sentence stimuli were
well audible with the scanner noise in the background.
Subsequently, the experiment started. Following the pre-
sentation of each sentence pair, a display was shown for 2
s asking participants to indicate by left or right button
press whether or not the sentence pair contained two iden-
tical sentences. Participants were instructed to respond as
fast as possible. Left/right response assignment was coun-
terbalanced across participants such that half the partici-
pants responded with the left hand and the other half
responded with the right hand to specify identical senten-
ces. After a jittered intertrial interval of 4B9 s (uniformly
distributed), the next sentence pair was presented. The
sentences within each pair were separated by an intersti-
mulus interval of 1 s. The sub-blocks lasted about 3 min
and were separated by a 20-s resting period from each
other. A warning tone in combination with a warning on
the display was presented 1B3 s prior to the end of
the resting period to prepare participants for the upcom-
ing sub-block. The total time spent in the scanner was

35 min.

fMRI Data Acquisition and Preprocessing

Imaging was performed on a Siemens Trio 3-T whole-
body scanner (Erlangen, Germany) using gradient-echo
echo-planar imaging (EPI). T2*-weighted BOLD contrast
volumes covering the whole brain were acquired (TR %
2.2 s, in-plane resolution ¥4 3.1 3.1 mm? 36 axial slices
of 3.1 mm thickness, distance factor ¥4 15%). To allow for
magnetic-beld saturation, image acquisition was preceded
by four dummy images which were discarded prior to
data analysis. Images were analyzed using SPM5 (www.pl.
ion.ucl.ac.uk/spm). The EPI images were corrected for
head movement by afPne registration using a two-pass
procedure. This included an initial realignment of all
images to the brst image and a subsequent realignment to
the mean of the realigned images. After realignment, the
mean EPI image of each participant was spatially normal-
ized to the MNI (Montreal Neurological Institute) single-
subject template using the unibed segmentation approach
(Ashburner and Friston, 2005). The resulting parameters

that debPne the deformation Peld necessary to move the
participantOs data into the space of the MNI tissue proba-
bility maps were then combined with the deformation
Peld transforming between the latter and the MNI single-
subject template. The ensuing deformation was subse-
quently applied to the individual EPI volumes that were
thereby transformed into the MNI single-subject space and
resampled at 2 2 2 mm?® voxel size. Finally, these nor-
malized images were spatially smoothed with a Gaussian
kernel of 8-mm full width at half-maximum.

Data Analysis

Behavioral data were analyzed using SPSS 18.0.0 (SPSS,
Chicago, IL). Reaction time and accuracy were subjected to
2 2 repeated-measures analyses of variance (ANOVAS)
to test the effects of the factors Match (matching vs. non-
matching sentence pairs) and Type of Prior (propositional
vs. structural). Furthermore, reaction time of match and
nonmatch trials was separately calculated for correct and
incorrect trials (i.e., hits, misses, correct rejections, false
alarms) and tested for the effects of signal-detection cate-
gory and Type of Priorby a4 2 ANOVA. Note that hits
and misses were computed from correct and incorrect
responses on match trials, respectively, and correct rejec-
tions and false alarms were computed from correct and
incorrect responses on mismatch trials, respectively. Post-
hoc analyses were Bonferroni-corrected for multiple com-
parisons. Finally, paired t tests were used to test for
group-level differences in sensitivity ( d®) and decision cri-
terion (c) between the different types of prior. The dO pa-
rameter was calculated based on the convention suggested
for samebdifferent designs [Macmillan and Creelman,
2005] using the formula

d°v4 2280:5f 1 p Y2pdcimax  1=2gb

with

p&chmax ¥4 Ud:5f zHP  z&FPgpb

where U is the standard normal cumulative density func-
tion, H is the hit rate (i.e., proportion of match responses
when pairs actually were matches), and F is the false-
alarm rate (i.e., proportion of match responses when pairs
actually were mismatches). The decision criterion ¢ was
calculated by the formula

cYs 0:5%HP pzdb:

Admittedly, typical samebdifferent experiments within
the signal-detection framework differ from the current
experiment in terms of the number and complexity of
stimuli. This analysis, however, was only performed to
provide evidence for equivalent levels of difbculty across
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both types of prior. For this purpose, applying the sameb
different convention should provide an acceptable
approximation.

Imaging data were analyzed using the general linear
model as implemented in SPM5. For each of the six events
of interest (presentation of nondegraded or degraded ref-
erence sentences, presentation of target sentences from one
of the four conditions: structural match, structural mis-
match, propositional match, and propositional mismatch),
the hemodynamic response was separately modeled by a
boxcar reference vector (duration: 4 s) convolved with a
canonical hemodynamic response function (HRF) and its
brst-order temporal derivative. The four target sentence
regressors thus debned the four conditions which were
identical with regard to sensory input but differed with
regard to the type of input provided by the preceding ref-
erence sentence. Importantly, we limited our analysis to
those target sentences that evoked correct match or mis-
match responses (i.e., hits or correct rejections, respec-
tively). Accordingly, a nuisance regressor for target
sentences in trials with incorrect responses was included
in the Prst-level model. The reason for restricting the anal-
ysis to correct trials was to ensure that participants paid
attention to the task at hand during all trials included.
However, one disadvantage of this approach is the poten-
tial reduction of statistical power due to the exclusion of
trials. Furthermore, this exclusion may perturb the a-priori
identical distribution of target stimuli across the four con-
ditions because some of the excluded target sentences may
still be present in one of the other conditions. We therefore
computed a supplementary analysis based on all trials in
which we reanalyzed the imaging data from all trials with-
out the nuisance regressor.

Additional nuisance regressors were included for experi-
mental events of no interest: left and right button presses
and head movements as ref3ected by six motion parame-
ters for translation and rotation. Finally, reaction time was
included as parametric modulator for the structural match,
structural mismatch, propositional match, and propositio-
nal mismatch regressors to assess intraindividual variation
of brain activity related to performance level. Low-fre-
quency signal drifts were removed by employing a high-
pass blter with a cut-off period of 128 s. After correction
of the time series for dependent observations according to
an autoregressive prst-order correlation structure, parame-
ter estimates of the HRF regressors were calculated for
each voxel using weighted least squares to provide maxi-
mum-likelihood estimators based on the temporal autocor-
relation of the data [Kiebel et al., 2003]. The individual
brst-level contrasts (each condition relative to the implicit
baseline) were then fed into a second-level random-effects
ANOVA.

In this group analysis, mean parameter estimates over
all participants were computed for all six regressors of in-
terest (cf., above) as well as for the four parametric modu-
lators (refecting reaction times) and the two motor-
response nuisance regressors (left/right button press).

Based on these estimates, separate t-contrasts within the
ANOVA were calculated for testing differential effects.
Furthermore, differential effects were combined into con-
junctions based on the minimum t-statistic [Nichols et al.,
2005]. Conjunction analysis was chosen because of its
higher specibcity and more conservative character as com-
pared with a factorial analysis. In particular, by using a
conjunction analysis, we constrained inference to those
regions that were signibcantly present in all of the
included conditions. All resulting activation maps were
thresholded at P < 0.05 (family-wise error (FWE)-corrected
for multiple comparisons at cluster level; cluster-forming
threshold at voxel level: P < 0.001) and anatomically local-
ized using probabilistic maps of cytoarchitectonically
debned areas [Amunts et al.,, 2007; Zilles and Amunts,
2010] using version 1.6b of the SPM Anatomy toolbox
[Eickhoff et al.,, 2005; www.fz-juelich.de/inm/inm-1/
spm_anatomy_toolbox].

To identify regions implicated in the processing of all
six sentence type events, the conjunction OOnondegraded
reference sentence\ degraded reference sentence\ struc-
tural match \ structural mismatch \ propositional match
\ propositional mismatch®0 was used. This analysis should
thus ref3ect regions commonly activated by the sound
stimuli or recruited by the general task demands (e.g.,
working memory, decision making). The contrast
OOdegraded reference sentence nondegraded reference
sentence®O was employed to isolate regions that are more
activated by the unintelligible sounds as compared to
meaningful verbal information. The inverse contrast OOnon-
degraded reference sentence > degraded reference sen-
tence®OO was analyzed to discern regions more tuned to
intelligible speech than to (unintelligible) dynamic intona-
tion contour. The latter contrast should thus identify
regions that are selectively involved in processing the lexi-
cal-semantic aspects of speech.

Three conjunctions were employed to unravel the effects
of the propositional prior compared to a purely structural
prior, i.e., the effects of a nondegraded reference sentence
compared to a degraded reference sentence on the subse-
quent processing of the degraded target sentence. To
ensure that all activations associated with the propositio-
nal prior effect were specibc for intelligible speech, the
contrast OOnondegraded reference sentence degraded ref-
erence sentence®O was always included in these conjunc-
tions. That is, we compared differential effects of the
previously heard sentence on the processing of the identi-
cal (precisely the same target stimuli were presented in all
four conditions) degraded sentences, but restricted this
analysis to those regions that were actually involved in
processing nondegraded (i.e., intelligible) speech, as
opposed to degraded (i.e., normally unintelligible) speech.
Hence, all these analyses should exclusively reveal effects
within the brain network subserving lexical-semantic
speech processing. First, the conjunction OO[(propositional
match p propositional mismatch) > (structural match p
structural mismatch)] \ (nondegraded reference sentence
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> degraded reference sentence)O0 aimed at identifying the

general effect of exposure to a propositional prior as com-
pared to a structural prior. This conjunction thus should

specibcally reveal those effects on the processing of the

degraded target sentence that stem from any lexical-

semantic inBuence provided by the reference sentence

while controlling for (mis)matching of prosody (as this

process should affect all target sentences alike, independ-

ently of whether the prior was propositional or structural).

Second, the conjunction OO (propositional matck structural
match) \ (propositional match > structural mismatch) \
(nondegraded reference sentence > degraded reference

sentence)O0 was used to reveal the effects of a propositional

match on brain activity within the lexical-semantic
network (as debPned by the last component of the conjunc-
tion). Finally, the conjunction OO(propositional mismatch>
structural mismatch) \ (propositional mismatch > struc-
tural match) \ (nondegraded reference sentence >

degraded reference sentence)OO was employed to reveal the

effects of a propositional mismatch on brain activity within
the lexical-semantic network. Furthermore, we performed
an additional analysis of these effects that was not re-
stricted to those regions more responsive to intelligible
compared to degraded speech.

Furthermore, we directly tested for differences between
propositional matches and mismatches via (i) the contrast

ObOpropositional match> propositional mismatch®d masked

inclusively with the above analysis aiming at identifying

effects of propositional matches [(propositional match >
structural match) \ (propositional match > structural mis-
match) \ (nondegraded reference sentence > degraded

reference sentence)] and (i) the contrast OOpropositional
mismatch > propositional matchOO masked again inclu-

sively with the above mentioned propositional mismatch
effect OO(propositional mismatch> structural mismatch) \
(propositional mismatch > structural match) \ (nonde-
graded reference sentence > degraded reference
sentence).00

In addition, we investigated the effect of matches versus
mismatches across both types of priors by the conjunctions
OO(propositional matck» propositional mismatch) \ (struc-
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mismatch > propositional match) \ (structural mismatch
> structural match).0O0

RESULTS
Behavioral Results

Overall, the accuracy of identity judgments was compa-
rable for targets following propositional and structural pri-
ors (83 and 79% correct responses, respectively). The 2 2
(Match: yes/no Type of Prior: propositional/structural)
ANOVA of accuracy revealed a signibcant main effect of
Match [F(1, 28) % 29.93,P < 0.001] and a signibcant Match

Type of Prior interaction [ F(1, 28) ¥ 12.02, P < 0.002;
Fig. 1A]. Type of Prior had no signibcant main effect

sentences following structural (dark gray) and propositional
(light gray) priors. Panel depicts measures of discriminability

(d) and bias ) as derived from same-different signal-detection
analyses for the two types of prior. Positidvalues reRect dis-
criminability above chance level. Negative c values indicate a bias
toward OOsamedO responses (i.e., a more lenient criterion),
whereas positive ¢ values signibes a bias toward OOdifferentd0
responses. Error bars represent the standard error of the
means. ¥4 signibcant aP< 0.01.

[F(1, 28) ¥4 3.86, p > .05]. Thus, although accuracy was
generally lower on nonmatch than match trials, this drop
of accuracy was signibcantly stronger for targets following
structural rather than propositional priors. An ANOVA of
reaction time indicated a signibcant main effect of Match
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[F(1, 28) % 12.91, P % 0.001]. Responses were faster for

matching than nonmatching pairs, independent of Type of
Prior (propositional/structural). When splitting match and
nonmatch ftrials into correct and incorrect trials (i.e., hits,
misses, correct rejections, false alarms), a 4(Category)
2(Type of Prior) ANOVA showed a main effect of Cate-
gory [F(3,18% 10.99,P < 0.001; Fig. 1B], indicating that in
particular incorrect decision trials (misses and false
alarms) were associated with slower responses. Specib-
cally, after Bonferroni correction, hits (i.e., correct match
decisions) were signibPcantly faster than misses (i.e., incor-
rect nonmatch decisions), and correct rejections (i.e., cor-
rect nonmatch decisions) were faster than false alarms
(i.e., incorrect match decisions). Furthermore, hits were

also faster than false alarms. These results suggest that the

above-reported main effect of Match on reaction time is
mainly due to the fast responses on hit trials.
Signal-detection parameters for observer sensitivity (d’)
and decision criterion (c¢) were calculated to investigate
differences in discriminability and response tendency,
respectively (Fig. 1C). Paired t tests revealed no difference
in d’ between propositional and structural priors [ t(1, 28)
Y 1.19, P ¥ 0.243] but showed that ¢ was signibPcantly
lower for structural than for propositional priors [ t(1, 28)
Y 3.89,P < 0.001]. Thus, discrimination difpculty in trials
with structural versus propositional priors was compara-
ble, while responses following structural priors were rela-

decisions) than responses following propositional priors.
Finally, no sex differences were observed for any of the
behavioral measures.

fMRI Results
General overview

Activations common to all six sentence types (nonde-
graded reference sentence\ degraded reference sentence
\" structural match \ structural mismatch \ propositional
match \ propositional mismatch) were found bilaterally in
temporal and frontal areas, in the supplementary motor
area (SMA), premotor cortex, and cerebellum (Fig. 2A).
Next, the contrast between nondegraded and degraded
reference sentences revealed signibcant clusters in the left
IFG [area 44, 45; Amunts et al., 1999], bilateral MTG/STG

[TEL1.0, TE 1.1; Morosan et al., 2001], precuneus, posterior

cingulate cortex, hippocampus [SUB; Amunts et al., 2005],
amygdala [CM; Amunts et al., 2005], thalamus, as well as
dorsomedial and ventromedial prefrontal cortex (PFC; Fig.
2B). The inverse contrast (Fig. 2C) revealed higher activa-
tion in bilateral insula, middle frontal gyrus, and middle
cingulate cortex, in right IFG (area 44), rolandic operculum
[OP4; Eickhoff et al., 2006], and inferior parietal cortex, as
well as left cerebellum, premotor cortex, and pre-SMA.
Furthermore, reaction times of the sentence comparisons
were included as parametric modulators of the BOLD
response to target sentence presentation in each of the

Figure 2.
g ura Overview of the general fMRI Pnding®\)(The conjunction
tively more biased toward OOsameOO responses (i.e., matqondegraded reference sentende degraded reference sen-

tence\ structural match\ structural mismatch propositional
match \ propositional mismatch) revealed bilateral activations
refecting auditory processing common to all six sentence type
events. B) Regions representing the lexical-semantic rather
than the prosodic aspects of speech (nondegraded reference
sentence> degraded reference sentence) and)(the inverse
contrast (degraded reference sentence nondegraded refer-
ence sentence). All images are thresholdedPat 0.05 (FWE-
corrected at cluster-level; cluster forming threshold at voxel
level:P< 0.001).

four conditions. No signibcant correlations between reac-
tion time and BOLD response were observed in the group
analysis.

Effect of propositional priors

To identify the general effect of exposure to propositio-
nal priors on the processing of (degraded) targets, we
employed the following conjunction: [(propositional match
p propositional mismatch) > (structural match p struc-
tural mismatch)] \ (nondegraded reference sentence >
degraded reference sentence). Three left-hemispheric clus-
ters localized in the IFG (area 44/45), MTG and AG (PGa/
PGp) resulted from this conjunction (Fig. 3A and Table II).

When focusing on activations related to propositional
matches [(propositional match > structural match) \
(propositional match > structural mismatch) \
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Figure 3.
Effects of propositional prior were all left-lateralize&l) Regions

within the lexical-semantic network responding more

degraded targets that were preceded by propositional compare

to structural priors OO[(propositional malctpropositional mis-
match)> (structural matchp structural mismatch)) (nonde-
graded reference sentence degraded reference sentence).
Dissociation of this network intd) left MTG and AG for prop-
ositional matches [(propositional match structural match)\
(propositional match> structural mismatch)\ (nondegraded
reference sentence> degraded reference sentence)] ar
BrocaOs area for propositional mismatches [(propositional
match > structural mismatch)\ (propositional mismatch>
structural match) \  (nondegraded reference sentence

degraded reference sentence)]. All images are thresholded al
< 0.05 (FWE-corrected at cluster-level; cluster forming thresh-
old at voxel levelP < 0.001). See also Supporting Information

Figures S2 and S4.

(nondegraded reference sentence > degraded reference
sentence)], the resulting pattern no longer included BrocaOs
region (area 44/45) but was conbned to the left AG and
left MTG (Fig 3B and Table Il). BrocaOs region (area 44/
45), however, was the only region associated with proposi-
tional mismatches [(propositional mismatch > structural

to

m

match) \ (propositional mismatch > structural mismatch)
\ (nondegraded reference sentence> degraded reference
sentence)] (Fig. 3C and Table IlI). Direct comparison
between propositional matches and mismatches revealed
that BrocaOs region (area 44/45) was the only cluster show-
ing signibcantly increased activation in response to propo-
sitional mismatches compared to propositional matches.
No such specibc association could be established for the
MTG; however, the AG was more strongly activated in
response to propositional matches compared to propositio-
nal mismatches.

We repeated this analysis without including the contrast
OOnondegraded reference sentence degraded reference
sentence®O in the conjunctions. For the general effect of
propositional prior and propositional match, we observed
additional activations in some areas including the left infe-
rior temporal gyrus, hippocampus, amygdala, basal gan-
glia, and cerebellum (see Supporting Information Fig. S2
for details).

Effects of reference—target match versus mismatch

Regions responding more strongly to referencebtarget
matches than mismatches in general comprised the ventro-
medial PFC (vmPFC) and the bilateral putamen. Con-
versely, referencebtarget mismatches selectively activated
the pre-SMA bilaterally as well as the right insula and
right IFG (see Supporting Information Fig. S3).

Supplementary analysis

In addition to the main analysis based only on correct
trjals, a supplementary analysis was performed involving
all trials. The results (see Supporting Information Table SI
for details) were largely comparable to those of the main

alysis; however, some interesting differences emerged.

hen testing for the effect of a propositional (relative to
a structural) prior on the processing of a (degraded) tar-
get sentence, we again found the left MTG and IFG, but
instead of activation in the left AG, we now observed sig-
nipcant activity in the left thalamus. According to the
thalamic connectivity atlas (http://www.fmrib.ox.ac.uk/
connect), 65% of this thalamic activation was localized in
A section having connections with the prefrontal cortex,
and 29% of the cluster was localized in a section connect-
ng to the temporal cortex. These thalamic areas are
thought to include the mediodorsal nucleus and nuclei of
the anterior complex [Behrens et al., 2003]. Analogous to
the main analysis, the comparison to targets with struc-
tural priors revealed that the left MTG and thalamus
(60% of the cluster predominantly connecting to the pre-
frontal cortex, 36% predominantly connecting to the tem-
poral cortex) were responsive to propositional matches,
whereas BrocaOs region (area 44/45) was responsive to
propositional mismatches (see Supporting Information
Fig. S4).
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TABLE II. Overview of activations

Region Cytoarchitectonic area (percent overlap) X y z Z-score Cluster size
Effect of propositional prior

L IFG Area 442 (48% overlap); Area 45" (36% overlap) 54 20 16 5.29 632

L MTG 62 26 10 4.71 1443

L AG PGaP® (41% overlap); PGp® (18% overlap) 46 62 28 3.96 405
Effect of matching propositional prior

L MTG 62 10 15 4.68 1085

L AG PGaP® (51% overlap); PGp® (14% overlap) 48 54 30 3.96 297
Effect of nonmatching propositional prior

L IFG Area 44% (58% overlap); Area 45" (40% overlap) 52 18 18 5.00 351

All activations P < 0.05 (cluster-level FWE-corrected).x, y, z coordinates refer to the peak voxel in MNI space. R, right; L, left; IFG, infe-

rior frontal gyrus; MTG, middle temporal gyrus; AG, angular gyrus.
FAmunts et al., 1999.
bCaspers et al., 20086.

DISCUSSION

This study investigated the behavioral and neural effects
of propositional priors carrying lexical-semantic informa-
tion on the decoding of degraded speech. As noted above,
such decoding should reRRect an interaction of sensory
input and prior information via lexical-semantic predic-
tions and meaning retrieval. We demonstrated that proc-
essing physically identical stimuli may result in distinct
patterns of neural activation depending on the type of
prior information available to the listener. In particular,
prior propositional information provided by intelligible

subjective impression of understanding the target sentence.
In our view, this perceptual phenomenon did not lead to
an observable behavioral benebt compared to structural
matches, because the two sentences of propositional match
trials were physically not entirely identical, in contrast to
structural match trials. This physical difference between
reference and target in propositional match trials will have
made the matching process more challenging, thereby
reducing or even outweighing the (presumably) facilita-
tory effect of understanding the target sentence. We would
moreover suggest that the behavioral benebt observed for
propositional mismatches (compared to structural mis-

speech (compared to purely OOstructuralOO information pro-matches) might be due to the absence of the OOsudden

vided by degraded speech) resulted in stronger recruit-
ment of a left-lateralized network comprising the MTG,
AG (PGa/PGp), and area 44/45 of BrocaOs region. Within
this network a direct comparison between propositional

understandingd® phenomenon normally associated with
propositional matches: while targets in both propositional
and structural mismatch conditions were physically differ-
ent from the reference, the fact that the target could not be

matches and mismatches revealed a selective association understood despite the nondegraded (propositional) prior

of activity in BrocaOs region with propositional mismatches
and a selective association of activity in the AG with prop-
ositional matches. A supplementary analysis based on all
(instead of correct-only) trials indicated an involvement of
the left thalamus (rather than left AG) with propositional
priors.

Importantly, reaction time and observer sensitivity did
not differ between trials with structural and propositional
priors. Therefore, the fMRI results reported here are highly
unlikely to be explained by different degrees of task difp-
culty. Furthermore, we would like to stress that the results
are also very unlikely to arise primarily from the matching
or recognition of prosody, as this process should be initi-
ated by both types of prior information and is controlled
for by the contrasts included in the conjunctions. Rather,
the resulting activations most likely stem from the
(attempted) lexical-semantic processing of the degraded
target sentence when prior propositional information was
provided, as this was the only difference between the con-
ditions. Furthermore, in trials with matching propositional
priors, this lexical-semantic processing should ref3ect the

should have provided a potent clue facilitating the (overall
more difpcult) mismatch decision under these circumstan-
ces, relative to trials with a nonmatching degraded (struc-
tural) prior.

According to the dual-stream model of language
[Hickok and Poeppel, 2007; Hickok et al., 2011] processing
of speech sounds recruits temporal lobe structures in a
hierarchical dorsal-to-ventral fashion. While the core and
belt auditory areas on the planum temporale process sim-
pler aspects of sounds, the more ventrally located superior
temporal gyrus and superior temporal sulcus (STG/STS)
are more sensitive to complex amplitude and frequency
modulations present in speech sounds. Even further ven-
trally, the MTG and ITG are thought to be involved in the
more abstract analysis of semantic and syntactic features
of speech. In accordance with this model, the results of the
conjunction across all reference and target sentences indi-
cated the involvement of the STG in response to the com-
plex sound properties present across all sentence types. In
contrast, comparing nondegraded with degraded reference
sentences yielded activity in the MTG but not in the STG.
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Of note, this contrast and the inverse contrast revealed an
activity pattern very similar to that reported by Meyer
et al. [2004] for comparing nondegraded and degraded
speech. Additionally, other areas including the left AG,
left IFG, precuneus, and posterior cingulate that resulted
from the comparison of nondegraded vs. degraded speech
are associated with the lexical-semantic analysis of mean-
ingful speech [Binder et al., 2009; Price, 2010].

Furthermore, the left MTG together with the left AG (or,
when considering all trials in the supplementary analysis,
the left MTG and the left thalamus) were activated when
target sentences matched the propositional prior, i.e.,
when meaning could potentially be decoded from a
degraded sentence. This Pnding indicated that speech
processing in the MTG, in line with Binder and Price
[2001], does not depend on the physical properties of
speech sounds conveyed by bottom-up signaling because
it responded differentially to physically identical target
sentences. Rather, the MTG was recruited when more
abstract linguistic processing was enabled by a top-down
application of stored lexical-semantic information stem-
ming from the matching propositional prior. Indeed, the
left MTG has been identibed as a key region for semantic
processing and meaning extraction [Binder et al., 2009;
Price 2010]. Activation of this area has been observed in
various lexical-semantic tasks ranging from comprehen-
sion of degraded sentences [e.g., Adank and Devlin, 2010;
Davis and Johnsrude, 2003] to attempts to derive meaning
from gestures supporting spoken speech [Dick et al., 2009;
Hubbard et al., 2009]. In line with these Pndings, lesions
of this region are associated with impairments in language
comprehension [e.g., Dick et al., 2007; Dronkers et al.,
2004].

In addition to the left MTG, also the AG in the left tem-
poro-parietal junction has frequently been associated with
semantic processing [Binder et al., 2009]. The AG, which
corresponds to the cytoarchitectonic areas PGa and PGp
[Caspers et al., 2006], is considered to be a heteromodal
association area with access to higher-order concepts and
long-term memory. The left AG has been suggested to
provide top-down OOsemantic constraints" in language
processing [Price, 2010] and may thus facilitate meaning
extraction from ambiguous sentences [Obleser and Kotz,
2010]. Interestingly, Seghier et al. [2010] found that such a
function is most likely attributable to the medial or ventral
portion of the AG which corresponds well to the AG clus-
ter observed in the current study. Thus, the selective AG
activation on correct trials might be the origin of top-down
signals mediating predictions that facilitate decoding of
the degraded sentences and enabling correct match/non-
match decisions based on lexical-semantic content. While
both left MTG and AG showed stronger activation when
lexical-semantic expectations were present and fulblled,
their specibc contribution to the processing of the speech
signal is probably not equivalent. The MTG has been pro-
posed to be involved in mapping sound (represented in
the STS) to meaning [which is thought to be distributed

throughout the cortex; Hickok and Poeppel, 2007] and
thereby enabling comprehension of speech signals.

The left AG, on the other hand, is thought to be a hier-
archically higher node [Binder et al., 2009] which aids lan-
guage processing by top-down modulation [Price, 2010;
Seghier et al., 2010]. Potentially, this top-down inRBuence
might have been more pronounced on trials with clearer
evidence that consequently could be answered correctly.
Alternatively however, top-down modulation originating
in the AG might also have rendered the evidence clearer
and might have been a precondition for correct match/
nonmatch decisions.

While the pattern of activation in the AG indicated that
activity in this region is mainly linked with correct trials,
we observed signibcant thalamic activation only in the
supplementary analysis. This suggests that both correctly
and incorrectly answered trials contributed to the observed
thalamic activation but that limiting the analysis to the
correct trials might have provided insufbcient statistical
power to detect the thalamic activation. The effect of
excluding 20% of trials in the main analysis may have
manifested itself particularly in a small structure such as
the thalamus, especially in combination with the cluster
threshold we used. Indeed, the thalamic activation was
signibpcant in the main analysis, too, when slightly lower-
ing the cluster-forming threshold. Nonetheless, we think
that the thalamic activity is an interesting Pnding that
deserves closer attention. Presumably, this activation could
be due to top-down modulation of sensory processing by
signals from temporal or frontal areas. Indeed, cortico-tha-
lamic feedback is known to inBuence thalamic responses
to auditory stimulation by amplifying those sensory fea-
tures that optimally represent the signal predicted by corti-
cal areas and inhibit all other response features [Alitto and
Usrey, 2003; Suga et al., 2002]. Furthermore, based on
patient studies associating thalamic lesions with language
depbcits, Nadeau and Crosson [1997] proposed that tha-
lamic nuclei can selectively gate and integrate the Row of
lexical information between frontal and temporo-parietal
cortices and regulate the access to lexical information
when semantic input is provided. More recent support for
a thalamic involvement in language processing beyond the
relay of auditory information has been found in electro-
physiological studies implicating cortico-thalamic net-
works in processing the semantic and syntactic features of
spoken sentences [David et al., 2011; Wabhl et al., 2008], in
fMRI studies reporting stronger thalamic responses to nor-
mal compared to (unintelligible) prosodic speech [Kotz
et al., 2003] and demonstrating a thalamic contribution to
resolving ambiguity of linguistic input [Ketteler et al.,
2008].

In contrast to the left MTG, AG and (when considering
all trials) the thalamus, the left IFG was selectively acti-
vated in response to mismatches between the target sen-
tence and prior propositional information, i.e., when
attempts to decode the degraded sentence based on the
propositional prior failed. The activation was localized in
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a portion of the IFG that has been cytoarchitectonically
debned as area 44/45 [BrocaOs region; Amunts et al., 1999]
and is known to play a role in speech perception, in par-
ticular when speech is syntactically complex [Friederici,
2011; Friederici et al., 2010]. This region, however, is not
restricted to language processing but appears to be gener-
ally involved in the sequencing of spatiotemporal struc-
tures of various modalities including language, music and
action [Fadiga et al., 2009]. Importantly, left IFG activation
has also been associated with detecting incompatibility in
speech and other hierarchically organized sequences
[Embick et al., 2000; Friederici et al., 2010; Myers et al.,
2009] which might be interpreted as prediction errors sig-
naling the need for reanalysis to prevent misinterpretation
[Christensen and Wallentin, 2011; Novick et al., 2005;
Price, 2010]. Furthermore, Giraud et al. [2004] highlighted
the role of BrocaOs region for search of meaningful content
in auditory input. Accordingly, the involvement of BrocaOs

region in the OOpropositional priorOO network might arise pectancy-guided

from the potential meaningful content provided by nonde-
graded reference sentences compared to degraded ones. In
line with the above reasoning, mismatches between the
target and the preceding nondegraded sentence might
have evoked even stronger activation in BrocaOs region
because the incoming signal was incompatible with the
expected sequence of auditory events while the presence
of meaningful content was hard to determine. Of interest,
activation of BrocaOs region has also been linked with
effects of complexity and task difbculty [Fadiga et al.,
2009]. The behavioral data indicated that trials with propo-
sitional mismatches were more difpcult to discriminate
than trials with propositional matches. However, this held
also true for structural mismatches. Furthermore, the con-
trast between all mismatch and match trials demonstrated
that in particular the pre-SMA (in addition to the right
insula and right IFG) was associated with the overall effect
of the higher task difbculty and response conflict associ-
ated with mismatches. Therefore, we would suggest that
the selective activation of BrocaOs region in response to
propositional mismatches ref3ects its specibc involvement
in challenging linguistic tasks, namely when the presence
of meaning is hard to determine (search for meaning in
noise) and an attempt is made to decode this potential
meaning (reanalysis and possibly prevention of
misinterpretation).

However, it should also be noted that BrocaOs region is a
multifunctional area [see Rogalsky and Hickok, 2011, for a
recent review]. The present study cannot dePnitively
determine the exact mechanism ref3ected by the activation
of BrocaOs region, and alternative accounts such as the
phonological working-memory function of BrocaOs region
cannot completely be ruled out. Nonetheless, if BrocaOs
region merely ref3ected the storage and inner rehearsal of
auditory speech stimuli, the comparison of trials with
propositional versus structural priors should not evoke ac-
tivity in this region because these working-memory proc-
esses are also required for matching decisions purely

based on the prosodic speech stimuli. Therefore, it seems
more likely that the recruitment of BrocaOs region is due to
the inBuence of lexical-semantic content provided by (par-
ticularly nonmatching) propositional priors on the subse-
quent processing of the target sentences, as this is the only
aspect that distinguishes these conditions.

While BrocaOs region thus showed higher sensitivity for
mismatches with propositional priors, the left MTG and
AG (or, when considering all trials, the left MTG and the
left thalamus) were implicated in lexical-semantic process-
ing and meaning extraction by means of using prior infor-
mation. When an informative propositional template is
available, originally incomprehensible speech stimuli can
be subjected to a more profound analysis. That is, prior ex-
posure to the intelligible original sentence results in a dra-
matic change in the appraisal of a hitherto meaningless
speech-like auditory stimulus that can suddenly be per-
ceived as a salient and meaningful sentence. Such an ex-
reappraisal of formerly noisy and
meaningless sensory stimuli corresponds well to the
notion of predictive coding which proposes that the brain
actively participates in the perceptual process by anticipat-
ing upcoming events [Friston, 2005; Rao and Ballard,
1999]. This inferential process may result in striking effects
of prior information on perception, even if the perceived
stimuli are physically identical [Hunter et al., 2010].

Conceptually, accounts of predictive coding in percep-
tion [Friston, 2005; Rao and Ballard, 1999] assert that sen-
sory predictions are generated at each level of the cortical
hierarchy based on integration of prior knowledge with
neural activity from lower levels. These predictions are
thought to be fed back to lower levels where they are com-
pared to the actual neural activity representing the sensory
data. Differences between predicted and observed infor-
mation are fed forward to the hierarchically higher node
as the prediction error. This prediction error, in turn, is
used to optimize subsequent predictions, as it indicates
the bt of the current priors. Therefore, when a prediction
bts well with the incoming sensory data, potential ambigu-
ities among the stimuli can be resolved because the per-
ceptual alternatives are weighted by the predicted
template. With regard to the current study, propositional
templates could only be successfully employed for decod-
ing a degraded target sentence when (1) the reference sen-
tence was a nondegraded sentence (propositional prior)
and (2) the target sentence matched that reference sen-
tence. Presumably, interactions within a left-hemispheric
network including the AG and the MTG are an important
generator of these lexical-semantic predictions. Possibly,
these predictions were sent to lower levels of the auditory
processing hierarchy and potentially modibed the
response proble in the left thalamus. Alternatively, it is
also possible that top-down feedback from the AG affected
the processing in the MTG such that sound could be suc-
cessfully mapped to meaning, resulting in the percept of
an intelligible sentence. The importance of these regions is
supported by previous studies reporting involvement of
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left temporal areas in successful decoding of originally
unintelligibly degraded speech stimuli [Eulitz and Hanne-

mann, 2010; Giraud et al., 2004; Hannemann et al., 2007].

In contrast, unsuccessful decoding attempts of target sen-
tences following a mismatching propositional prior were

selectively associated with activation of BrocaOs region.

This could indicate that BrocaOs region contributes to
speech perception by searching for meaningful content
and comparing expected auditory sequences with the
actual input. Consequently, activation of BrocaOs region
might represent the prediction error when prior knowl-
edge cannot be used to decode meaningful speech due to
mismatches between propositional priors and degraded
targets. Alternatively, the comparison between the pre-
dicted and the actual signal might also happen elsewhere
in the brain. In this case, involvement of BrocaOs region
could reR3ect the updating of the expectations to be gener-
ated. Finally, a response to these mismatches might also
signal the need for reanalysis of the auditory sequence to
prevent misinterpretation. This signal might then lead to a
reduced involvement of the left MTG and AG in process-
ing propositional mismatches. Thus, top-down inBuences
of BrocaOs region on the MTG in particular but also on the
AG might be relevant for the perceptual phenomenon of
sudden understanding of a heavily degraded sentence
and, at the same time, the lack of comprehension when
prior knowledge cannot be applied to such degraded
input. However, the exact mechanisms cannot be deter-
mined with the current analysis but would ultimately
require dynamic causal modeling or related approaches.
Although we interpret our results within the framework
of predictive coding, we do not claim that this framework
is the only one that can account for the Pndings. Alterna-
tively, it might also be warranted to refer to priming
mechanisms to explain the recognition of degraded senten-
ces by an exposure effect of the original stimulus. How-
ever, predictive coding is the more generic framework,
encompassing all kinds of contextual effects on perception,
ranging from subliminal priming to instructed expecta-
tions. Accordingly, we prefer to interpret our Pndings in
the context of this more general model of brain function,
although the current experiment did not aim to test the
predictive-coding account itself.

CONCLUSION

The current study demonstrated that, in line with the
notion of predictive coding, prior information has a deci-
sive effect on speech perception. In particular, the process-
ing of degraded sentences, which were incomprehensible
when heard in isolation, was shown to be sensitive to the

availability of memory templates (OOpriorsO0) carrying prop-

ositional (i.e., lexical-semantic) information. It may be
assumed that this effect results from a combination of
direct meaning decoding, based on lexical-semantic predic-
tions, and meaning retrieval, based on a structural match

with previous speech input. Prior propositional informa-
tion also inBuenced the neural response to degraded sen-
tences and hence revealed the neural correlates of these
processes. Specibcally, successful meaning extraction from
degraded sentences based on prior information was associ-
ated with increased activity in the left MTG and AG.
These areas are known to play a role in high-level lexical-
semantic processing that presumably modulates more ba-
sic speech processing at lower levels including the thala-
mus. In contrast, unsuccessful decoding due to a
misleading propositional prior was selectively associated
with stronger activation of BrocaOs region which may
relBect the search for relevant acoustic cues in auditory
sequences as well as processing prediction errors, thereby
potentially preventing misinterpretation.
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Abstract Auditory verbal hallucinations (AVH) are a inferior temporal gyrus, between the left thalamus and the
hallmark of psychotic experience. Various mechanismsight cerebellum, as well as between the left IFG and left
including misattribution of inner speech and imbalancelPC, and dorsolateral and ventrolateral prefrontal cortex
between bottom-up and top-down factors in auditory per{DLPFC/VLPFC). Increased connectivity was observed
ception potentially due to aberrant connectivity betweerbetween the left IFG and the supplementary motor area
frontal and temporo-parietal areas have been suggested (6MA) and the left insula and between the left thalamus
underlie AVH. Experimental evidence for disturbed con-and the left fusiform gyrus/hippocampus. The predisposi-
nectivity of networks sustaining auditory-verbal processingtion to experience AVH might result from decoupling
is, however, sparse. We compared functional resting-stateetween the speech production system (IFG, insula and
connectivity in 49 psychotic patients with frequent AVH SMA) and the self-monitoring system (DLPFC, VLPFC,
and 49 matched controls. The analysis was seeded from thEC) leading to misattribution of inner speech. Further-
left middle temporal gyrus (MTG), thalamus, angular gyrusmore, decreased connectivity between nodes involved in
(AG) and inferior frontal gyrus (IFG) as these regions arespeech processing (AG, MTG) and other regions impli-
implicated in extracting meaning from impoverished cated in auditory processing might reect aberrant top-
speech-like sounds. Aberrant connectivity was found for aldown inBuences in AVH.

seeds. Decreased connectivity was observed between the

left MTG and its right homotope, between the left AG andKeywords Functional connectivity Psychosis

the surrounding inferior parietal cortex (IPC) and the leftResting state Schizophrenia Speech monitoring
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Auditory verbal hallucinations (AVH), i.e. perceiving
speech in the absence of an external stimulation, are a
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common symptom of various psychiatric disorders, but in
particular of schizophrenia and related psychotic syndromes
(Hugdahl2009. Several neuro-cognitive mechanisms have
been suggested to contribute to this highly distressing psy-
chopathology, including dysfunction in verbal self-moni-
toring resulting in misattribution of inner speech as external
voices, dysfunctions in episodic memory, or imbalances
between top-down and bottom-up factors contributing to
auditory perception (for a review see Hugda®009.
According to the latter hypothesis, aberrant dominance of
top-down predictions might lead to spontaneous percepts in
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the absence of actual sensory stimulation which are expalysconnectivity between distinct brain regions (e.g. Friston
rienced as (auditory-verbal) hallucinations (Grossberd998 Stephan et al2009. Second, spontaneous correla-
2000. Indeed, research has demonstrated that an increastdns between brain regions in the absence of structured
tendency to hear messages in meaningless noise is assaekternal stimulation have been linked with predictive
ated with a subsequent conversion to schizophrenia iprocesses refl3ecting anticipation and interpretation of
individuals with prodromal symptoms (Hoffman et 2007  external events to prepare appropriate responses to these
and that semantic expectations can induce misperceptions @vents (Deco et aR011, Raichle2010. Third, as a fun-
healthy but hallucination-prone individuals (Vercammendamental characteristic of AVH is their emergence in
and Aleman2008. absence of external driving inputs, resting-state connec-

While excessive weighting of top-down predictions maytivity might be more sensitive to reveal differences in
thus contribute to the experience of hallucinations, pretnetwork connectivity underlying the predisposition towards
dictive mechanisms are an integral component of sensorgxperiencing AVH than paradigms involving sensory
processing. In particular in speech perception, where botstimulation. Finally, it has recently been suggested
tom-up signalling is often ambiguous, expectations actinghat abnormally elevated levels of resting state activity
as priors in the processing of auditory stimuli are known to(Northoff and Qin2011) and instability of the default mode
support perceptual processes, e.g. by facilitating the praaetwork (Jardri et al2012 might play a role in the gen-
cessing of degraded speech (Sohoglu et2éi12 Wild  eration of AVH. Furthermore, approaches investigating
et al. 2012. In a previous study (Clos et aR012, we networks rather than concentrating on isolated regions
showed that such predictions in the form of lexical- might be particularly suited to understand pathophysiology
semantic expectations led to a sudden percept of aof AVH (Allen et al. 2012.
understandable sentence from a degraded sentence rathePrevious resting state connectivity studies in patients
than hearing unintelligible noise. In this large group of 29with AVH have found evidence for aberrant functional
healthy participants four brain regions were associated witltonnectivity between frontal and temporoparietal (Hoffman
this phenomenon, which might approximate the abnormaét al. 2011, Vercammen et aR010 and between temporal
interactions between top-down and bottom-up factors prelanguage areas (Gavrilescu et aD10Q. However, these
sumably involved in AVH. (1) The left middle temporal studies employed a network approach of functional con-
gyrus (MTG) which is thought to map sound to meaningnectivity limited to pre-debned regions that were chosen
and is known to be a key region in semantic processindpased on previously observed activation during the expe-
(Binder et al.2009. (2) The left angular gyrus (AG) that rience of AVH. In contrast, we computed a whole-brain
might contribute to speech processing by providing top-connectivity analysis seeded from regions that were asso-
down semantic constraints (Pricg01Q Seghier et al. ciated with decoding degraded speech based on prior
2010. (3) The left thalamus that might blter those signalsexpectations. Top-down inf3uences from higher-order cor-
present in the auditory signal that have been predicted btical regions have been suggested to inBuence speech
the cortex (Alitto and Usrey2003. (4) Finally, BrocaOs perception at lower auditory processing areas such as pri-
region in the left inferior frontal gyrus (IFG) was particu- mary auditory cortex or thalamus (Davis and Johnsrude
larly responsive when incorrect lexical-semantic expecta2007). These higher-order regions are very likely to include
tions resulted in an unsuccessful attempt to decode ththe left MTG and AG, since they are form-independent
degraded speech. This response pattern suggests that Bsemantic regions (Davis and Johnsru2@03 that con-
caOs region performs a search for meaningful informatiotmibute to speech restoration by means of prior knowledge
in ambiguous auditory signals (Giraud et &004 and (Heinrich et al.2008 Shahin et al2009. In particular the
potentially prevents misinterpretation in the presence ofeft AG has been demonstrated to be involved in top-down
misleading expectations (Pri@d10. activation of semantic concepts (Obleser et a007,

If disturbed integration of top-down and bottom-up Obleser and Kot201Q Seghier2012 Seghier et al2010).
auditory processing is indeed involved in the pathophysiAccordingly, we hypothesised that disturbed interactions in
ology of AVH, we would expect that such disturbancesauditory processing would be rel3ected in altered coupling
should be reRected in aberrant interactions of these regionsf OhigherO nodes in speech processing such as the left AG
We therefore investigated resting-state functional connecand MTG with other, Olowerd auditory speech processing
tivity of the left MTG, AG, thalamus and IFG in patients areas. However, it has been suggested that a single neu-
with chronic AVH relative to healthy controls. When rocognitive debcit by itself is unlikely sufbcient to account
addressing the pathophysiology of AVH, imaging networkfor a multifaceted phenomenon such as AVH (JoR@sQ
connectivity in a task free OOresting-O0 state may proviGeal et al.2004. Therefore, additional neurocognitive
particularly promising approach for several reasons. Firstmechanisms such as dysfunctional monitoring of self-pro-
psychotic symptoms have been suggested to arise frowhuced speech (Allen et 220074 might also be involved.
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Verbal self-monitoring and misattribution of speech hasin stead of the slab-wise read-out of EPI scans). This scan
been linked with activations left fronto-temporal regionssequence achieves full brain coverage within 609 ms
and anterior cingulate cortex (Allen et @005 2007h  (yielding 600 images in approximately 6 min) by com-
Simons et al2010. Likewise, involvement of the parietal bining a 3D-PRESTO pulse sequence with parallel imaging
cortex in speech monitoring has also been propose(SENSE) in two directions, using a commercial 8-channel
(Danckert et al.2004. Generation of inner speech and SENSE headcoil (Neggers et &008. Participants were
auditory-verbal imagery on the other hand is associatethstructed to lie in the scanner as still as possible with their
with the (particularly left) IFG/insula, supplementary eyes closed yet stay awake (which was conbrmed by post-
motor area, temporo-parietal cortex and cerebellunscan debriebng). After scanning, all participants were
(Shergill et al.2007). Therefore, we would expect that asked whether they had experienced AVH during the scan.
misattribution of inner speech due to dysfunctional verbaMWe did not instruct the subjects before the scan to keep
self-monitoring should be mirrored in disturbed connec-track of any other aspects of their hallucinations (such as
tivity between the left IFG and areas involved in speechduration, content, frequency, etc.) because we did not want
articulation and associated monitoring processes. the participants to focus on the AVH during the resting
state scan as this may have recruited additional attentional
processes. Moreover, spontaneous reports by the patients

Materials and methods did not yield specibc or reliable information on, in par-
ticular, the duration or frequency of the experienced
Participants hallucinations.

The resting state scans were brst corrected for head
Forty-nine patients with chronic psychosis, as diagnosedhovement by afbne registration using a two-pass proce-
according to DSM-IV criteria by an independent psychia-dure. The mean PRESTO image for each subject was then
trist using the OOComprehensive Assessment of Symptespatially normalised to the MNI single subject template
and History (CASH)OO (Andreasen et18P2, who all (Holmes et al. 19989 using the unibed segmentation
experienced AVH several times a day for at least 1 yeampproach (Ashburner and Frist@005 and the ensuing
were included in the study (see Tallefor clinical and  deformation was applied to the individual PRESTO vol-
demographic details). The medication types and medicadmes. Finally, images were smoothed by a 5-mm FWHM
tion levels as well as the overall symptomatology of theGaussian kernel. Regions of interest (ROIs) used as seeds
patients were unfortunately too diverse to allow matchingfor the functional connectivity analysis were based on the
of the patients. Psychopathology was assessed on the dagtivation clusters obtained from Clos et aR0(2 cf
of scanning with the Positive and Negative Syndromentroduction and Tabl®). Voxel time courses were
Scale (PANSS; Kay et all1987%. For comparison, 49 extracted for all voxels within a 5-mm radius sphere around
healthy (as conbrmed by the CASH interview) individualsthe centre of the particular clusters.
matched for age, sex and handedness were also included.Resting state fMRI connectivity analyses can be con-
All participants provided written informed consent into the founded by physiological noise stemming from cardiac or
study, which was approved by the Humans Ethics Comrespiratory signals but in particular also motion-related
mittee of the University Medical Center Utrecht. Note that effects (Bandettini and Bullmor2008 Fox et al.2009. In
an analysis of these resting state data (addressing a difrder to reduce the potential of these effects to induce
ferent question) has previously been performed and pulbspurious correlations, variance explained by the following
lished (Sommer et al2012. In particular, this previous nuisance variables was removed from the time series (cf.
analysis examined connectivity of the left superior tem-Bandettini and Bullmore2008 Eickhoff et al. 2011 Fox
poral gyrus and right inferior frontal gyrus as activity in et al. 2009: (1) motion parameters derived from image
these two regions was associated with the acute experiencealignment and their brst derivative; (2) mean grey, white

of AVH in psychotic patients. matter and CSF signal intensity per time-point which
should account for the global signal changes of non-inter-
Data acquisition and processing est; (3) coherent signal drifts rel3ected by the brst bve PCA

components on the entire whole-brain data (CompCor
Resting state scans were obtained on a Philips Achieva 3approach, cf. Behzadi et &2007). All nuisance variables
MRI scanner using the following parameter: 40 (coronal)entered the model as brst and all but the PCA components
slices, TR/TE 21.75/32.4 ms, Rip angle 10FOV also as second-order terms as previously described by
2249 2569 160, matrix 649 64 9 40, voxel-size 4 mm Behzadi et al. Z007) and shown by Chai et al2012 to
isotropic (PRESTO scans typically have shorter TR tharincrease specibcity and sensitivity of the analyses and
TE times, as the whole head is scanned with each volumdetect valid correlation and anti-correlations during rest,
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Table 1 Demographic and clinical description of participants

Group Patientsn = 49 Control subjectsn = 49
Age? 37.3 yearst 11.9 39.5 yearst 14.8

Se® 22 males, 27 females 19 males, 30 females
Handedness 43 right, 6 non-right 38 right, 11 non-right
Mean time with AVH 13.9 years 12.2 No AVH

Diagnosis 43 schizophrenia No psychiatric

4 schizoaffective disorder Diagnosis
1 schizophreniform disorder
1 psychosis NOS

10 clozapine, mean dose 464 mg
3 Rufenazine, mean dose 30 mg
7 risperidon, mean dose 3.6 mg
8 olanzapine, mean dose 14.2 mg
7 quetiapine, mean dose 514 mg
1 penBuridol 10 mg
5 haloperidol, mean dose 4 mg
1 aripriprazol, 15 mg
7 medication-free

Antipsychotic medication All medication-free

Mean PANSS scores Positive scale 16.3.7
Negative scale 16.2 5.2
Total 63+ 13.3
Years of education after primary sch8ol 5.8 yearst 2.2
+ denotes the standard deviation
2 T(2,96)=- 0.92,p= 0.41
b v21)= 0.38,p= 0.54
¢ v21)= 1.78,p= 0.18
9 Information missing for 15 patients
rTeagk?l)eng Overview of seed Region Cytoarchitectonic area (percent overlap) X y z
L MTG - 57 - 27 -5
L IFG (BrocaOs region) Area 4666 % overlap) - 51 20 15
Area 45 (44 % overlap)
X, ¥, Z coordinates refer to the L Thalamus -6 11 5
Eelgtf;e of gravity in MNI space, | PG& (78 % overlap) - 48 - 56 29

PFn? (9 % overlap)

& Amunts et al. {999
PP (3 % overlap)

b Caspers et al.2006

which are not an artefact of the preprocessing method, bi2009 but furthermore this correction has been discussed to
may refRect valid biological signals. The data were therpotentially alter interregional correlations within a group
band-pass Pltered preserving frequencies between 0.01 aadd change differences in connectivity between groups
0.08 Hz (Biswal et al1995 Greicius et al2003. The time  because the true noise may vary systematically (Saad et al.
course of each ROI was expressed as the brst eigenvarid?612. Therefore, we performed a supplementary analysis
of the processed time series of all voxels associated witin which we repeated the analysis without the global signal
that region. regression step to evaluate the impact of this correction
The use of global signal regression as a preprocessingethod on observed group differences of connectivity.
step in fMRI connectivity analyses has recently evokedThis supplementary analysis was thus not performed to
some criticism that is not only limited to the potential establish secondary Pndings but only to ensure that the
introduction of artibcial anticorrelations (Murphy et al. results of the main analysis were not confounded by the
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preprocessing. As the purpose of the supplementary anatem P3 (reRecting hallucinations). To this end, the FisherOs

ysis was thus solely to conbPrm that the results remaiiz-images of all patients were correlated with this clinical

stable when changing the preprocessing parameters, theseore and inference was sought on the whole-brain level.

is no problem with circularity although these two analysesAgain results were regarded as signibcant if they passed

are not independent from each other. p\ 0.05 (FWE-corrected at cluster-level; cluster-forming
threshold at voxel-levelp\ 0.001).

Data analysis

For each subject we computed linear (Pearson) correlatioResults
coefbcients between the time series of the seeds and any
other grey matter voxel, which were then transformed intAll participants reported that they had stayed awake during
FisherOZ scores. Group analysis was then performed orihe resting-state scan. While none of the healthy controls
these by an analysis of variance (ANOVA) across subjectseported experiences of AVH during the scan, 31 of the 49
using appropriate non-sphericity correction. In thepatients did. The main effects of connectivity of the four
ANOVA, both the main effect of functional connectivity seeds computed across all participants are displayed in Fig.
and the group-difference between patients and controlS1. The conjunction over these main effects of connectivity
were modelled for each seed. Inference on this randonrevealed no single cluster that was signibcantly correlated
effects analysis was then sought using linear contrastsvith all seeds.
First, main effects of connectivity (across both groups)
were calculated for each seed and a conjunction analysBifferences between patients and controls
over the four seeds was performed on these to reveal
regions showing signibcant coupling common to all fourAttenuated coupling in patients compared with controls
seeds. Subsequently, functional connectivity maps of thevas observed for all four seeds (Figand Table3). First,
left MTG, AG, IFG and thalamus were assessed for sigthe left MTG showed a reduced connectivity with a cluster
nibcant differences between patients and controls usingpcluding parts of the right superior temporal gyrus, the
t tests testing for increased or decreased connectivity isuperior temporal sulcus and the middle temporal gyrus
patients compared with controls. For all analyses, result§STG/STS/MTG). Second, the left AG showed a reduced
were regarded as signibcant if they pasged0.05 (FWE- local connectivity with the surrounding inferior parietal
corrected at cluster-level for multiple comparisons; clustercortex (IPC) overlapping with the cytoarchitectonic areas
forming threshold at voxel-levelp\ 0.001). Anatomical PFm/PGa/PGp (Caspers et &006 and with the left
localizations in cytoarchitectonically debPned areas werénferior temporal gyrus (ITG). Third, for the left IFG,
obtained using the SPM Anatomy Toolbox (Eickhoff et al. reduced coupling was observed with the bilateral ventro-
2005 2007). lateral prefrontal cortex (VLPFC; parts of the IFG anterior-
We computed a follow-up analysis to test for state vsventrally to area 45), with the left dorso-lateral prefrontal
trait effects of AVH on functional connectivity with our cortex (DLPFC; part of the middle frontal gyrus extending
seed regions. We divided the patients into those whdo the dorsal potion of area 44/45; Amunts et¥99 and
actually experienced hallucinations during the scan andvith the left inferior parietal cortex (IPC; area PFm/PF and
those who did not. We extracted individual functional hiIP1/hIP2; Caspers et &20068 Choi et al.2006. Finally,
connectivity between the seed regions and 5 mm spherdle thalamic seed displayed decreased connectivity with
centred on the peak voxel of those clusters that had showthie right cerebellum. Additionally, also increased connec-
signibcant aberrant connectivity in the main analysistivity was observed between the left IFG and the supple-
Subsequently, we computed a one-way ANOVA on thesenentary motor area (area 6; Gey2004 and the left
individual functional connectivity scores between the sub-nsula/putamen, and between the thalamic seed and the left
groups. It should be noted that this inference procedure iusiform gyrus/hippocampus (area SUB and hOC4y;
not circular, as targets were debned by a main-effect oAmunts et al.2005 Rottschy et al2007); see Fig.2 and
aberrant connectivity across the entire group of patient3able 3.
and then evaluated for differences between two subsets In order to assure that global signal regression did not
(acutely hallucinating/not hallucinating) within it. In a introduce any systematic confounds we repeated the anal-
second follow-up analysis we assessed whole-brain corresis on the same dataset but pre-processed without the
lations between functional connectivity to the seeds and theemoval of global signals. The results were well compa-
PANSS positive score (reRecting psychotic psychopatholrable to the group differences reported above. In particular,
ogy), the PANSS negative score (ref3ecting impairments irven though additional regions showed aberrant connec-
emotional and cognitive processes) as well as the PANS#vity, we could replicate the previously observed
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follow-up analyses for those regions that showed the dis-
turbed connectivity in the overall group of trait carriers as
reported above. This analysis revealed that the reduction in
connectivity between the AG and the surrounding left
inferior parietal cortex and the increase in connectivity
between the thalamus and the left fusiform gyrus/hippo-
campus were more pronounced in those patients who hal-
lucinated during scanning compared with those that did not
(Fig. 3). That is, the connectivity linking these regions
provided evidence for both trait and state-effects. For the
remaining regions, no systematic differences were found
between acutely hallucinating patients and those showing
merely the trait to experience AVH. As it might be con-
ceivable that the two subgroups (acutely vs. non-acutely
hallucinating patients) showed a difference with respect to
their medication status, we directly tested for these. We did
not bnd a signibpcant difference between groups with
respect to the current medicationoz(: 6.0973,p = 0.53).
Therefore, the subgroups and the associated connectivity
differences are unlikely to arise from medication
confounds.

Correlations with PANSS-scores

No signibcant correlations between PANSS-positive score
and the connectivity of any of the seed regions to other
brain areas were found. However, when correlating only
the score on the P3 item of the PANSS (i.e. hallucinatory
behaviour), a signibcant positive relationship was observed
with the connectivity between the left IFG and the ven-
tromedial prefrontal cortex (VMPFC; Figla), indicating
that higher connectivity between these two areas is asso-
ciated with more severe hallucinations. Furthermore, con-
nectivity between the thalamic seed and the right
parahippocampal gyrus (area CA/SUB; Amunts et al.
2005 and between the thalamus and the right precentral
gyrus was negatively correlated to the severity of halluci-
nations (Fig.4b). Thus, reduced thalamic coupling was
associated with more severe hallucinations. Finally, the
PANSS summary score of negative symptoms showed a
negative correlation with the connectivity between the seed
in the left AG and the left superior parietal lobe/precuneus

(area 7 M/7P; Scheperjans et @008 See Fig.4c and
Fig. 1 Decreased connectivity in patients. Regions displayingTaple 4 for detalils.
decreased connectivity with the four seedgregr) in patients.
aMTG, b AG, c andd IFG, ethalamus. All images are thresholded at
p\ 0.05 (FWE-corrected at cluster-level; cluster forming threshold at
voxel level:p\ 0.001) Discussion

differences in functional connectivity of all seeds (see FigHere we examined whether patients with auditory verbal
S2 and S3). Accordingly, these group differences are verjallucinations show aberrant whole-brain connectivity of
unlikely to be an artefact of the global signal correction. regions that previously have been associated with decoding
In order to assess state-effects of acute AVH on funcdegraded speech based on prior expectations (Clos et al.
tional connectivity with our seed regions, we performed2012. To this end, we assessed resting-state connectivity

123



Brain Struct Funct

Table 3 Overview of regions showing altered functional connectivity in patients

Region Overlap with cytoarchitectonic area X y z Zscore Cluster size

Decreased connectivity with left MTG

R STG/STS/IMTG 66 -24 -2 5.64 1,307
Decreased connectivity with left AG
L IPC PFnf (14 % overlap) - 50 - 59 57 4.81 659

PG4 (13 % overlap)
PGP (11 % overlap)

LITG - 71 - 41 - 18 5.02 422
Decreased connectivity with BrocaOs region

L VLPFC Area 4% (13 % overlap) - 56 42 -5 6.27 1,913

R VLPFC 44 39 - 15 4.84 452

L DLPFC Area 42 (6 % overlap) - 35 20 51 5.65 1,612

L IPC PFnf (24 % overlap) - 45 - 45 45 4.33 658

PF (13 % overlap)

hIPL® (9 % overlap)

hIPZ (21 % overlap)
Increased connectivity with BrocaOs region

SMA Area 6' (83 % overlap) 0 -5 59 5.27 667

L insula/putamen - 32 -5 2 4.14 918
Decreased connectivity with left thalamus

R cerebellum 5 - 78 - 27 4.96 632
Increased connectivity with left thalamus

L hippocampus/fusiform gyrus SUR16 % overlap) - 12 - 35 -11 5.61 1,656

hOC4V (8 % overlap)

All activationsp\ 0.05 (cluster-level FWE corrected)

X, Y, z coordinates refer to the peak voxel in MNI spaBeight, L left
& Caspers et al.2006

P Amunts et al. {999

¢ Choi et al. 006

4 Geyer Q004

¢ Amunts et al. 2005

f Rottschy et al. 2007)

seeded from the left MTG, AG, IFG and thalamus in 49system (connections of the left MTG, AG and the thalamus
psychotic patients with frequent AVH and 49 matchedwith regions involved in auditory-verbal processing), (2)
healthy controls to reveal disturbances in networks impli-increased coupling in the speech production system (con-
cated in top-down/bottom-up interactions in speech pronections between the left IFG and regions involved in
cessing. Predictions should be particularly important forspeech production/articulation) and (3) attenuated coupling
speech perception because of the transient and often the auditory monitoring system (connections between
ambiguous nature of auditory signals; however, excessivehe left IFG and regions implicated in attentional control).
inBuence of these expectations might lead to experiences &ince these potential debcits are not mutually exclusive
AVH (Grossberg2000. The crucial role of predictive and most likely all contribute to the pathophysiology of
processes in speech perception could explain why percegyVH, these bndings are in accordance with a multidi-
tion in the auditory-verbal domain is particularly vulnera- mensional framework of AVH (Seal et &004). Further-
ble to hallucinations, as AVH are the most frequent varianimore, connectivity with the left IFG and with the left
of hallucinations in schizophrenia (Hugda®009. thalamus showed a relationship with hallucination severity
The results indicated several neurocognitive mechaas assessed by the P3 item of the PANSS. We subsequently
nisms that might underlie AVH. In particular, our analysis interpret these results in the light of previous bndings and
revealed (1) aberrant coupling in the speech processingroposed models of AVH. Note, however, that the exact
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Fig. 3 State-trait effectsa The reduction in connectivity between the
left AG and the left IPC in is more pronounced in patients with acute
AVH. b The increase in connectivity between the left thalamus and
Fig. 2 Increased connectivity in patients. Regions displayingthe left fusiform gyrus is more pronognced in_patients with acute
increased connectivity with the seedgrder) in patients.a and AVH. Red crossesepresent data points outside BSIQR, i.e.
b IFG, ¢ thalamus. All images are thresholdedpt 0.05 (FWE- ~ outliers
corrected at cluster-level; cluster forming threshold at voxel level:
p\ 0.001)
semantic relations (Sass et &009 required for under-
standing Pgurative language and metaphors (Bottini et al.
mechanisms and causal interactions underlying AVH cari994 Nichelli et al. 1995 Mashal et al.2007). Their
of course not be derived from correlational methods suchattenuated coupling in patients with AVH suggests that
as resting-state connectivity. Therefore, these interpretadisturbed balance of the interhemispheric connectivity
tions represent merely a reasoning on the most likelfinking left and right MTG/STG contributes to AVH,
underlying processes, given our current Pndings and prgotentially through disturbed semantic processing. Indeed,

vious results on AVH as found in the literature. interhemispheric projections to homotopic regions are
known to be particularly dominant in the auditory system
Speech processing (Cipolloni and Pandyd989 and reduced interhemispheric

functional connectivity between auditory areas has previ-
Decreased connectivity was observed between the lefiusly been noted in schizophrenic patients with AVH
MTG and the right MTG/STG. While the left MTG is (Gavrilescu et al2010. Furthermore, observations of right
known to be especially important for semantic processindMTG activation prior to the onset of AVH (Shergill et al.
of speech (Binder et aR009), its right-sided homotope is 2004 and more bilateral language dominance in patients
particularly tuned to process emotional prosody in speeclith AVH when listening to speech rather than the usual
(Mitchell et al. 2003. Furthermore, the right temporal left-lateralized pattern in healthy controls (Sommer et al.
cortex has been reported to be more recruited witl2001) suggest that this interhemispheric decoupling could
increasing semantic complexity of language (Jung-Beematead to hyperactivity of the right node that ultimately plays
2005 Pugh et al1996. In particular, the right hemisphere a role in experiences of AVH. However, it has been sug-
might be involved in integrating context information gested that decreased lateralization might actually be
(Kircher et al. 2001) and be more sensitive to distant linked more with psychosis than with the experience AVH
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from the present data whether this decreased interplay
between left and right MTG is indeed contributing to AVH
rather than rel3ecting more general aspects of psychosis.

The left AG also showed a decreased connectivity with
regions involved in speech processing, namely the sur-
rounding left IPC and the left ITG. The left AG is known to
be a hierarchically high node in the speech processing
system with access to higher-order concepts and long-term
memory that has been suggested to provide top-down
semantic constraints in language processing (P2i@&Q
Seghier et al2010. Since both the left IPC and the left
ITG are involved in semantic analysis and speech pro-
cessing (Binder et al2009 Price 2010 the decreased
connectivity with the left AG might potentially ref3ect
disturbances between bottom-up and top-down aspects in
the speech processing system.

Furthermore, decreased connectivity between the tha-
lamic seed and the cerebellum and increased connectivity
between the thalamic seed and the left fusiform gyrus/
hippocampus in patients with AVH was observed. The left
fusiform and the adjacent parahippocampal gyrus are
implicated in semantic processing of language (Binder
et al. 2009. The additional role of hippocampal structures
in verbal memory recollection has previously been linked
with AVH (Diederen et al.20108. The aberrant thalamic
connectivity with these regions could hence refRect dis-
turbed feedback of semantic-verbal memory recollection
which might inBuence the bltering and amplibcation pro-
cesses of auditory signals in the thalamus.

Together, these results point toward an association
between AVH and disturbed top-down and bottom-up
interactions in auditory-verbal processing. Moreover, the
pattern of reduced connectivity between the left AG and
the surrounding IPC and the pattern of increased connec-
tivity between the left thalamus and the left fusiform gyrus/
hippocampus differentiated between state and trait. This
observation suggests that aberrant coupling between these
areas is particularly important for the acute experience of
AVH. However, the state vs. trait analysis may have
actually been underpowered because the acutely halluci-
nating patients (most likely) were not experiencing AVH
during the entire scanning period. Unfortunately, however,
reports on the nature and extent of hallucinations were not
precise and reliable enough to quantitatively assess these

aspects and, e.g. correct for the duration spent hallucinat-

Fig. 4 Correlations with PANSS-scores. Connectivity between the;, o Therefore, the lack of state vs. trait connectivity dif-
seeds green and brain regions showing a signibcant relationship

with hallucination severityd, b) and with negative symptoms)(as ferencgs for the other disturbed connections might
measured by the PANSS. All images are thresholdeg\at0.05  potentially be due to the low power.
(FWE-corrected at cluster-level; cluster forming threshold at voxel

level: p\ 0.001) Inner speech production

per se (Diederen et aR010g. Since we do not have a In addition to these aberrant connectivity patterns in the
psychotic control group without AVH, we cannot infer speech processing system, BrocaOs region in the left IFG
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Table 4 Overview of regions connected to seeds showing signibPcant correlations with the PANSS

Region Overlap with cytoarchitectonic area X y z Zscore Cluster size

Connections with BrocaOs region positively correlated with item P3 (hallucination severity)

vmPFC 3 38 - 20 4.25 377
Connections with the thalamus negatively correlated with item P3 (hallucination severity)
R parahippocampal gyrus CA13 % overlap) 41 - 38 - 12 5.31 467
SUB® (7 % overlap)
R precentral gyrus Areabas % overlap) 42 -3 41 4.34 485
Connections with the AG negatively correlated with the negative scale
L precuneus/SPL 7 fM(16 % overlap) -6 - 75 29 4.99 693

7F (12 % overlap)

All activationsp\ 0.05 (cluster-level FWE corrected)

X, ¥, z coordinates refer to the peak voxel in MNI spaBeright, L left
& Amunts et al. 2005

b Geyer Q004

¢ Scheperjans et al2008

showed increased coupling with the SMA and with the leftperceived as externally generated and intrusive unlike inner
insula in the patient group. Activation of these three areas ispeech. Furthermore, psychotic patients can distinguish
associated with generation of (inner) speech (P26&0Q  between their self-produced inner speech and the voices in
and auditory imagery of alien speech (Shergill et28l0]).  AVH (Hoffman et al.2008. It has been suggested that self-
Therefore, increased connectivity of this network mightproduced inner speech is actually misattributed to an
potentially re3ect increased recruitment of these pathways iaxternal source in psychotic patients due to impairments in
AVH. This interpretation would be in accordance with verbal self-monitoring. As a result, the self-produced verbal
accounts hypothesising that AVH are caused by dysfuncthoughts are erroneously experienced as coming from
tional monitoring of self-produced speech (Frit995.  another personOs voice (Allen et20073. This hypothe-
Previously, observations of reduced SMA response in AVHsised impairment in verbal self-monitoring might be repre-
compared with deliberate imagining alien speech (Shergilsented in the reduced coupling between BrocaOs region and
et al. 2000 and in verbal imagery in schizophrenic patientsthe DLPFC, VLPFC and IPC since accurate self-monitoring
with AVH compared with healthy controls and schizo- has been previously associated with a frontoparietal network
phrenic patients without AVH (McGuire et al996 have (Danckert et al2004. Importantly, schizophrenic patients
been reported. These reduced SMA responses could eere shown to have a specibc impairment in self-monitoring
reconciled with the increased connectivity observed in oubut not dysfunctional attentional control processes in general
study if this connection with BrocaOs region results in highefTurken et al.2003. This Pnding suggests that the network
tonic SMA recruitment and, accordingly, attenuated phasiainderlying self-monitoring might not be identical to the
responses. Moreover, a recent study by Linden eR@ll]) frontoparietal network associated with attentional control
revealed that auditory verbal imagery was associated witiDanckert et al.2004. Alterations of right IPC function
SMA activity, clearly preceding activity in BrocaOs regionhave been associated with delusions of control, i.e. the
and the STS. In contrast, in non-clinical persons with AVHimpression that oneOs movements are unintended and
these areas became active nearly coincidentally. This coirexternally caused due to impairments of the action self-
cidence of activations is in line with the increased connecmonitoring system (Blakemor2003. Furthermore, VLPFC
tivity we observed between BrocaOs region and the SMA. lactivation is linked to the executive control network by
sum, these Pndings suggest that the increased couplitging the place of interaction between short-term memory
between BrocaOs region with the SMA and with the insuland executive processing (Owen et 2998. In particular,
might underlie an increased generation of inner speech/innd¢ne left side of this network is not only associated with

dialogue of alien voices in psychotic patients. language production and processing (Pr&@d0 but also
with auditory-verbal imagery (Shergill et aR00]) and
Monitoring and misattribution of inner speech might therefore preferentially monitor language-related

processes. Therefore, aberrant connectivity in this network
However, an increased frequency of inner dialogues alone imight cause misattributions of inner speech and auditory
not sufpcient for AVH because the voices in AVH areverbal imagery equivalent to delusions in action control
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resulting from dysfunction of the right-sided action-moni- patients and controls. While such an approach has limited
toring system. sensitivity to discover aberrations that might equally con-
AVH would thus, at least in part, result from imbalance tribute to AVH but were not connected to our seed regions,
in connectivity with BrocaOs region. First, increased couit provides higher specibcity with regard to the functional
pling with the SMA and the left insula would lead to interpretation of the implicated network. Furthermore, one
aberrant recruitment of pathways subserving inner speecimust acknowledge that the observed differences between
Second, the resulting dialogues are experienced as aligratients and controls might also be due to other symptoms
because of relative decoupling of the verbal monitoringthan AVH as patients and controls also differed in variables
system (VLPFC, DLPF and IPC) from BrocaOs region. such as the presence of other psychotic or cognitive symp-
toms. Since we did not use a psychotic patient group without
Correlations with the PANSS AVH as an additional control group, we cannot be entirely
certain that the observed differences are indeed specibcally
Finally, we observed correlations between altered condue to AVH. A similar argument holds true for a potential
nectivity and hallucination severity. First, higher connec-medication confound as the types and levels of antipsychotic
tivity between BrocaOs region and the VMPFC wasnedication used by the patients were too heterogeneous to
associated with increased hallucination severity. Thedest for effects of medication on overall connectivity pat-
VMPFC is implicated in anticipation of upcoming stimuli terns. However, the a-priori selection of regions specibcally
(Stephens et ak010, perceptual set (Summerbeld et al.involved in decoding of degraded speech sounds should
2006 and importantly, was found in our previous study reduce the inBuence of variables other than AVH on the
(Clos et al.2012 to be especially responsive when prior observed connectivity pattern. Moreover, these factors
information matched with the following stimuli. In con- should only vary unsystematically between acutely and non-
trast, BrocaOs region was particularly responsive to miscutely hallucinating patients. Still, it should be noted that
matches of stimuli when the presence of meaning was harthis last state vs. trait analysis might possibly have been
to determine which might re3ect search for meaning andinderpowered because the acute hallucinations were not
the prevention of misinterpretation (Novick et &005  present continuously during scanning.
Price 2010. The observation that increased connectivity
between these two regions is associated with higher hal-
lucination behaviour might point to a mechanism whereConclusions
expectations in the VMPFC override bottom-up sensory
evidence and/or that the mismatch detection usually perfhe observed differences in connectivity point towards two
formed by BrocaOs region is dysfunctional. This could, inmain, complementary mechanisms that might underlie
consequence, lead to detection of perceptual matches whéVH rather than to a single unidimensional neurocognitive
these are not supported by sensory information. debcit. First, decoupling between BrocaOs area and the
Furthermore, attenuated coupling between the thalamuserbal monitoring system might lead to misattribution of
and both the right parahippocampal gyrus as well as the rigtduditory verbal imagery produced by the increased inter-
precentral gyrus was associated with higher hallucinatiomction of BrocaOs area with the SMA and the left insula.
severity. This again suggests the extent of hallucinations iBurthermore, abnormal connectivity between nodes
linked with effects of memory retrieval in verbal imagery involved in speech processing (AG, MTG) and other
(Diederen et al.2010h and auditory attention (Western- regions implicated in auditory-verbal processing might
hausen et al2010 on auditory processing in the thalamus. re3ect aberrant interactions that can elicit percepts in the
Finally, we observed a negative relationship between thabsence of stimulation. In particular, the aberrant coupling
connectivty between the left AG and the left precuneusivith the left AG and the left thalamus might represent a
superior parietal lobe with negative symptoms. This bPndingnore specibc contribution to the acute state of AVH.
is interesting given the involvement of both areas in theFinally, these disturbed connections might be possible
Odefault mode® network (e.g. Binder et2809 and targets for future repetitive transcranial magnetic stimula-
abnormalities in this network observed in schizophreniaion (rTMS) or transcranial direct current stimulation

(Skudlarski et al201Q Whitbeld-Gabrieli et al2009. (tDCS) intervention studies. We would hypothesise that
inhibitory stimulation of the speech production network
Limitations and technical considerations and excitatory stimulation of the verbal monitoring system

might be particularly promising given that stimulation of
By using regions as seeds that are important for top-dowthe temporo-parietal speech perception system has received
guided speech decoding, we employed a model-basetore attention but only provided rather mixed evidence for
approach for assessing differences in connectivity betweereduction of hallucination severity (Slotema et 2012).
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Introduction [1,2]. If this were to be the case, we would expect reduced
) o functional connectivity at rest between the inferior frontal and the
Auditory verbal hallucinations (AVH) are among the most temporo-parietal areas of both hemispheres, reflecting disturbanc-
common and distressing symptoms of schizophrenia and alsgs within the language network underlying aberrant processing of
affect persons with affectiye ps',ychosis and some (e.g., borderligghiguous bottom-up signals [11]. This hypothesized reduced
and schizotypic) personality disorders. While AVH are thus acouplings between inferior frontal and temporo-parietal areas may
highly prevalent feature of psychiatric illnesses, their underlyingender a person vulnerable to hallucinate in the auditory verbal
brain mechanisms remain elusive. Models proposed for theifomain. At the structural level, deviations in the fiber-tracts
pathophysiology include the misattribution of inner speech [1,2].connecting these areas have been demonstrated with Magnetic
increased top-down processing [3], recollection of verbal memorytransfer Imaging (MTI) in schizophrenia patients [12] and in
fragments [4,5] and sensory-based bottom-up deviations [6,7laon-psychotic individuals with frequent hallucinations [13].
Functional MRI studies demonstrated activation of inferior-frontal However, it is currently unclear if these structural deficiencies
and temporo-parietal areas during the experience of AVH [5,8,9]also lead to functionally decreased connectivity.
together with deactivation of medial temporal lobe structures at ajternatively, deviant connectivity between speech-related areas
the onset of AVH [5,10]. However, these symptom-capture studiegind the medial temporal lobe could give rise to spontaneous verbal
do not provide information about brain mechanisms predisposingmemory recollection [4,5]. A predisposition for intrusive memory
a person to experience AVH, i.e. theaitto hallucinate. Insight  fragments may be reflected in anomalous functional connectivity
into aberrations of neuronal networks underlying such vulnerabilpetween cortical association areas such as the frontal, temporal
ity, in turn, may be particularly relevant for guiding the and parietal cortex and memory related structures such as the
development and evaluation of treatment strategies. hippocampus and parahippocampal gyrus. Such increased
It could be hypothesized that a predisposition to AVH may be yylnerability for intrusive memory fragments may predispose a
instantiated by aberrant connectivity between inferior frontal andperson for hallucinations per se, as the hippocampa|-parahipp0-
temporo-parietal areas leading to a misattribution of inner speecfzampal complex is involved in the recollection of memories from
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Table 1. Demographic and clinical description of participants.

doi:10.1371/journal.pone.0043516.t001

several modalities. Increased vulnerability to memory intrusionsignificance as the left superior temporal gyrus may be involved in
could results from either increased connectivity between th¢he auditory component of AVH; i.e. the fact that voices are being
cortical and the medial temporal structures, or decreasedeard aloud, while the right inferior frontal area may be the place
(inhibitory) connectivity, or a combination of both. where the words and sentences that are later perceived as voices
Either of these hypothesized dysconnectivities may becomeould be generated [15].
evident in the absence of external tasks, given that the latter may
override the endogenous dynamics of AVH. Therefore, aberraiaterials and Methods
tions in functional coupling that may predispose a person to o
hearing voices may become evident by examining resting staf@articipants
connectivity data. Resting state fMRI connectivity measures low- Forty-nine patients with psychosis, as diagnosed according to
frequency fluctuations in the cerebral haemodynamics (aroundPSM-IV criteria by an independent psychiatrist using the
0.01-0.1 Hz). Recently, attention has been focused on the possibf€omprehensive Assessment of Symptoms and History (CASH)”
origins of these slow variations. Various investigations suggestBtf], who all experienced AVH with a frequency of at least several
that these signal variations are of neuronal origin and characterizmes a day during at least one year were included in the study (cf.
the neuronal baseline activity of the human brain in the absence ofable 1 for clinical and demographic details). Psychopathology
externally stimulated neuronal activity. was assessed at the day of scanning with the Positive and Negative
Resting state connectivity can be assessed by using Regionsndrome Scale [17]. For comparison, 49 healthy (as confirmed
Interest (ROIs); areas that are thought to play a major role in theby the CASH interview) individuals matched for age, sex and
trait under investigation, or without the predefinition of ROIs as in handedness were also included. After complete description of the
an independent component analysis (ICA). In this paper, we use8tudy to the subjects, the participants provided written informed
the first approach as there is good evidence for the essenti§Pnsentinto the study, which was approved by the Humans Ethics
contribution of certain well-defined areas in AVH. In contrast, the Committee of the University Medical Center Utrecht.
data-driven ICA approach may also pick up other differences in
resting state between the groups that may not be related t®ata acquisition and processing
hallucinations given that lack of focus on a specific system. In this Resting state scans of eight minutes duration (600 blood-
study we aim to investigate the vulnerability to experience AVH inoxygenation-level-dependent (BOLD) fMRI images) were ob-
patients who have experienced AVH. tained on a Philips Achieva 3 T MRI scanner using the following
A recent meta-analysis indicated consistent activation of th@arameter: 40 (coronal) slices, TR/TE 21.75/32.4 ms, flip angle
right inferior frontal gyrus (rIFG) and the left superior temporal 10u FOV 224 256 160, matrix 64 646 40, voxel-size 4 mm
gyrus (ISTG) during the experience of AVH [14], these regionsisotropic. (PRESTO scans typically have shorter TR than TE
therefore provide a strong model to assess dysfunctional conngimes, as the whole head is scanned with each volume in stead of
tivity underlying AVH. In the present study we thus compare the slab-wise read-out of EPI scans). This scan sequence achieves
resting state connectivity of these regions between 49 psychofiall brain coverage within 609 ms by combining a 3D-PRESTO
patients with chronic AVH and a group of well-matched controls pulse sequence with parallel imaging (SENSE) in two directions,
in order to unravel network aberrations underlying the predispo-using a commercial 8-channel SENSE headcoil [18]. Participants
sition to AVH. For practical reasons, we selected the Regions ofvere instructed to lie in the scanner as still as possible with their
Interest (ROIs) from a single large fMRI study [5], as meta-eyes closed yet stay awake (which was confirmed by post-scan
analytic studies provide rather large ROIls. As the study bydebriefing). After scanning, patients were asked whether or not
Diederen et al. was by far the largest study included in the metathey had experienced AVH during the resting state scan. Likewise,
analysis, results of the meta-analysis are largely in agreement witlealthy subjects were asked for AVH, which were denied by all of
this study. We selected the two seeds that showed the largest ardasm.
of activation, namely the left superior temporal gyrus and the right The resting state scans were first corrected for head movement
inferior frontal gryus. These two seeds also have functionadby affine registration using a two pass procedure. The mean
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PRESTO image for each subject was then spatially normalized tperformed on these to reveal regions showing significant coupling.
the MNI single subject template [19] using the unified segmen-Subsequently, functional connectivity maps of rIFG and ISTG
tation approach [20] and the ensuing deformation was applied towere assessed for significant differences between patients and
the individual PRESTO volumes. Finally, images were smoothedontrols using unilateral T-tests. These differences in connectivity
by a 5-mm FWHM Gaussian kernel. Regions of interest (ROIs)were evaluated by testing for either significpositiveoupling
used as seeds for the functional connectivity analysis were basedagross both groups (main effect) in conjunction witleduced
two activation clusters reliably associated with the state of AVHoupling in patients or significantegativeoupling across both
obtained from Diederen et al. [5] (table 2.): the right inferior groups (main effect) in conjunction wittnhancembupling in
frontal gyrus, MNI coordinates: 44,16,12 and the left superiorpatients as compared to controls indicating enhanced and reduced
temporal gyrus, MNI coordinate® 48, 0,0. We selected regions coupling. For all analyses, results were regarded as significant if
from this large fMRI study rather than using seeds from the metathey passed ,p0.05, cluster-level FDR-corrected for multiple
analysis [21] because the latter would have provided very largeomparisons. Anatomical localizations were obtained using the
and unspecific clusters. SPM Anatomy Toolbox [30].

Voxel time courses were extracted for all voxels within a 5 mm
sphere around the centre of the particular clusters that wereStatistical analyses
located in the grey matter of the individual subject. To test whether the observed differences between patients and

Variance explained by the following nuisance variables wagontrols were additionally related to psychopathology, we extract-
removed from the time series to reduce spurious correlations [22ed individual functional connectivity between the seeds and the
24]: i) motion parameters derived from image realignment andpeak voxels of the clusters showing significant differences. We then
their first derivative; ii) mean grey, white matter and CSF signalperformed a Spearman rank-correlation between these and the
intensity per time-point; iii) coherent signal drifts reflected by theindividual scores on the “Hallucinatory behaviour” (P3) PANSS
first five PCA components on the entire whole-brain data. Allitem to test for significant (p0.05) associations. In a second
nuisance variables entered the model as first and all but the PC#ollow-up analysis we divided the patients into those who actually
components also as second order terms, as previously describeddxyperienced hallucinations during the scan and those who did not.
Behzadi et al. [25] and shown by Chai et al. [26] to increaseSubsequently, we computed a one-way ANOVA between the
specificity and sensitivity of the analyses.. Data was then band pagoups on the individual functional connectivity scores between
filtered preserving frequencies between 0.01 and 0.08 Hz [27,28the seed and the peak of a significant cluster.
The time course of each ROl was then expressed as the first
eigenvariate of the processed time series of all voxels associaRésults
with that region. A recent study showed that this method is able to o ) ]
detect valid correlation and anti-correlations during rest, which Al participants stayed awake during the resting state scan.
are not an artefact of the preprocessing method, but may reflecthirty-one out of the 49 patients reported the experience of
valid biological signals [29]. Moreover, it should be emphasizedhalluc_lnatlons durnryg the restln_g state scan. None of the controls
that the current analysis focussed on differences between the tg¥Perienced hallucinations during the scan.
groups of subjects, which should not be affected by potentially The analysis of the main effects for both seeds across both
confounds induced by preprocessing steps, even if these were to@&UpS is provided in Supplementary Material S1. When resting

present, as long as they do not systematically vary in effect betwegifité connectivity was compared between the patients and the
groups. controls, the following differences emerged.

Data analysis Increased connectivity

For each subject we computed linear (Pearson) correlation The right pa(ahippqcampal gyrus showgd signifipantly in-
coefficients between the time series of the seeds and any other gfd§ased connectivity with the rIFG (Figure 1) in the patient group.
matter voxel, which were then transformed into Fisher’'s Z-scores.

Group analysis was then performed on these by an analysis &ecreased connectivity

variance (ANOVA) across subjects using appropriate non-sphe- Reduced connectivity with the rIFG in the patients was found
ricity correction. In the ANOVA, both the main effect of for the right dorsolateral prefrontal cortex (DLPFC) just anterior
functional connectivity as well as the group-difference betweetp and slightly encroaching cytoarchitectonically defined Area 45
patients and controls were modelled for each seed. Inference dfrigure 2).

this random-effects analysis was then sought using linear contrastsTwo regions showed significantly (whole-brain corrected)
First, main effects of connectivity (across both groups) wereeduced connectivity to the ISTG in patients (Figure 3). The first
calculated for both seeds and a conjunction analysis wawas located on the left frontal operculum, extending into the
anterior insula areas as well as the parietal opercular areas OP 3
and OP 4. The second was located in the left hippocampus,
allocated predominantly to the subiculum and to a smaller extent
the entorhinal cortex. Connectivity between the ISTG and the left
hippocampus was not only reduced in patients but furthermore
showed a significant negative correlation with the item P3
(hallucinations) of the PANSS rating scale.

In order to assess state-effects of AVH on functional connec-
tivity with our seed regions, we performed a follow-up analysis for
T-values, cluster sizes and locations of local maxima of activation during AVH in those regions that showed disturbed connectivity in the overal
24 patier;ts, taken from Diederen et al. 2011. Threshold set at p.05 Whgole- group of tr_alt carriers (i.e., the regions “’tporte‘i above), which
brain EDR corrected. assessed differences between controls, trait and state/trait-groups,
doi:10.1371/journal.pone.0043516.t002 i.e. individuals with acute AVH during scanning. For this purpose,

Table 2. Areas used for seed regions.
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Figure 1. Increased connectivity with rIFG in patients as compared to controls. Increased connectivity with rIFG in patients as compared to
controls was found in the right parahippocampal gyrus (p0.05 cluster-level FDR-corrected).
doi:10.1371/journal.pone.0043516.9001

we divided the patients into one group who hallucinated duringshowed decreased connectivity with the left hippocampus, this
the resting state scan, and those who did not. This analysisonnectivity correlated significantly with the severity of hallucina-

revealed that the reduction in connectivity between the ISTG andtions as measured in the PANSS interview.

the left hippocampus was significantly stronger in those patients To differentiate between trait and state aspects of AVH we

who hallucinated during scanning (Figure 4). That is, in thesalivided the patient group into those who acutely hallucinated

regions both trait (as demonstrated by the lower connectivity irduring scanning and those who did not. Here, only coupling of the

non-acutely hallucinating patients compared to controls) and statdSTG with the left temporo-parietal operculum and hippocampus

effects (as evidenced by the further reduction in the acutelywas more strongly decreased in the patients who actually
hallucinating patients) were evident. For the remaining regionshallucinated, indicating that these deviations may result from a
including those showing abnormal connectivity with the rIFG, no combination of state and trait characteristics. Increased connec-
differences were found between acutely hallucinating patients aniivity between the rIFG and the parahippocampus was equally
those showing merely the trait to experience AVH. strong in both patient groups.

Discussion Dys-connectivity with the medial temporal lobe
W mpared resting state functional nnectivity of 49 Our analysis revealed disturbed interactions between both seeds
€ compared resting state functional conneclivity. Of 49,4 q i) temporal lobe (MTL) structures, including increased
psy_chotlc patients experiencing chronic audl_tory verbal ha"uc"connectivity between the rIFG and the right parahippocampal
nations (AVH). to 49 healthy controls. Analysis was.see(jed f.rondyrus. This observation resonates strongly with a previous
the left superior temporal gyrus (ISTG) a_nd the ”g.ht mfenor_s mptom capture study which revealed that cortical activations
frontal gyrus (rlFG) as these areas are consistently activated duri ring AVH were preceded by significant signal changes in the
the §t?te IOf .AV:\/'[_'S ’2|l] antqleatre tt?seﬁ?:rg eﬁpectzd_to play daparahippocampal gryus [5]. The MTL structures, especially the
crucial ro'e in - I patents, r showed Increase hippocampus [31], play important roles in both the consolidation
connectivity W.'th the r.'ght parahippocampal gyrus and decrease%md the retrieval of memories. This latter function may be
connectivity with the right dorsolateral prefrontal cortex (DLPFC): involved in hallucinations, as hallucinations may be triggered by

Decreased connectivity with the ISTG in patients was revealed in . . .
- inappropriate recollections from memory. The parahippocampal
the left frontal operculum and the left temporo-parietal opercu- pprop y P PP P

. ri have a gatekeeper function as they integrate and transfer
lum. Both opercular areas are considered part of the general y 9 P y 9

formation from neocortical association areas to the hippocampus
neuronal frame work for language [28]. Furthermore, the ISTG [32]. When this delicate interplay becomes deranged by aberrant

connectivity, incidental information from memory may be
recollected, giving rise to hallucinations [33]. The finding of both
increased and decreased coupling between neocortical and MTL
regions represents an important notion about the differentiated
organization of the MTL and its interactions, challenging simple
notions of “more” or “less integration”. Rather, deregulation of
the usually well-balanced interactions between hippocampus,
parahippocampal gyrus and neocortical association areas may
represent a crucial pathomechanism for hallucinations. Since the
hippocampus and parahippocampus regulate retrieval of memo-
ries in all modalities, we expect that deregulation between MTL
and cortical association areas constitutes a predisposition to
hallucinations in general and not specifically for hallucinations in
Figure 2. Reduced connectivity with rIFG in patients as the auditory verbal domain. Indeed, most of these patients who
compared to controls. Reduced connectivity with rIFG in patients experience chronic AVH also experienced hallucinations in other

as compared to controls was found in the right DLPFC/area 45 (0.05 ~ modalities and can thus be expected prone to hallucinations in
cluster-level FDR-corrected). general
doi:10.1371/journal.pone.0043516.9g002 ’
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Figure 3. Decreased connectivity to ISTG in patients as compared to controls. A. Cluster of significantly (p 0.05 corrected) decreased
connectivity with the ISTG in patients in the left frontal operculum/anterior insula shown on the MPM of the SPM Anatomy Toold®xCluster of
significantly (p 0.05 corrected) decreased connectivity with the ISTG in patients in the left hippocampus (subiculum/entorhinal cortex) shown on the
MPM of the SPM Anatomy ToolboxC. Cluster of decreased connectivity (as a strong statistical trend) with the ISTG in patients in the left temporo-
parietal operculum/retroinsular cortex.

doi:10.1371/journal.pone.0043516.9g003

Dysconnectivity within the neocortical areas insufficient corollary discharge in the language system as reflected
Secondly, decreased connectivity in the patient group betweeRy decreased functional connectivity could result from microstruc-
the ISTG and the left frontal operculum was observed. We alsdural alterations in the arcuate fasciculi, the most important fibre
found decreased connectivity between the rIFG and the rightoundle between Broca’s area and Wernicke's area [35] as observed
DLPFC. These findings may reflect decreased integration betweeBy de Weijer and co-workers [12,13]. Flaws or disintegration in
areas mainly associated with the generation (rIFG) and interprethe corollary discharge system of language networks may be
tation (ISTG) of language, suggesting misattribution of innerspecifically related to the attribution of internally generated speech
speech as a potential pathomechanism. Furthermore, these regioffsan external origin, which posed a predisposition specifically to
are often found active during acute hallucinations [5,21]. hallucinate in the auditory verbal domain.
Mechanistically, such misattribution may be well reconciled with
decreased connectivity by the notion of aberrant corollaryComparison to previous functional connectivity studies
discharge [34] failing to suppress the sensory consequences ofSeeding from Wernicke's area (in close vicinity to our ISTG
self-generated actions. A possible mechanism would be thaeed), Hoffman and colleagues [36] found increased connectivity

PLOS ONE | www.plosone.org 5 September 2012 | Volume 7 | Issue 9 | e43516
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Figure 4. Differences in connectivity with ISTG, specified for patients who hallucinated during the scans and those who did not. A.

Aberrations in functional connectivity between ISTG and the left entorhinal cortex gyrus differentiate between healthy controls. Separate findings are
shown for patients showing the AVH trait and those acutely experiencing AHV (sta®)Aberrations in functional connectivity between ISTG and the

left temporo-parietal operculum/retroinsular cortex differentiate between healthy controls. Separate findings are shown for the patients showing the
AVH trait and those patients acutely experiencing AHV during the scan (state). The red crosses in these box plots represent data points outside 1.5 *
IQR, i.e. outliers.

doi:10.1371/journal.pone.0043516.9g004

in schizophrenia patients with a large subcortical cluster includingonnectivity of the bilateral auditory system. These studies thus
the thalamus, midbrain and putamen, which is supported by thepoint to decreased connectivity within the network of language-
more localized findings of increased connectivity with therelated areas in patients with AVH, a finding that was confirmed

parahippocampal gyrus in the present analysis. Vercammen eind extended in the present study. Rotarska-Jagiela et al. [39]
al. [37] observed reduced functional connectivity between the leffound that the severity of positive symptoms correlated with
temporo-parietal junction and the right homologue of Broca's areafunctional connectivity of fronto-temporal and auditory networks

in patients, while Gavrilescu et al. [38] demonstrated reducedn schizophrenia patients using an independent component

PLOS ONE | www.plosone.org 6 September 2012 | Volume 7 | Issue 9 | e43516
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analysis (ICA). In spite of the different approach taken in thesignificant state effect or an association with the severity of
present analysis, we could add evidence for the trait-specific aspéwillucinations as assessed with the PANSS rating.
of this finding. We thus conclude that the present work is well in In sum, we found two clear deviations in resting state
line with previous evidence but may provide more specific insightsonnectivity in the patients with chronic AVH as compared to
into disturbed circuits by seeding from areas shown to be engagedtie controls. The first was aberrant connectivity between the seed
in AVH, separating state- and trait-dependent dysconnectivity andegions that are active during AVH and MTL structures which
assessing the association between disturbed coupling and thave a prominent role in memory retrieval. The second deviation
severity of clinical symptoms. was decreased connectivity between language-related areas in the
neocortex.
Limitations and technical considerations Aberrations between neocortical association areas and MTL
A limitation of this study is the absence of a patient groupstructures may underlie a liability to_e_xperi_en_ce hallucinations in
without the trait to hallucinate. However, to our opinion, all general. In turn, reduced connectivity within the neocortical
patients with schizophrenia have a predisposition to hallucinaté@nguage network may indicate deficits in corollary discharge
given their psychotic liability. The fact that a small proportion of M&chanisms as another potentially important pathophysiological

schizophrenia patients have not experienced hallucinations ma§*echanism for hallucination in the language domain specifically.

reflect adequate pharmacotherapy, rather than an absence of the ) )
trait. Supporting Information

The current approach of assessing functional connectivity °f3upplementary Material S1 The analysis of the main effects
regions that have previously been implicated in the pathophysitor photh seeds across both groups. The analysis of the main effects
ology of hallucinations allowed for a model-based assessment @ poth seeds across both groups demonstrated significant positive
dysfunctional circuitry in patients suffering from AVH. This may coypling between both seed regions with (in particular the left)
represent a considerable advantage in terms of functionghferior frontal lobes and anterior insula, dorso-lateral prefrontal
specificity as compared to purely data-driven approaches such @grtex, inferior parietal lobules, right anterior temporal lobe and
ICA, as ICA would also identify other differences between theihe posterior medial frontal cortex. In turn, both regions were
groups unrelated to AVH. In turn, however, analyses based on asjgnificantly anti-correlated with anterior and posterior cingulated
priori information evidently have low sensitivity to aberrations in regions, the precuneus, right posterior inferior parietal lobule,
non-probed circuits. bilateral inferior temporal lobe and right cerebellum. Positive

The removal of noise from resting-state fMRI data as part of thecoupling, i.e., functional connectivity, with the seeds is shown in
preprocessing has been criticized because this process cgfeen, negative coupling in red. Significantly decreased connec-
introduce artificial anti-correlations [40,41,42]. However, compo- tivity with the seeds in patients is superimposed on the main effect
nent based methods such as PCA have been shown to be lggs cyan, significantly increased connectivity in patients is
susceptible to this effect while effectively reducing spuriousuperimposed on the main effect in yellow below (all effects
correlations caused by noise [43,44]. significant at p 0.05 cluster-level FDR-corrected).

It must also be acknowledged, that the observed differences mayIF)

not be absolutely specific to hallucinations, as patients and controls
also differed in variables such as the presence of other psycholgthor Contributions

symptoms, negative symptoms and medication status. While ag
these factors may have influenced connectivity patterns, th

onceived and designed the experiments: IS SE. Performed the
xperiments: MC AM KD. Analyzed the data: MC. Contributed

specific, localized aberrations of connectivity with areas activateglagents/materials/analysis tools: KD IS. Wrote the paper: IS SE. Helped
during AVH should point to a pathophysiological contribution. to gather nd: AM. Analysed the data: AM. Helped with the design of the
This is in particular the case for those connections showing atudy: AM. Helped with the writing of the study: AM.
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Aberrant resting-state connectivity in non-psychotic
individuals with auditory hallucinations
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Background. Although auditory verbal hallucinations (AVH) are a core symptom of schizophrenia, they also occur
in non-psychotic individuals, in the absence of other psychotic, a ective, cognitive and negative symptoms. AVH
have been hypothesized to result from deviant integration of inferior frontal, parahippocampal and superior temporal
brain areas. However, a direct link between dysfunctional connectivity and AVH has not yet been established. To
determine whether hallucinations are indeed related to aberrant connectivity, AVH should be studied in isolation, for

example in non-psychotic individuals with AVH.

Method. Resting-state connectivity was investigated in 25 non-psychotic subjects with AVH and 25 matched control
subjects using seed regression analysis with the (1) left and (2) right inferior frontal, (3) left and (4) right superior
temporal and (5) left parahippocampal areas as the seed regions. To correct for cardiorespiratory (CR) pulsatility
rhythms in the functional magnetic resonance imaging (fMRI) data, heartbeat and respiration were monitored during

scanning and the fMRI data were corrected for these rhythms using the image-based method for retrospective

correction of physiological motion e ects RETROICOR.

Results. In comparison with the control group, non-psychotic individuals with AVH showed increased connectivity
between the left and the right superior temporal regions and also between the left parahippocampal region and the
left inferior frontal gyrus. Moreover, this group did not show a negative correlation between the left superior
temporal region and the right inferior frontal region, as was observed in the healthy control group.

Conclusions. Aberrant connectivity of frontal, parahippocampal and superior temporal brain areas can be speci‘ca Iy

related to the predisposition to hallucinate in the auditory domain.

Received 6 January 2012; Revised 5 October 2012 ; Accepted 8 October 2012; First published online 16 November 2012

Key words : Functional connectivity, functional magnetic resonance imaging, hallucinations, language, memory,

psychosis, schizophrenia.

Introduction

Auditory verbal hallucinations (AVH) can be ob-
served in several psychiatric disorders including
schizophrenia, psychotic depression, psychotic mania
and borderline personality disorder and also in non-
psychotic subjects in the general population (Aleman
& Laroi, 2008). Patients typically experience AVH
as highly distressing, decreasing their quality of life
(Daalman et al 2011). Moreover, these hallucinations
are refractory to pharmacological treatment in 25...30%
of patients, stressing the need for development of new

* Address for correspondence: K. M. J. Diederen, Ph.D.,
Department of Physiology, Development and Neuroscience,
University of Cambridge, Downing Place, Cambridge CB2 3DY, UK.

(Email : kmjd2@cam.ac.uk)

treatment options (Shergill et al 1998). This is, how-
ever, hampered by the fact that the pathophysiology
of AVH is only partly known.

Over the past decades numerous studies have in-
vestigated brain activation during AVH as a ‘“rst
step to elucidating the neurobiological origin of this
symptom. These studies revealed AVH-related acti-
vation in inferior frontal, parahippocampal and tem-
poroparietal regions comprising the inferior frontal
gyri, insula, pre- and postcentral gyri, frontal and
parietal operculum, middle and superior temporal
gyri, inferior parietal lobule and hippocampus/
parahippocampal region (Sommer et al 2008b; Jardri
et al 2010; Kuhn & Gallinat, 2010; Diederenet al 2011,
2012). Involvement of these areas presumably re”ects
the role of language and memory processes in the
experience of AVH. However, these studies do not
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provide information about the brain mechanisms
that predispose a person to experience AVH. Such
a pathogenic mechanism has been hypothesized to
consist of dysfunctional connectivity between frontal
and superior temporal regions involved in the pro-
duction and perception of language (Frith et al 1995;
McGuire & Frith, 1996; Spence et al 2000; Allen et al
2007 ; Fordet al 2007 ; Heinks-Maldonado et al 2007;
Shergill et al 2007). Alternatively, AVH could result
from the re-experience of verbal memories, which
may be instantiated by aberrant connectivity of corti-
cal association areas and the parahippocampal gyrus
(Copolov et al 2003; Diederenet al 2010b).

Studies have addressed these hypotheses by in-
vestigating functional connectivity in patients su er-
ing from AVH during a task-free erestinge state
because aberrations in connectivity may be speci“cally
present in the absence of external tasks (Gavrilescu
et al 2010; Homan et al 2010; Rotarska-Jagiela
et al 2010; Vercammenet al 2010; Liemburg et al
2012). Altered integration of frontal and superior
temporal regions, and also subcortical regions, was
indeed observed in schizophrenia patients with AVH
(Gavrilescu et al 2010; Ho man et al 2010; Rotarska-
Jagielaet al 2010; Vercammenet al 2010; Liemburg
et al 2012). However, the results of these studies
are inconsistent as some found reduced connectivity
(Gavrilescu et al 2010; Rotarska-Jagielaet al 2010;
Vercammen et al 2010) whereas others reported
increased connectivity (Ho man et al 2010), or found
both increases and decreases in connectivity
(Liemburg et al 2012; Sommeret al 2012). Moreover,
the exact loci of aberrant connectivity varied among
studies.

This discrepancy could result from the fact that
previous studies did not correct for cardiorespiratory
(CR) processes, which may have led to arti“cially in-
creased correlation strengths (Noll & Schneider, 1994;
Glover & Lee, 1995; Dagli et al 1999; Birnet al 2006).
Moreover, the mere presence of AVH episodes during
scanning could have in"uenced the results as most
studies did not exclude patients with active AVH, or
did not report if AVH were present during scanning
(Homan et al 2010; Rotarska-Jagielaet al 2010;
Vercammen et al 2010). This is of particular import-
ance as increased connectivity within the hallucination
network could arise from simultaneous AVH-induced
activation of brain regions implicated in AVH. Finally,
previous investigations included patients with
schizophrenia who presented with other symptoms,
such as delusions, a ective and negative symptoms,
and were treated with antipsychotic medication
(Honey et al 1999).

To determine whether AVH are indeed related
to dysfunctional connectivity, these hallucinations

should be studied in isolation. Of note, previous
studies have shown that AVH in the non-clinical
population frequently occur in the absence of other
psychiatric symptoms (Tien, 1991; Sommer et al
20083). AVH in these individuals are phenomen-
ologically somewhat di erent from AVH in psychotic
patients as the “rst group typically experiences AVH
with a neutral to positive content, experiences AVH
less frequently, has some control over the voices and
started hearing them at a younger age (Daalman et al
2011). Of these characteristics, negative emotional
content of the voices seemed to be an important
feature for diagnosing a psychotic disorder as this
characteristic could accurately predict the presence of
a psychotic disorder in 88% of the participants. Other
aspects of the AVH, such as the perceived location
of the voices, the number of voices, loudness and
personi“cation, were similar for both groups.

These non-psychotic individuals display similar
AVH-related brain activation as psychotic patients,
suggesting the same neurobiological mechanism
(Diederen et al 2011). Consequently, these individuals
provide an ideal opportunity to investigate a more
isolated form of AVH. A major advantage is that these
subjects do not use psychoactive medication (Sommer
et al 2008).

The present study investigated resting-state con-
nectivity in 25 non-psychotic individuals with AVH.
As AVH were hypothesized to result from aberrant
integration of frontal, parahippocampal and superior
temporal regions, these areas provided the starting
point for investigating resting-state connectivity.
Bilateral frontal and superior temporal regions of
interest (ROIs) were de“ned by the location of AVH-
related activation in a separate group of non-
psychotic individuals (Diederen et al 2011). The
parahippocampal region was based on a previous
study by our group in which it was shown that AVH
are preceded by consistent deactivation of this area
(Diederen et al 201(b).

Heartbeat and respiration were monitored during
scanning to allow for corrections of CR rhythms. To
circumvent the in"uence of eactives AVH episodes,
individuals experiencing AVH during scanning were
excluded from analyses. Connectivity of memory and
language areas was hypothesized to be aberrant (i.e.
either increased or decreased), as both increases and
decreases in resting-state connectivity were observed
in previous studies.

Method
Subjects

Thirty-seven non-psychotic individuals with AVH
and 44 healthy control subjects were recruited through
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a website: www.verkenuwgeest.nl (sexplore your
minde). An extended description of the recruitment
and selection procedure is provided in prior studies
by our group (Sommer et al 2008a; Diederen et al
2010a, 2011; van Lutterveld et al 2010; Daalman
et al 2011). In brief, inclusion criteria were: (1) the
absence of any Axis | psychiatric disorder other than
anxiety or depressive disorder in full remission, as
assessed by a psychiatrist using the Comprehensive
Assessment of Symptoms and History (CASH;
Andreasen et al 1992); (2) no chronic somatic dis-
order; and (3) no alcohol or drug abuse for at least
3 months prior to the assessments. To con“rm the
absence of drug abuse, urine samples were collected
and tested for opiates, amphetamines/ecstasy, cocaine
and cannabis. Additional inclusion criteria for the
non-psychotic individuals with AVH comprised the
following: (4) voices were distinct from thoughts and
had a perceptual quality; (5) voices occurred at least
once a week; (6) drug or alcohol abuse did not
precede the “rst experience of AVH; and (7) an ab-
sence of AVH during the resting-state scan. All par-
ticipants were required to complete the Schizotypal
Personality Questionnaire (SPQ; Raine, 1991).
Although the hallucinating subjects experienced
little discomfort from their AVH, the absence of a
major psychiatric diagnosis in these individuals can be
disputed. If strict DSM-IV criteria for Axis | were
applied, all subjects with AVH would meet criteria
for psychosis not otherwise speci‘ed (NOS), as all
participants met the criterion persistent hallucina-
tions, which in itself is su cient for this classi“cation.
However, the DSM general terms state that a person
has to be bothered by their symptoms and/or dys-
function on social, psychological and professional
domains should be present to make a diagnosis.
The fact that the hallucinating subjects showed no
social, aective or professional dysfunction, were
not bothered by the AVH and were not in need of
treatment indicates that the diagnoses psychosis
NOS is clinically inappropriate (Sommer et al
20083). Although the combination of hallucinations
(perceptual aberrations) and magical ideation present
in most subjects with hallucinations made them score
on at least three items on the DSM-IV criteria for
schizotypal personality disorder, the individuals with
AVH did not reach criteria for schizotypal personality
disorder as there was no lack in social capacity, nor
did the subjects have inadequate or constrained a ect
as determined by a trained psychiatrist using the
CASH and SCID-II (Spitzer et al 1992; Williams et al
1992) and the global assessment of functioning (GAF)
scale (Endicott et al 1976). Other key arguments why
the subjects did not meet criteria for schizotypy
were that their magical beliefs were largely socially

accepted (mainly spiritual ideas) and that they were
functioning well. Finally, these individuals did not use
psychoactive medication.

In this study, non-psychatic individuals with AVH
were considered to hold an intermediate position on a
psychosis continuum, with healthy individuals at one
end and individuals with a psychotic disorder at the
other. Being an intermediate on this continuum, the
hallucinating individuals are expected to be a ected
by psychotic symptoms to some extent, as expressed
by the presence of subclinical levels of suspicion,
formal thought disorder and a tendency for magical
ideation.

This study was approved by the Humans Ethics
Committee of the University Medical Centre Utrecht.
After complete description of the study to the subjects,
written informed consent was obtained.

Data acquisition

Resting-state functional magnetic resonance imaging
(fMRI) scans were acquired while participants kept
their eyes closed but stayed awake. During scan ac-
quisition, CR (Glover et al 2000) processes were moni-
tored by a xing four electrocardiogram electrodes to
the subjectes chest and by placing a respiration band
at the level of the abdomen. The measured CR data
consisted of a heartbeat signal with a trigger marking
times at which an R-peak was detected, and a respir-
atory signal measuring the expansion of the respir-
ation band (Glover et al 2000; van Buurenet al 2009).
Inclusion criteria for these data were that both cardiac
and respiratory signals were measured throughout
the scan (i.e. no interruptions in the data), and that
the trigger marking times at which an R-peak was
detected did not miss more than 25 R-peaks within a
scan session.

Following acquisition of the resting-state scan,
participants were asked if they had experienced
hallucinations. Subjects experiencing AVH during
scanning were excluded from analyses.

fMRI time-series data were obtained using a Philips
Achieva 3-T Clinical MRI scanner (Philips Medical
Systems, The Netherlands). Six hundred blood oxy-
genation level-dependent (BOLD) fMRI images were
acquired per patient with the following parameter
settings: 40 (coronal) slices, repetition time (TR)/echo
time (TE) 21.75/32.4 ms, "ip angle 10x, “eld of view
(FOV) 224 256 160 mm, matrix 64r 64r 40, voxel
size 4 mm isotropic. This scan sequence achieves full
brain coverage within 609 ms by combining a 3D-
PRESTO pulse sequence with parallel imaging
(SENSE) in two directions using a commercial
eight-channel SENSE headcoil (Neggerset al 2008)
rendering scans of approximately 6 min (i.e. 600
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6-mm spheres

Fig. 1. SPM T values for the group-wise analysis revealing brain activation during auditory verbal hallucinations (AVH) and
6-mm spheres centred on local maxima in the inferior frontal, superior temporal and parahippocampal regions. Seeds: (1) left
inferior frontal gyrus ( x 48, 0, 12), (2) right inferior frontal gyrus (60, 8, 12), (3) left superior temporal region ( x 60,x 56, 20),
(4) right superior temporal region (60, 8, x 4)and (5) left parahippocampal region ( x 36,x 24,x 1). Threshold for the group-wise
analysis: p= 0.05 false discovery rate (FDR) corrected for multiple comparisons within a region of interest (ROI) comprising
Brodmann area (BA) 22, corresponding to Wernickees area of language perception, BAs 44 and 45 containing Brocass area of
language production and BAs 27, 28, 34, 35 and 36, which intersect with the parahippocampal gyrus.

imagesr 0.609 s). As these PRESTO SENSE images et al 2011). Six of the 21 non-psychotic subjects also

have little anatomical contrast, 40 identical scans, but
with a "ip angle of 27 x (fa27), were acquired to
improve realignment and co-registration during
preprocessing. After the functional scans, a high-
resolution anatomical scan (TR/TE 9.86/4.6 ms, 0.875r
0.875 1 voxels, slice thickness 1 mm, "ip angle 8x, FOV
224 160 168 mm, 160 slices) was acquired to im-
prove localization of the functional data.

Data preprocessing

Preprocessing and data analysis were conducted
using statistical parametric mapping (SPM5; Welcome
Department of Cognitive Neurology, London, UK).
Within-subject image realignment with the mean
fa27 as the reference was used to correct for the e ects
of head motion. The T1-weighted anatomical image
was then co-registered to the mean fa27. Using
uni“ed segmentation (Ashburner & Friston, 2005), the
structural scan was then segmented, which includes
estimation of normalization parameters. These par-
ameters were subsequently used to register all scans
(T1 and fMRI) to the Montreal Neurological Institute
(MNI) template as present in SPM5. Finally, images
were smoothed using an 8-mm full-width at half-
maximum (FWHM) Gaussian kernel.

Seed selection

To identify seed regions for seed regression analysis,
we used data from two fMRI studies published by
our group. In the “rst study 21 non-psychotic in-
dividuals and 21 matched psychotic patients indicated
the presence of AVH during fMRI scanning (Diederen

participated in the current study (for a detailed
description see Diederen et al 2011). In that study
we identi“ed a common pattern of AVH-related acti-
vation for the psychotic and non-psychotic in-
dividuals. Activation patterns per group were not
described in the previous study. The inferior frontal
and superior temporal seeds were centred on local
maxima of signi“‘cant AVH-related activation in the
group of non-psychotic individuals, and the results
from this group are displayed in Fig. 1. The analysis
was thresholded at p< 0.05 false discovery rate (FDR)
corrected for multiple comparisons within a small
volume containing Brodmann area (BA) 22, BA 44
and BA 45, which correspond to Wernickess area of
language perception and Brocaes area of language
production. The location of the parahippocampal seed
was based on another study by our group in which we
identi“ed signi“cant signal changes in this area prior
to the onset of AVH (Diederen et al.2010b). The “ve
seed regions (left and right inferior frontal gyrus, left
and right superior temporal gyrus and left para-
hippocampal area) are also shown in Fig. 1.

Data analysis

After preprocessing, fMRI time courses were extracted
for all voxels in a seed for each subject. Next, the “rst
eigenvariate of the voxel time series contained in each
seed was calculated and entered as a covariate of in-
terest in a whole-brain regression analysis (van Marle
et al 2010). A regression analysis was conducted for
each seed, resulting in “ve analyses per subject, that is
one for each seed. This approach is generally referred
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Table 1. Demographic description of all participants

Healthy control subjects (n= 25)

Non-psychotic subjects with AVH ( n= 25)

n Mean (s.) n Mean (sp.) Statistics
Age (years) 25 39.8 (15.9) 25 41.6 (13.5) K&= 0.85,p= 0.47
Sex (male/female)  7/18 7/18 x3=0.11,p= 1
Handedness 19/6 18/6 x3=0.11,p=1
(right/left)
Years of education 25 14.0 (2.4) 25 13.5 (2.0) K&= 0.57,p= 0.91
SPQ total score 24 7.5(6.1) 25 29.6 (10.6) tag4e=X 8.95,p< 0.001*

AVH, Auditory verbal hallucinations ; SPQ, Schizotypal Personality Questionnaire; KS, Kolmogorov...Smirnov; sp., standard

deviation.
* Signi“cant at p< 0.001.

to as seed-based resting-state fMRI, or functional
connectivity (Greicius et al 2003; Foxet al 2005; Cole
et al 2010).

fMRI time series can be severely contaminated by
(non-white) noise factors including head movement-
induced image noise and CR noise. Such signals may
induce spurious correlations in a seed-based analysis,
as these global signals often occur similarly in regions
throughout the brain and hence cause correlations
between regions based on non-neuronal signals (Lund
et al 2006). Consequently, some covariates of no in-
terest were also included in the model to correct for
these confounding temporal signals. First, the average
white matter and cerebrospinal "uid (CSF) signals
were used as covariates of no interest as these tissues
may carry physiological or thermal signal "uctuations
that are similar to those a ecting grey matter, while
containing little contribution from neural activity
(Chang & Glover, 2009). Average white matter and
CSF signals were obtained by extracting the average
signal per time point of two additional 6-mm spheres
that were placed in white matter (MNI coordinates:
0, 28, 5) and CSF (MNI coordinates:x 4, 13, 9). The
global signal was not entered as a covariate in
the analysis as it has been shown that this may induce
spurious negative correlations (Murphy et al 2009).
Second, the realignment parameters, consisting of
six-parameter rigid-body transformations (three
translations and three rotations), were entered to
model movement artefacts. Third, CR processes were
corrected for using the image-based retrospective
correction method for physiological motion e ects in
fMRI (RETROICOR; Glover et al 2000). RETROICOR
extracts cardiac- and respiratory-related noise e ects
from the MR signal by assigning cardiac and respir-
atory phases to each image in a time series. The CR
noise is then modelled as the linear combination of a
set of sinusoid functions, which can be used to correct

for this noise. In the current study, CR noise was
modelled using 10 sinusoid functions for cardiac noise
and 10 for respiratory noise, which were entered as
covariates of no interest in the analysis. Data were also
high-pass “Itered with a cut-o of 100 s to remove
non-global low-frequency noise.

Following analysis, individual T maps were created
for the covariates of interest and converted to R maps,
which represent the correlation coe cient of the time-
series signal in each voxel with the signal from the
seed regions. Correlation coe cients were sub-
sequently Z-transformed and entered in “ve separate
(i.e. one for each seed) random-e ects two-sample
T tests to enable comparisons between groups. These
tests comprised the main outcome measure of this
study. As it was hypothesized that aberrant con-
nectivity in the non-psychotic individuals with AVH
would be present between inferior frontal, superior
temporal and parahippocampal regions, a small
volume correction (SVC) for multiple comparisons
was applied using an ROI (Allen et al 2008). The
ROI was de“ned anatomically and comprised BA 22,
corresponding to Wernickees area of language per-
ception, BAs 44 and 45 containing Brocaes area of
language production and BAs 27, 28, 34, 35 and 36,
which intersect with the parahippocampal gyrus.
Analyses were thresholded at p= 0.05 FDR corrected
for all voxels within the ROI, with an extended
threshold of four voxels.

Results
Exclusions

After scanning 37 AVH participants and 44 healthy
controls, 12 non-psychotic individuals with AVH

and 13 control subjects were found unsuitable for in-
clusion, resulting in 25 valid scans of non-psychotic



1690 K. M. J. Diederen et al.

(a) Healthy control subjects

(b) Non-psychotic subjects with AVH

(c) Non-psychotic with AVH > Healthy control subjects

(d) Average R values

0.4 9 [[] Healthy control subjects

[ Non-psychotic subjects
with AVH

0.3 1

0.2 +

0.1 1

Rvalue

ISTG

—0.1

-0.2 J Brain area

Fig. 2. SPM T values revealing areas displaying signi“cant connectivity with the left superior temporal seed in (&) healthy
control subjects and (b) non-psychotic subjects with auditory verbal hallucinations (AVH). (  ¢) Signi“cantly increased
connectivity with the left superior temporal seed in non-psychotic subjects with AVH in comparison to the control group.
(d) Average R values and standard deviation of clusters showing signi“cantly increased connectivity with the left superior
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Table 2. Cluster sizesT values and locations of local maxima for the two-saripiest with (a) the left superior temporal region

and (b) the left parahippocampal region as the seed region

Cluster size p value T value MNI coordinates Area
(a) Left superior temporal seed region
4 0.036 4.05 44x 28,4 Right superior temporal gyrus
38 0.036 3.88 48, 24, 16 Right inferior frontal gyrus
(b) Left parahippocampal seed region
33 0.45 3.81 X 44,16, 12 Left inferior frontal gyrus
0.45 3.97 X 44,4,8 Left insula/precentral gyrus

MNI, Montreal Neurological Institute.

The results are from random-e ects two-sample T tests on Z-transformed correlation coe cients. Thresholded at

p= 0.05,

false discovery rate (FDR) corrected for multiple comparisons with an extended threshold of four voxels.

subjects with AVH and 31 scans of healthy control
subjects. Nine of the 12 excluded non-psychotic sub-
jects were excluded because they had experienced
AVH during the resting state, and three were excluded
as a result of the poor quality of the CR data obtained.
The poor quality of the CR data also resulted in the
exclusion of 13 control subjects. Twenty-“ve of the
31 control subjects were then selected to enable
the best match with the remaining non-psychotic in-
dividuals with AVH based on age, sex, handedness
and years of education. Data on these 25 non-psy-
chotic individuals with AVH and 25 healthy control
subjects were then used for further analyses.

Demographic variables

The groups did not di er signi“cantly with respect

to age, sex, handedness and years of education. As
expected, the non-psychotic individuals with AVH
scored signi“cantly higher on the SPQ. Table 1 provi-
des a demographic description of the participants,
including SPQ scores.

Left superior temporal seed

The left superior temporal seed showed signi“cantly
increased connectivity with the right superior tem-
poral and the right inferior frontal regions in the non-
psychotic individuals. Inspection of the average R
values of the right superior temporal gyrus revealed
an average correlation coe cient of 0.02 ( s.p.= 0.12) in
the healthy control subjects and 0.18 (s.0.= 0.15) in the
non-psychotic individuals with AVH. For the right

inferior frontal gyrus, the healthy controls showed
a negative correlation with the left temporoparietal
region (mean R=x 0.15,s.0.= 0.19), which was absent
in the non-psychotic individuals with AVH (mean
R= 0.03,sp.= 0.11). Figure 2 shows the SPMT values
and average R values of the clusters displaying sig-
ni“‘cantly di erent connectivity with the left superior
temporal seed in the non-psychatic individuals com-
pared to the healthy control subjects. Coordinates,
T values and cluster sizes of these regions are listed in
Table 2a.

Left parahippocampal seed

The left parahippocampal gyrus displayed signi“-
cantly increased connectivity with the left inferior
frontal region in the non-psychotic individuals with
AVH. Although the non-psychotic individuals dis-
played a small positive correlation between the left
parahippocampal region and the left inferior frontal
gyrus (mean R= 0.05, sp.= 0.22), this was absent in
the healthy control subjects (mean R= 0.00,s.0.= 0.05).
Figure 3 shows the SPMT values and averageR values
of the voxels displaying signi“cantly increased con-
nectivity with the left parahippocampal seed in the
non-psychotic individuals with AVH. Coordinates,
T values and cluster sizes are listed in Table 2b.

Right superior temporal and bilateral inferior
frontal seeds

No signi“cant di erences in connectivity between the
right superior temporal and the left and right inferior

temporal seed in non-psychotic subjects with AVH. In ( @ and (b), red indicates positive correlations, blue indicates negative
correlations. In (c), the left superior temporal seed is shown in blue. The results are from random-e ects two-sample T tests on

Z-transformed correlation coe cients. Thresholded at

p= 0.05 false discovery rate (FDR) corrected for multiple comparisons

within the a priori hypothesized regions with an extend threshold of four voxels.
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(a) Healthy control subjects

(b) Non-psychotic subjects with AVH

(c) Non-psychotic with AVH > Healthy control subjects

d) Average R values

0.35 7 -
[] Healthy control subjects

0.30 [T Non-psychotic subjects
— with AVH

0.25

0.20

R values

0.15 A

0.10

0.05

0- T 1

LIFG
Brain area

Fig. 3. SPM T values revealing areas displaying signi“cant connectivity with the left parahippocampal seed in (&) healthy
control subjects and (b) non-psychotic subjects with auditory verbal hallucinations (AVH). ( c) Signi“cantly increased
connectivity with the left parahippocampal seed in non-psychotic subjects with AVH in comparison to the control group.
(d) Average R values and standard deviation of the cluster showing signi“cantly increased connectivity with the left
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frontal seeds on the one hand and voxels within the
a priori hypothesized regions on the other hand could
be observed between the healthy control group and
the group of non-psychotic individuals with AVH.

Discussion

In this study we investigated whether a direct link
could be established between AVH and aberrant con-
nectivity between inferior frontal, parahippocampal
and superior temporal brain regions. Resting-state
connectivity was studied in a group of 25 non-
psychotic individuals who experience AVH in the
absence of other psychiatric symptoms and are free of
medication. Individuals who hallucinated during the
scan were excluded from analysis to prevent e ects of
symptom-related activation. In the non-psychotic
individuals, increased connectivity was observed
between the left and right superior temporal regions
and also between the left parahippocampal and the
inferior frontal regions. Moreover, this group did
not show the negative correlation between the left
superior temporal area and the right inferior frontal
region as was observed in the healthy control group.

Aberrant connectivity of frontal and superior tem-
poral regions may well re"ect erroneous interaction
of language production and perception processes in
individuals with AVH. Consequently, language
production areas in the frontal lobes may not be able
to signal to superior temporal language processing
regions that fragments of inner speech are self-
generated (Frith et al 1995; Spenceet al 2000; Ford
et al 2007 ; Heinks-Maldonado et al 2007). As a result,
this inner speech may acquire an acoustic quality and
be misattributed to an external source. This “nding is
in line with previous task-based and resting-state
fMRI studies that have reported faulty integration of
frontal and superior temporal regions in subjects with
AVH (Frith et al 1995; Silbersweiget al 1995; Spence
et al 2000; Rotarska-Jagielaet al 2010; Vercammen
et al 2010). Such dysfunctional interaction has been
suggested to result from alterations of the arcuate
fasciculi, the most important “bre bundles between
frontal and superior temporal language areas. Indeed,
alterations of the arcuate fasciculi were previously
observed in hallucinating patients with schizophrenia
and in non-psychotic subjects with AVH (de Weijer
et al 20113, b).

Our results di er from most other studies because
dysfunctional connectivity was observed between the
left superior temporal and the right inferior frontal
regions whereas previous studies mainly found ab-
errant connectivity between the left frontal and su-
perior temporal regions. Involvement of the right
inferior frontal region is, however, is in line with pre-
vious studies that have revealed prominent activation
of this area during the experience of AVH (Jardri et al
2010; Kuhn & Gallinat, 2010; Diederen et al 2011).
Although no direct anatomical connection exists
between the right inferior frontal and left superior
temporal areas, integration of these areas should be
enabled through involvement of a third area. This
third region may consist of the right temporal region
because this area has a direct connection with the left
superior temporal and right inferior frontal regions.
Moreover, the right superior temporal region dis-
played increased connectivity with the left superior
temporal area in the subjects with AVH.

Increased functional connectivity was also observed
between the left parahippocampal and the left inferior
frontal regions in non-psychotic individuals with
AVH. The parahippocampal region ful“ls a prominent
role in memory processes in which it mediates infor-
mation "ow between the hippocampus and neocortical
regions such as the language areas (Van Hoesen, 1982;
Eichenbaum et al 1996, 2007; Eichenbaum, 2000).
When a memory is retrieved, the parahippocampal
gyri are hypothesized to reinstate activation in neo-
cortical association areas involved in the original ex-
perience (Wheeler et al 2000; Johnson & Rugg, 2007).
Activation of the latter regions presumably enables the
re-experience of the retrieved memory.

Increased connectivity between association areas
such as the left inferior frontal region area and
the parahippocampal gyrus may thus represent an
enhanced redistribution of memory fragments to
language production areas. This may lead to er-
roneous activation of association cortices and hence to
incorrect recognition (Diederen et al 2010b). Support
for this hypothesis is provided by studies reporting
signi“‘cant signal changes in the parahippocampal
gyrus preceding AVH (Homan et al 2008, 2011;
Diederen et al 2010b). Based on these “ndings it is
conceivable that AVH do not result from a single
de“cit, but rather from the integration of multiple
de‘“cits.

parahippocampal seed in non-psychotic subjects with AVH. In (' a) and (b), red indicates positive correlations, blue indicates
negative correlations. In (c), the left parahipocampal seed is shown in blue. The results are from random-e ects two-sample

T tests on Z-transformed correlation coe cients. Thresholded at

p= 0.05 false discovery rate (FDR) corrected for multiple

comparisons within the a priori hypothesized regions with an extended threshold of four voxels.
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Although this is the “rst study to investigate resting-
state functional connectivity in a group of non-
psychotic individuals with AVH, some studies have
investigated resting-state connectivity in relation to
AVH in schizophrenia patients (Gavrilescu et al 2010;
Homan et al 2010; Rotarska-Jagielaet al 2010;
Vercammen et al 2010). The present study is partly in
line with previous studies that observed aberrant
connectivity between the left temporoparietal junction
and the right inferior frontal gyrus (Vercammen et al
2010) and also between bilateral superior temporal
areas (Gavrilescu et al 2010). Furthermore, it was
shown that the severity of hallucinations correlated
negatively with the functional connectivity of fronto-
temporal and auditory networks in schizophrenia
(Rotarska-Jagielaet al 2010). Whereas most of these
studies reported reduced connectivity, the present
study found increased connectivity. This may re”ect
the general decrease in connectivity observed in
schizophrenia, which is presumably not related
speci“cally to AVH. Indeed, the only study to date to
compare hallucinating schizophrenia patients to
non-hallucinating patients, which can therefore assess
characteristics that are speci“cally related to AVH,
also reported increased connectivity, in this case
between Wernickees area in the left temporoparietal
region (the seed region) and a large subcortical region
including the medial temporal region (Ho man et al
2010).

Discrepancies between the “ndings of previous
studies and the present study may well be explained
by the fact that previous studies included patients
with schizophrenia who present with additional
psychiatric symptoms such as delusions, negative and
cognitive symptoms, and mostly use antipsychotic
medication. Furthermore, most studies did not ex-
clude patients with active AVH from analyses or did
not report whether AVH were present during scan-
ning (Ho man et al 2010; Rotarska-Jagielaet al 2010;
Vercammen et al 2010). Finally, these studies did not
correct for CR rhythms, known to contaminate resting-
state connectivity analyses (Noll & Schneider, 1994;
Glover & Lee, 1995; Dagliet al 1999; Gloveret al 2000;
Birn et al 2006). As the subjects included in this
study experienced AVH in relative isolation and did
not actively hallucinate during the scans, these results
suggest that dysfunctional connectivity of frontal,
parahippocampal and superior temporal regions is
speci“cally related to the predisposition to hallucinate
in the auditory modality.

Limitations

A limitation of this study is that the method
used provides no information on the directionality of

connectivity. Furthermore, this method does not
account for any temporal variation in connectivity.
Another limitation is that, although aberrant connec-
tivity was observed between frontal, superior tem-
poral and parahippocampal regions, the sites of most
of these regions do not fully correspond with the a
priori de“ned seed regions. This may, however, be
due to high inter-individual di erences in the exact
location of brain regions observed in AVH (Ojemann,
1991). Consequently, the sites of AVH-related
brain activation probably di er somewhat between
the current group and the group on which the seed
regions were based (Diederen et al 2011). The latter
explanation may also account for the fact that,
although the left superior temporal seed showed
aberrant connectivity with the right superior temporal
and the right inferior frontal regions, no signi“cant
di erences in connectivity with the superior temporal
region (the current seed) between the groups were
observed when the right superior temporal and in-
ferior frontal regions were used as seed regions, that is
when the logic of the current analysis is reversed. This
does, however, not pose a major limitation as the
selected seed regions in the right superior temporal
and inferior frontal regions do not exactly correspond
with loci of aberrant connectivity in the right inferior
frontal and superior temporal areas as observed in this
study.

In summary, the presence of increased connectivity
of frontal, parahippocampal and superior temporal
areas in individuals with isolated AVH suggests that
dysfunctional integration of these regions is speci“-
cally related to the propensity to hallucinate in the
auditory domain.
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