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Abstract: Visual misperceptions and hallucinations represent a problematic symptom of Parkinson’s disease.
The pathophysiological mechanisms underlying these symptoms remain poorly understood, however, a
recent hypothesis has suggested that visual misperceptions and hallucinations may arise from disrupted
processing across attentional networks. To test the specific predictions of this hypothesis, 22 patients with Par-
kinson’s disease underwent 3T fMRI while performing the Bistable Percept Paradigm, a task that has previ-
ously been shown to identify patients with hallucinations. Subjects are required to study a battery of
randomly assigned “monostable” and “bistable” monochromatic images for the presence or absence of a
bistable percept. Those patients who scored a high percentage of misperceptions and missed images on the
task were less able to activate frontal and parietal hubs of the putative Dorsal Attention Network. Further-
more, poor performance on the task was significantly correlated with the degree of decreased activation in a
number of these hubs. At the group level, the difference between processing a bistable versus a monostable
cue was associated with increased recruitment of the anterior insula. In addition, those patients with impaired
performance on the paradigm displayed decreased resting state functional connectivity between hubs of the
Ventral and Dorsal Attention Networks. These same patients had significantly decreased gray matter in the
insula bilaterally. In addition, a combined analysis of the separate neuroimaging approaches revealed signifi-
cant relationships across the impaired networks. These findings are consistent with specific predictions from
a recently proposed hypothesis that implicates dysfunction within attentional networks in Parkinsonian hallu-
cinations. Hum Brain Mapp 35:2206-2219, 2014.  © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Visual misperceptions and hallucinations (VH) occur in
over half of all patients with Parkinson’s disease (PD), par-
ticularly in the latter stages of the condition [Diederich
et al.,, 2009; Fenelon et al., 2000; Forsaa et al., 2010; San-
chez-Ramon et al., 1996]. These symptoms often occur
along a distinct spectrum, with visual misperceptions rep-
resenting the incorrect recognition of a perceived stimulus
and hallucinations representing the occurrence of a per-
ception in the absence of a clear stimulus. Despite their
negative impact on patient outcomes [Goetz et al., 2006],
these neuropsychiatric symptoms remain poorly under-
stood in PD, with limited therapeutic options [Diederich
et al.,, 2009; Forsaa et al.,, 2010; Sanchez-Ramon et al.,
1996].

Although the pathophysiology of VH is poorly under-
stood, a number of theories have been proposed as explan-
ations for VH in PD. For instance, the presence of VH in
clinical disorders that effect the retina, such as Charles
Bonnet Syndrome [Berrios, 1982], has led to the proposal
that the VH suffered in PD may result from impairments
within the visual pathway. Indeed, both reduced contrast
and color discrimination have been reported in PD
patients with hallucinations and may relate to a primary
loss of dopaminergic retinal cells [Pieri et al., 2000]. Addi-
tionally, it is well recognized in clinical practice that
reduced ambient lighting and unfamiliar environments are
associated with increased perceptual errors. This has led
to the proposal that these visual impairments may induce
a partial sensory deprivation that permits the emergence
of previously recorded percepts, which then form the basis
for VH [Diederich et al., 1998].

In addition to the potential role of retinal pathology,
structural neuroimaging studies have confirmed atrophy
across limbic neural regions in hallucinating PD patients
[Ibarretxe-Bilbao et al., 2010, 2011; Janzen et al., 2012] as
well as in frontal and visual association regions [Ramirez-
Ruiz et al., 2007; Sanchez-Castaneda et al., 2010]. The latter
results are consistent with recent work utilising functional

Magnetic Resonance Imaging (fMRI), which demonstrated
reduced activation in occipital and temporal cortices in PD
patients with VH when presented with visual stimuli
[Meppelink et al., 2009]. A separate fMRI study has dem-
onstrated that PD patients with chronic VH respond to the
presentation of simple visual stimuli with greater frontal
and caudate nucleus activation and less visual cortical acti-
vation than non-hallucinating PD subjects [Stebbins et al.,
2004]. This finding suggests that impaired processing of
visual information may trigger “higher order” frontal
regions. However, a subsequent fMRI study utilising the
presentation of more complex visual stimuli failed to find
any evidence to support this “top-down” compensatory
process [Meppelink et al., 2009]. In addition to the results
of these neuroimaging studies, a strong clinicopathological
correlation has been found between VH and Lewy body
(LB) pathology within temporal cortical structures, such as
the amygdala and parahippocampal gyrus [Harding et al.,
2002], suggesting that VH in PD relate to a disruption
across diverse yet related neural circuitry.

These findings have led to several separate proposals
suggesting that hallucinations in PD are related to deficits
in perception and attention [Bronnick et al., 2005; Collerton
et al.,, 2005; Diederich et al., 2005; Gallagher et al., 2011;
Pieri et al., 2000; Price et al., 1992] being modulated by
both neurotransmitter disturbances [Goetz et al., 1982,
1998] and specific subcortical and cortical pathology [Har-
ding et al., 2002; Ramirez-Ruiz et al., 2007; Sanchez-Caste-
nada et al., 2010; Janzen et al., 2012]. In an attempt to
integrate these processes, a recent attentional network hy-
pothesis has proposed that VH in PD may arise from dys-
function across the attentional control networks
comprising the dorsal attention network (DAN), the ven-
tral attention network (VAN), and default mode network
(DMN) [See Table I; Shine et al., 2011]. Specifically, this
model proposes that VH are due to a relative inability to
recruit activation in the DAN in the presence of an ambig-
uous percept, leading to an “over reliance” on the VAN
and DMN. The DAN, which underlies the capacity to
focus attention on externally driven percepts, is comprised

TABLE |l. Attentional control networks

Network

Anatomical areas

Function

Default Mode Network (DMN)

e Medial temporal cortex
e Medial PFC

o Task-independent introspection
o Self-referential tasks

e Posterior cingulate

Dorsal Attentional Network (DAN)

e Dorsolateral PFC
e Posterior parietal cortex

e Voluntary orienting
e Cognitive information processing

e Frontal eye fields
e Corpus striatum

Ventral Attentional Network (VAN)

e Basolateral amygdala
e Lateral and inferior PFC

e Mediate activation of other networks
e Engages attention to salient stimuli

e Temporoparietal junction
e Ventral striatum

PFC, prefrontal cortex.
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of widespread neural regions within the frontal eye fields,
the dorsolateral prefrontal cortex and the superior poste-
rior parietal cortices, all of which send efferents to the
head of the caudate nucleus [Asplund et al., 2010]. The
model proposes that an inability to recruit this network
would lead to an over-reliance on the VAN, which nor-
mally assists in the rapid re-orienting of attention towards
salient stimuli [Corbetta and Shulman, 2002] and the
DMN, which consists of regions normally involved in the
retrieval and manipulation of episodic memories and
semantic knowledge [Binder et al., 1999; Mazoyer et al.,
2001; Spreng et al., 2010].

The attentional network hypothesis of VH has received
preliminary supportive evidence through behavioral test-
ing using the novel Bistable Percept Paradigm [BPP; Shine
et al, 2012]. The BPP is a computer-based task that
requires participants to evaluate a battery of monochro-
matic “monostable” and “bistable” percepts and impaired
performance on this task distinguishes those PD patients
who experience VH [Shine et al., 2012]. A similar approach
has also recently been utilized to demonstrate complex vis-
ual illusions in patients with Dementia with Lewy bodies
[Uchiyama et al., 2012]. An increased percentage of mis-
takes on the BPP was associated with specific impairments
in attentional set-shifting ability, implicating an inability to
effectively recruit the DAN in PD patients with VH. Fur-
thermore, a recent MR spectroscopy (MRS) study found
that the severity of impairments on the BPP was associ-
ated with reduced neuronal integrity (as measured by the
ratio of N-Acetyl Cysteine to Creatine) in the anterior cin-
gulate cortex, a neural hub with connections to a number
of different attentional networks [Lewis et al., 2012].

In the current study, we sought to further assess the
attentional network hypothesis using a number of different
MRI-based imaging modalities, including event-related
fMRI, resting state functional connectivity MRI (rsfcMRI)
and structural neuroimaging using voxel-based morphom-
etry (VBM). We hypothesized that impaired performance
on the BPP in those patients with VH would be associated
with reduced activation patterns across the DAN and
structural changes within neural regions that are known to
be critical for integration across the attentional networks.

METHODS
Participants

The 22 patients with PD included in this study were all
recruited from the Brain and Mind Research Institute Par-
kinson’s Disease Research Clinic. All patients satisfied the
United Kingdom Parkinson’s Disease Society (UKPDS)
Brain Bank criteria, showed no signs of overt dementia
[Martinez-Martin et al., 2011] and were assessed on their
regular medication. Demographic details are presented in
Table II. Permission for the study was obtained from the
local research ethical committee and all patients gave writ-
ten informed consent.

TABLE Il. Demographic and neuropsychological
characteristics

Non-hallucinators Hallucinators P value
Number 13 9
Age 615 =55 65.7 = 4.1 ns
Disease duration 49 £29 6.7 £ 3.2 ns
(years)
UPDRS III* 21.1 £ 9.1 27.6 = 14.2 ns
Hoehn and 21 +04 2.1 +0.2 ns
Yahr, stage
Dopa dose equiv, 1264.0 = 517 1081.9 = 680 ns
mg/day*
BDI-IT? 8.0=+74 92 + 6.1 ns
MoCA 271 =21 26.7 = 2.1 ns
TMTp.A? 48.5 = 47.6 89.6 + 29.8 < 0.05
SCOPA-PCy_4* 0.5+ 0.7 26 =19 < 0.01
RBD-Q* 45 + 3.7 74 +22 < 0.05
BPP error score (%)? 9.1 = 3.8 194 = 6.8 < 0.05
Contrast sensitivity 1.69 = 0.0 1.60 = 0.0 ns

UPDRS, Unified Parkinson’s Disease Rating Scale; BDI, Beck’s
Depression Inventory; MoCA, Montreal Cognitive Assessment;
TMTg.s, Trail Making Test: Part B minus Part A; RBD-Q, Rapid
Eye Movement Behavior Disorder Questionnaire; BPP, Bistable
Percept Paradigm.

“t-Test with unequal variance.

All patients underwent assessment in their “on” state.
The patients were all rated as between Hoehn and Yahr
stages I-IV and were assessed on section III of the Unified
Parkinson’s Disease Rating Scale [UPDRS-III; Goetz et al.,
2007]. Two patients were taking dopamine agonist mono-
therapy, one patient was untreated and the other nineteen
were taking levodopa: six of whom were on levodopa
monotherapy; two who were taking adjuvant entacapone;
five who were taking a combination of levodopa and do-
pamine agonist therapy and six who were on a combina-
tion of levodopa, entacapone, and a dopamine agonist.
Two patients were taking a selective serotonin reuptake in-
hibitor for mood and one patient was taking a nocturnal
benzodiazepine to aid sleep. Dopamine dose equivalence
scores were also computed for each patient. While it is
well known clinically that visual misperceptions are wors-
ened by dopaminergic medication, patients were studied
in the “on” state in order to accurately reflect their regular
daily functioning. In addition, none of the patients self-
reported severe hallucinations and as such, were not con-
traindicated from taking dopamine agonist therapy.

All of the participants underwent two tests of visual
function. A Snellen chart test was administered to assess
visual acuity and the Pelli-Robson test was administered
to assess contrast sensitivity [Elliot et al., 1990]. Patients
were all tested in the same clinical environment with con-
sistent artificial lighting. If required, patients were allowed
to wear MRI-safe spectacles in order to correct visual

* 2208 o



¢ Visual Misperceptions in Parkinson’s Disease ¢

deficits and the visual acuity testing described above
occurred while wearing these goggles.

Neuropsychological Assessments

Performance data is included in Table II. None of the
patients showed evidence of clinical dementia [Emre et al.,
2007]. The Montreal Cognitive Assessment (MoCA) was
used as general measure of cognition [Gagnon et al., 2010]
and the Beck Depression Inventory (BDI-II) was utilized to
assess for the presence of affective disturbance [Beck et al.,
1996]. Sleep quality was assessed using the Rapid Eye
Movement Sleep Behavioral Disorder Questionnaire [Sca-
glione et al., 2005] as these symptoms have been shown to
be strongly associated with the presence of hallucinations
[Nomura et al., 2003]. To explore the role of attentional
set-shifting, all patients performed the Trail Making Test
(TMT) parts A and B [Corrigan and Hinkeldey, 1987],
allowing for the calculation of a difference score (TMTg._4)
[Naismith et al., 2010]. All behavioral data analysis was
performed using SPSS version 20 (Chicago, IL, USA).

Bistable Percept Paradigm (BPP)

The BPP consisted of a battery of monochromatic black
and white images that contained with a series of mono-
chromatic black and white images, which were classified a
priori as either monostable or bistable images [Shine et al.,
2012]. As shown in Figure 2, bistable images were like the
classic “faces in profile or vase” whereas monostable
images had no such ambiguity. The paradigm was con-
structed using EPrime Software (Psychology Software
Tools, USA) and all patients were trained on a sample of
the paradigm before commencing the study. The experi-
mental trial was conducted with the patient lying in a 3
Tesla MR scanner with the task displayed on a screen in
the patient’s direct line of vision. While lying in the scan-
ner, the patient’s left and right hands were positioned
over corresponding response buttons that controlled both
the initial response to the cue as well as to the answers of
subsequent questions [Shine et al., 2012]. Stimulus images
from the training period were not presented during the
MRI scanning task.

Each trial was signaled by the appearance of a black fix-
ation crosshair in the middle of a white screen. After a
delay of 50 ms, the crosshair disappeared and participants
were randomly presented with one of the images. Subjects
were required to study the image until they were satisfied
that they had recognized everything that the image may
represent (i.e., decide whether they were perceiving either
a monostable or bistable percept) before pressing a
response button. This response triggered a screen where
participants indicated by button press whether they had
identified a monostable or bistable percept by pressing the
associated button. Following this button-press, the fixation
crosshair re-appeared signaling the start of the next trial.

This method allowed for a predictable pattern of presenta-
tion and questioning, however, the variable amount of
time taken by each patient for viewing images and
answering the relevant questions meant that the individual
epochs associated with each image were randomly spread
across the TR, allowing for adequate sampling of the
BOLD response.

After demonstrating familiarity with the BPP on a lap-
top computer in a clinical environment, subjects performed
two separate trials of the paradigm in the MRI scanner,
each including a sample of 40 monostable images and 40
bistable images. Button responses were logged during the
experimental paradigm, determining whether an individ-
ual patient had experienced either a monostable or bistable
percept. Following the experiment, a member of the
research team interviewed each patient while they
reviewed all 80 items and described the specific images
that they saw in each percept aloud to the examiner. If
there was a discrepancy, trials were scored according their
responses at the postscanning debrief session.

The program logged both the specific time point (in sec-
onds) when each patient pushed the response button as
well as whether the percept viewed was thought to repre-
sent a monostable or bistable percept. This allowed for the
post hoc calculation of a number of outcome measures,
including: correct responses on monostable images; correct
responses on Dbistable images; missed images, which
reflected the mislabeling of a bistable image as a monosta-
ble percept; and misperceptions, which reflected the incor-
rect identification of a monostable image as a bistable
percept or incorrectly reporting a perception that was not
present in either the monostable or bistable image.

BPP Error Score

Using a larger cohort of patients with PD and healthy
age-matched controls, we have previously demonstrated
the utility of the BPP in accurately classifying patients as
either “BPP impaired” (i.e., patients with a high propor-
tion of mistakes, such as misperceptions) or “BPP normal”
(i.e., minimal mistakes on the paradigm) [Shine et al.,
2012; Lewis et al., 2012]. In a similar manner to the previ-
ous study, an error score was calculated by averaging the
percentage of missed images and Misperceptions and
using the same error “cut-score” (derived from the previ-
ous testing of an age-matched control group), we were
able to classify patients as “BPP impaired” or “BPP
unimpaired”.

To confirm the presence of visual misperceptions in the
BPP impaired cohort, the inclusion of each patient into ei-
ther group was compared to each patient’s response to the
second question of the MDS-UPDRS, a measure that has
previously been used to effectively screen for the presence
of visual hallucinations in PD [Llebaria et al., 2010]. There
was a direct concordance between the two measures, as
each patient that scored a “1” or greater on the second
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question of the MDS-UPDRS was labeled as a
“hallucinator” after a selection that was based on the BPP
Error score (five patients scored 1, three patients scored 2
and one scored 3). Each patient who scored “0” was la-
beled as a “non-hallucinator.” In addition, each patient
completed the first four questions from the Scales for Out-
come in PD-Psychiatric Complications (SCOPA-PC), which
explicitly questions for the presence of visual mispercep-
tion and hallucinations, as well as probing for the presence
of delusional thinking [Visser et al., 2007]. Each patient
from the “hallucinator” group scored positively on this
questionnaire. After separating the PD patients into two
groups based on their BPP error score, independent-sam-
ple t-tests were used to test for differences between the
two groups.

Neuroimaging Analysis
Image acquisition

Imaging was conducted on a General Electric 3 Tesla
MRI (General Electric, Milwaukee, USA). T2*-weighted
echo planar functional images were acquired in sequen-
tial order with repetition time (TR)=3 s, echo time
(TE) =32 ms, flip angle =900, 32 axial slices covering
the whole brain, field of view (FOV) =220 mm, interslice
gap =0.4 mm, and raw voxel size =3.9 mm by 3.9 mm
by 4 mm thick. T1-weighted images were also acquired,
consisting of a set of 126 adjacent axial cuts parallel to
the anterior commissure-posterior commissure line, with
a slice thickness of 1.5 mm and a voxel size of 1 X 1 X
1 mm®. A separate resting state trial was collected fol-
lowing the performance of the BPP, consisting of 140
scans collected with the same parameters as the func-
tional trials. During this trial, patients were asked to lie
still with their eyes closed and to let their minds wan-
der freely.

Image preprocessing

Statistical parametric mapping software (SPMS8, Well-
come Trust Centre for Neuroimaging, London, UK,
http://www fil.ion.ucl.ac.uk/spm/software/) was used for
image processing and analysis. Functional images were
preprocessed according to a standard pipeline: (a) scans
were slice-time corrected to the median (17th) slice in each
TR; (b) scans were then realigned to create a mean real-
igned image and measures of 6 degrees of rigid head
movements were calculated for later use in the correction
of minor head movements; (c) due to the increased risk of
head movements in this clinical population, each trial was
subsequently analyzed using ArtRepair [Mazaika et al.,
2005] and trials with a large amount of global drift or
scan-to-scan head movements greater than 1 mm were cor-
rected using interpolation. Trials with head-movements
greater than 3 mm or 3 degrees of movement were
removed from the analysis; (d) images were normalized to

the Echo Planar Image (EPI) template; (e) scans were then
smoothed using an 8-mm full-width half-maximum iso-
tropic Gaussian kernel

Event-related functional MRI analysis

Statistical parametric maps were calculated for each
subject using a general linear model analysis within an
event-related design. The onset and duration of each
monostable image and each bistable image were mod-
eled separately in each individual patient’s first level
design matrix. After estimation, this lead to the exami-
nation of the following specific contrasts: a comparison
between the viewing of a monostable image against the
global mean; a comparison between the viewing of a
bistable image against the global mean; and a compari-
son between the pattern seen during bistable images
and that seen during monostable images. Contrast
images from the first-level analyses were then entered
into a second-level random-effects design in order to
determine the group-level effects of the condition of in-
terest. We explored both the group-level patterns (using
a one-sample t-test) as well as the group-level differen-
ces (using a two-sample t-test) between non-hallucinators
and hallucinators. Data were initially analyzed with a
height threshold of P <0.05 (corrected for multiple com-
parisons using false detection rate) and an extent thresh-
old of 10 voxels (per cluster). Due to the exploratory
nature of the study, if no voxels survived the correction
for multiple comparisons, the threshold was increased to
P <0.001 with a minimum cluster size of 10 for further
exploration, however, inference was only made on these
results if they were consistent with the results from the
regions-of-interest (ROI) in the following section, which
were defined a priori.

Region of interest analysis

To further explore the patterns of BOLD response across
the attentional control networks, contrast images from the
first-level analysis were subsequently analyzed using a set
of a priori ROIs. This technique allowed for the systematic
exploration of the imaging data within small, predefined
volumes of the brain and also ensured that sole inference
was not made from a large number of uncorrected statisti-
cal tests. Using the MarsBar toolbox in SPMS8 [Brett et al.,
2002], spherical ROIs were drawn around the peak voxels
from the VAN (Anterior Insula (Al)): +/—42, 24, —20; and
the dorsal anterior cingulate cortex (dACC): +/-12, 26,
28), the DAN (Superior Parietal Lobule (SPL): +/-27,
—52, 57; and the frontal eye fields (FEF): +/—25, —8, 54)
and the DMN (Hippocampal formation (HF): +/—22, —22,
—22; and the anterior interparietal lobule (aIPL): +/—52,
—48, 48), based on previously reported voxels’ co-ordi-
nates for these ROIs [Fox et al., 2005; Spreng et al., 2010].

The MarsBar toolbox was then used to extract contrast
values for each ROI dependent on the contrast of
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Figure I.

Group similarities. Posterior and lateral views of the cortical
surface rendering of the major areas of increased and decreased
BOLD response during the processing of a visual cue. A similar
pattern was seen when comparing the entire groups’ response
to the amalgamation of bistable and monostable images. Namely,
there was a significant increase in the BOLD response within

interest. These contrast values were then exported into
SPSS for group-level testing, which involved both testing
between groups using a two-sample t-test as well as cor-
relating each contrast value with the percentage of mis-
perceptions on the BPP using a Pearson’s product-
moment correlation. To assess the relative activity within
each putative attentional network, the average contrast
value for each network was calculated for each patient.
This was calculated by averaging the contrast value for
each of the hubs within a network, allowing for the
comparison of group differences in the BOLD response
within the different neural networks. While this method
conveys some information about the patterns of coordi-
nated activity within attentional networks, it does not
allow any inference about the temporal relationships
within these networks [Sporns, 2011].

Resting state functional connectivity analysis

In order to determine whether the regions identified in
the functional analysis formed consistent functional net-
works, rsfcMRI analyses were applied to task-independent
T2* data. rsfcMRI explores the temporal correlation
between the BOLD response in different regions of the
brain in the absence of any overt task [Van den Heuvel
and Hulshoff Pol, 2010]. The degree to which disparate
regions show increased rsfcMRI coherence has been taken
to reflect the level and amount of information shared by
the two hubs rather than their direct structural connection
per se [Honey et al., 2009; Horwitz et al., 2005]. Previous
neuroimaging studies assessing attention have shown
increased coherence between the hubs comprising the

the bilateral occipital cortices, along with a decrease in the
BOLD response in the bilateral temporoparietal junction.
These results were significant after correction for multiple com-
parisons using a false detection rate of P < 0.05. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

putative VAN and the DAN [see above for ROI co-ordi-
nates; Cortbetta and Shulman, 2002; Spreng et al., 2010].

Following the same preprocessing steps outlined for the
functional experiment, images were imported into the
Functional Connectivity (“conn”) toolbox (http://www.
nitrc.org/ projects/conn) in SPM8 for further data correc-
tion. After discarding the first five scans, the preprocessing
steps included: (a) the application of a temporal band pass
filter (0.009-0.08 Hz); and (b) the regression of nuisance
parameters (and their first temporal derivative), including
the six motion parameters extracted from realignment, the
mean whole-brain signal and the signal from the voxel-
stripped white matter and cerebrospinal fluid masks. The
mean BOLD signal time course was then extracted from
each of the ROIs from the functional analysis. The time
course of each ROI was then correlated with the time
course for each of the other ROIs, allowing for the calcula-
tion of a correlation coefficient for each ROI using a Pear-
son’s product-moment calculation. These values were then
converted into Z-scores using a Fisher’s r-to-Z transforma-
tion, allowing for the calculation of the significant group
similarities as well as the significant differences between
the two groups (P <0.05 FDR).

Voxel-based morphometry (VBM) analysis

To assess for any significant structural differences
between the two groups of patients, individual TI1-
weighted images for each patient were subjected to VBM
analysis using the SPMS8 software package [for detailed
methods, see Ashburner and Friston, 2000]. First, each T1
image was re-oriented to standard space. Following this,
each image was segmented using the Segment tool in
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Single Image

Bistable Image

Figure 2.

Differences between two groups. Graphical depictions of the
brain representing the main regions of increased BOLD contrast
in the comparison of hallucinators against non-hallucinators
(P<0.001 and clusters = 10). The leftmost image represents the
group differences when viewing bistable images and the right-
most image represents the differences when viewing a monosta-
ble image. The major differences were found in regions
comprising the dorsal attention network, such as the bilateral
frontal eye fields, the superior parietal lobule and the MT+
region. The blue color intensity in the image reflects the t-statis-
tic from the second level random-effects comparison of halluci-
nators and non-hallucinators. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

SPMS, which led to the creation of a gray matter template
for each individual patient. These templates were then
normalized to the 152MNI T1 template brain and then
modulated, which involved scaling the gray matter tem-
plate by the amount of contraction during spatial normal-
ization, ensuring that the final gray matter template
contains the same total amount of original gray matter as
was present in the original image. Each image was then
smoothed with an 8 mm FWHM Gaussian kernel. The
smoothed images were subsequently entered into a sec-
ond-level design, which compared hallucinators with non-
hallucinators. Following this, the images were corrected
for multiple comparisons using a False Detection Rate of
P <0.05. We then created a bilateral anterior insula mask,
which contained each voxel from the VBM analysis that
was significantly different between the two groups. This
allowed for the calculation of the volume of gray matter
within the bilateral Al for each individual patient, allow-
ing for the subsequent correlation with the BPP Error
score.

Inter-relation of task-based, rsfcMRI,
and VBM analyses

To explore the data for the presence of inter-related sig-
nals within the three separate analytic techniques, the sig-
nificant results from each of the previous three analyses
were compared using Pearson’s product-moment correla-
tions. As in the previous analyses, alpha levels were set at
P <0.05.

RESULTS
Demographic Information

Of the 22 patients tested, the BPP identified 9 hallucina-
tors and 13 non-hallucinators. As shown in Table II, the
patient groups did not differ in age, disease duration,
motor severity (UPDRS III score), Hoehn & Yahr stage,
global cognition (MoCA), depressive symptoms or dopa-
mine dose equivalence. In addition, there were no
between-group differences in visual acuity or contrast sen-
sitivity. In keeping with a previous study [Shine et al.,
2012], there were strong inter-relationships between the
measures of attentional-shifting (TMTg_») and the SCOPA-
PCy4 (r=0.530, P<0.01) as well as the BPP error score
(r = 0.547, P <0.01).

Bistable Percept Paradigm

The average response time to process an image was 7.14
s. While the entire group of patients was more likely to
take longer to identify the items within a monostable
image (t=3.08, P <0.01), there were no significant differ-
ences between the two groups in the response time to
either monostable (t=1.46, P =0.159) or bistable images
(t=0.92, P=0.370).

Imaging Results
Group level similarities

In order to determine whether all patients recruited a
similar network of visually-related neural regions during
the processing of ambiguous visual images, we assessed
the cortical BOLD response pattern associated with proc-
essing either a bistable or monostable image during per-
formance of the BPP (Fig. 1). As predicted from the visual
nature of the experimental paradigm, the cohort of PD
patients showed a significant increase in the BOLD signal
within the bilateral visual cortices. In addition, there was a
significant decreased BOLD signal in the temporoparietal
junction, bilaterally.

Group level differences

We subsequently analyzed the differences between the
two groups of patients when they viewed both monostable
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TABLE lIl. Brain regions displaying decreased BOLD
response in both monostable bistable images (non-hallu-
cinators versus hallucinators)

Monostable Bistable

cluster  cluster
Neural region x Yy z size size
Left frontal eye fields® —27 0 64 129 64
Right frontal eye fields® 30 2 56 91 17
Midbrain -2 —-20 -6 91 139
pre-SMA? 0 20 46 77 56
L superior parietal lobule® —22 —53 56 38 38
R superior parietal lobule® 22 —44 —18 11 32
Right visual area V2 11 -90 11 19 10

MNI co-ordinates for neural regions that displayed decreased
BOLD response in the contrast between hallucinators and non-hal-
lucinators when viewing both monostable and bistable images.
The coordinates represent the peak voxel within a cluster that
was present above the statistical threshold in both the monostable
and the bistable contrast. T-statistics are presented for clusters
with P <0.001 and greater than 10 contiguous voxels corrected at
the whole-brain level with a false detection rate of P < 0.05.
“Known hub of the Dorsal Attention Network.

and bistable images using a random-effects design (see
Fig. 2). As predicted, there were a number of regions with
significantly decreased BOLD recruitment when compar-
ing hallucinators with non-hallucinators. When viewing ei-
ther a monostable or a bistable image, hallucinators were
significantly less able to recruit key regions within the
DAN, including the bilateral frontal eye fields (peak voxel
from the left hemisphere: —27, 0, 64; and right hemi-
sphere: 30, 2, 56), the bilateral dorsolateral prefrontal cor-
tex (left: —51, 29, 25 and right: 45, 35, 18), the bilateral
superior parietal lobule (left: —22, —53, 56 and right: 22,
—44, 58), the caudal midbrain (-2, —20, —6), the midline
presupplementary motor area (0, 20, 46) and a region in
the right parieto-occipital cortex (11, —90, 11). See Table III
for the Cluster sizes in each contrast.

Data from the between-group analysis were then
explored further using a series of a priori ROIs, each rep-
resenting a key hub within the putative attentional control
networks. Whilst both groups showed a consistent pattern
of decreased DMN and VAN activity when assessing
monostable and bistable contrasts (Fig. 3), hallucinators
were unable to recruit activation in the DAN in the pres-
ence of either image (monostable: =220 and P=0.02;
bistable: t+ =2.52 and P =0.01). Across the whole cohort of
patients, a relative increase in the amount of BOLD activ-
ity within the right frontal eye field ROI was negatively
correlated with the percentage of misperceptions in both
the monostable (Pearson’s r= —0.470 and P =0.027) and
bistable (r = —0.599 and P = 0.003) percepts.

When analyzed as a single cohort, there was a signifi-
cant group-level increase in the BOLD response within the
left anterior insula (peak voxel: —25, 21, —9) in the bistable
> monostable contrast. There were no significant
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Figure 3.

Results of the region-of-interest analysis. Results from the direct
comparison of the average contrast values from the attentional
networks when comparing non-hallucinators (white columns)
with hallucinators (gray columns) during the viewing of a bistable
image. The contrast value represents the average value seen in
each network during both monostable and bistable images. While
there were no significant differences between patients in the VAN
or DMN, hallucinators were significantly more likely to have a
negative average contrast value in the DAN. Key: L, left; R, right;
VAN, ventral attention network; DAN, dorsal attention network;
DMN, default mode network. Significance levels: *P < 0.05.
Though not explicitly shown here, the results were similar for the
viewing of a monostable image. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

differences between the two groups when comparing the
unique response to bistable versus monostable images, ei-
ther at the whole brain level or when constraining the
analysis to the ROIs, however, this negative finding may
be due to the relatively low sample size used in this
experiment. This interpretation is in keeping with further
analysis, as there were significant differences between the
performance of bistable and monostable contrasts within
the group of hallucinators. Specifically, the left dorsal ante-
rior cingulate (average contrast value=0.11;, t=2.87;
P =0.02) within the VAN and the left hippocampal forma-
tion (average contrast value=0.12; t=2.62; P =0.03)
within the DMN, were associated with a significantly
increased BOLD response when viewing a bistable image.

rsfcMRI analysis

Both groups of patients displayed strong intra-network
coherence in both the VAN and the DAN (r > 0.15 and
P <0.05), suggesting that each network contained high
intra-network connectivity. Comparison between the two
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Figure 4.
Results of the voxel-based morphometry analysis. Hallucinators
were significantly more likely to suffer from decreased gray mat-
ter density in the right anterior insula (peak voxel: 38, 2, —2)

and left anterior insula (—32, 16, —8). This suggests that
patients with visual misperceptions are unable to use their ante-
rior insula in order to actively recruit activation in the dorsal
attention network in the presence of an ambiguous stimulus.
Color intensity on the graph represents the t-statistic at each
voxel after correction for multiple comparisons (FDR P < 0.05).
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

groups revealed that the hallucinators showed a significant
decrease in the inter-network functional connectivity
between the DAN and the VAN. Specifically, there were
significant negative correlations between the left dorsal an-
terior cingulate and the left frontal eye fields (difference
between Fisher’s Z scores (AZ)=0.18, P <0.05), between
the right dorsal anterior cingulate and the left frontal eye
fields (AZ=0.20, P <0.05) and the right frontal eye fields

(AZ=0.17, P<0.05) and between the left AI and the left
frontal eye fields (AZ = 0.20, P <0.05). Compared with hal-
lucinators, the non-hallucinators also showed a stronger
association between the right dorsal anterior cingulate and
the left anterior inter-parietal lobule of the DMN
(AZ=0.13, P <0.05), suggesting decreased functional con-
nectivity between the VAN and the DMN in hallucinators.
In addition, there was a negative correlation between the
BPP Error score and the functional connectivity between
the left dACC and left FEF (r= —0.649, P <0.01), along
with the right dACC and the FEF in each hemisphere (left:
r=—0.492, P <0.05; right: r = —0.506, P <0.05).

VBM analysis

After correction for multiple comparisons, hallucinators
were significantly more likely to suffer from decreased
gray matter density in the right anterior insula (Fig. 4;
peak voxel: 38, 2, —2) and the left anterior insula (peak
voxel: —32, 16, —8). The volume of gray matter present in
the bilateral AI was inversely correlated with BPP Error
score (r=—0.679, P<0.005; R*>=0.46), suggesting that a
decrease in the gray matter integrity within the anterior
insula was associated with worse performance on the BPP
(Figs. 5 and 6).

Inter-relation of task-based, rsfcMRlI,
and VBM analyses

The volume of gray matter within the bilateral anterior
insula were positively correlated with the relative BOLD
signal within the DAN during the viewing of a bistable

Decreased Grey Matter in the Bilateral Anterior Insula correlates

Grey Matter Volume in Anterior Insula
e g o L o =
~ w w w o w
L]
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Figure 5.
Results of the voxel-based morphometry analysis. Decreased gray matter density in the bilateral
anterior insula was inversely correlated with performance on the bistable percept paradigm
(r=—0.676, P<0.001; R* = 0.457), suggesting that gray matter integrity in the bilateral anterior
insula is required for adequate performance of the bistable percept paradigm.
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Figure 6.

Inter-relatedness of neuroimaging findings and performance on
the bistable percept paradigm. Graphical depiction of the inter-
related nature of the findings from the neuroimaging experiments
and performance on the Bistable Percept Paradigm (BPP). The
strengths of each connection reflect the relative connection
between the two measures: (a) the volume of gray matter within
the bilateral anterior insula (Al) is associated with a lower score
on the BPP (r= —0.679, P < 0.005); (b) decreased gray matter in
the Al is associated with an inability to recruit the Dorsal Atten-
tion Network (DAN) during the viewing of a bistable image
(r=0.467, P <0.05); (c) decreased gray matter in the Al is also
predictive of decreased resting state functional connectivity
(RSFC) between hubs of the Ventral Attention Network (VAN)
and the DAN (r = 0.440, P < 0.05); (d) there was a negative cor-
relation between the BPP Error score and the functional connec-
tivity between the left dACC and left FEF (r = —0.649, P<0.01),
along with the right dACC and the bilateral FEF (left: r = —0.492,
P <0.05; right: r=—0.506, P<0.05); and (e) the degree of
impaired functional connectivity between the VAN and the DAN
also predicted the decrease in the BOLD signal in the DAN dur-
ing the viewing of either a monostable (r=0.457, P <0.05) or a
bistable (r = 0.520, P < 0.05) image.

image (r=0.467, P<0.05), suggesting that patients with
less gray matter within the AI were unable to effectively
recruit the DAN during the viewing of a bistable image
(Fig. 6). This relationship was not present when viewing
monostable images.

Reductions in anterior insula gray matter were also pre-
dictive of abnormalities in the resting state functional con-
nectivity between regions of the VAN and the DAN (Fig.
6). Specifically, the volume of gray matter in the anterior
insula was positively correlated with the functional con-
nectivity between the right dACC and the bilateral FEF
(left: »=10.440, P <0.05; right: r=0.43, P <0.05). As such,
decreased gray matter integrity in the AI appears to drive
a decrease in the connectivity between the DAN and the
VAN.

Resting state functional connectivity between the DAN
and VAN also predicted the degree of decreased BOLD

response within the DAN during the viewing of either a
monostable or bistable image (Fig. 6). The average BOLD
response in the DAN during the viewing of a monostable
image was correlated with the functional connectivity
between the right dACC and the right SPL (r=0.457,
P <0.05). During the viewing of a bistable image, the
BOLD response within the DAN was positively correlated
with the degree of connectivity between the right FEF and
the bilateral AI (left: r=0.520, P <0.05; right: r=0.427,
P <0.05).

DISCUSSION

Utilizing a combination of structural and functional neu-
roimaging, the major findings of this study are in accord-
ance with the hypothesis that disruption within the
attentional networks plays a significant role in the patho-
physiology underlying VH in PD. Specifically, our fMRI
results demonstrate that hallucinators fail to significantly
engage the DAN when processing ambiguous visual stim-
uli. In addition, analysis of rsfcMRI within the attentional
control networks revealed reduced coherence between the
DAN and the VAN amongst hallucinators. Finally, halluci-
nators had a relative loss of gray matter volume within
the anterior insula, a key hub within the VAN that facili-
tates the shifting of attention to the DAN in the presence
of ambiguous visual stimuli [Menon and Uddin, 2010;
Shine et al., 2011]. Finally, the findings from these three
complimentary analyses were all strongly and predictably
inter-related (see Fig. 6), thus allowing an internally con-
sistent framework by which the results give insight into
the pathophysiology underlying visual misperceptions and
hallucinations.

In contrast with previous fMRI studies of VH in PD, we
did not see any significant group differences in occipital or
temporal extrastriate visual cortices [Ibarretxe-Bilbao et al.,
2011], perhaps due to the fact that the two groups in our
study were matched for visual acuity and contrast sensi-
tivity. Indeed, there was a consistent recruitment of the
occipital cortices during the processing of visual cues in
both groups, however, there were significant and relevant
differences between the two groups of patients in the neu-
ral regions underlying executive functions. Hallucinators
showed significantly reduced BOLD activation bilaterally
within the frontal eye fields and the superior parietal
lobule compared to non-hallucinating patients, regardless
of whether they were processing a monostable or bistable
image. These regions are both well-described hubs within
the putative DAN [Fox et al., 2006], which is an intercon-
nected network of neural centers responsible for process-
ing ambiguous information in the top-down direction of
attention. In addition, the BOLD response in the right
frontal eye fields was negatively correlated with the per-
centage of misperceptions, suggesting that poor perform-
ance on the BPP was associated with a reduced ability to
recruit activation within specific hubs of the DAN.
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Furthermore, both groups showed similar patterns of
deactivation within the VAN and DMN when processing
ambiguous visual stimuli (Fig. 3). However, while non-hal-
lucinators were able to recruit activation in the DAN, hal-
lucinators were not, showing no significant activation of
the DAN in the presence of both monostable and bistable
percepts.

Hallucinators also showed a relative decrease in BOLD
response within the caudal midbrain. This pattern of
decreased BOLD signal may reflect an inability to accu-
rately increase neural firing within dopaminergic projec-
tion nuclei, such as the substantia nigra and ventral
tegmental area, in response to an ambiguous stimulus.
Indeed, in conjunction with the central amygdala, the sub-
stantia nigra has been shown to underpin the coding of
prediction-error and the enhancement of attention in the
presence of salient stimuli [Lee et al., 2006]. Alternatively,
it is possible that the decreased BOLD response in the
midbrain is due to abnormal firing patterns occurring in
the nuclei underlying arousal. There is a strong link
between the presence of Rapid Eye Movement Sleep
Behavior Disorder (RBD) and visual hallucinations [Manni
et al., 2011], which might reflect contributions operating
through the ascending brainstem arousal system. Indeed,
the neuropathology of RBD is presumed to relate to a con-
centration of Lewy body deposits within specific regions
of the midbrain and pons, such as the sublateral dorsal
nucleus [Lu et al., 2006].

When comparing the BOLD response pattern to the pre-
sentation of monostable and bistable percepts in the cohort
of hallucinators, there was a significant increase in neural
hubs within the VAN (dACC) and the DMN (HF). How-
ever, despite the increased BOLD response seen in these
hubs, there was no consistent response across these puta-
tive attentional network clusters, perhaps secondary to the
small numbers of participants in this experiment. It is not
clear from these analyses whether the regions within the
VAN and DMN are activating efficiently as entire net-
works or whether specific hubs within these networks are
processing the ambiguous information. The latter interpre-
tation is supported by recent work using spatial and tem-
poral independent component analysis that has shown
that individual attentional networks have a number of sep-
arate subcomponents (known as temporal functional
modes) subserving separate and distinct functions [Smith
et al., 2012]. While our study was not designed to explore
the data in this manner, such future subanalyses may help
to shed light on these speculations.

When exploring the patterns of rsfcMRI within and
between the two groups of patients, we saw a specific
reduction in the connectivity between the DAN and the
VAN in the hallucinators. Specifically, there was signifi-
cantly decreased connectivity between the bilateral dACC
and the Al of the VAN and the left FEF of the DAN. Inter-
estingly, the decreases in these connections were strongly
correlated with decreased gray matter volume within the
anterior insula as well as the BPP Error Score (Fig. 6).

There was also a decrease in the connectivity between the
left aIPL of the DMN and left dACC of the VAN, suggest-
ing further internetwork disruption within hallucinators.
Interestingly, there were no differences in the intranetwork
connectivity between the two groups, with strong intranet-
work connections observed in both hallucinators and non-
hallucinators. Taken together, these results suggest that an
intranetwork pathological process was not likely to be re-
sponsible for the impaired communication between the
VAN and DAN.

The results from the VBM analysis provide further clues
to the underlying pathogenesis of VH in PD. Specifically,
hallucinators showed a relative decrease in gray matter
volume within the bilateral anterior insula (right > left)
when compared with non-hallucinators (P < 0.05, FDR cor-
rected). These same regions were found to be active in the
entire cohort when comparing the response to bistable >
monostable percepts. In addition, the severity of gray mat-
ter loss in the anterior insula was strongly correlated with
the BPP Error score, as well as impairments in both the
resting state and task-based analyses (Figs. 5 and 6). To-
gether, these relationships suggest a strong degree of co-
herence among the three separate techniques and suggest
the possibility of a unified mechanism underlying visual
misperceptions in PD.

The results in this study are aligned with previous VBM
studies, which have found widespread insula and subcort-
ical gray matter loss in patients with PD and hallucina-
tions [Ibarretxe-Bilbao et al., 2010, 2011; Yamamoto et al.,
2007]. However, we did not find any hippocampal atrophy
in the hallucinators, perhaps due to a lack of overt demen-
tia in the cohort. In addition, our results are also different
from those found in a recent VBM study, which showed
that PD patients with hallucinations had decreased gray
matter in a targeted exploration of the cholinergic pedun-
culopontine nucleus as well as the thalamus [Janzen et al.,
2012]. However, that study explored gray matter changes
in patients with Parkinson’s Disease Dementia and De-
mentia with Lewy Bodies, both of which are conditions
that represent a more advanced disease stage, and hence a
larger pathological load, than the patients involved in this
analysis. This makes a direct comparison between the
results of these two studies difficult.

Interestingly, the anterior insula has been previously
proposed to underlie the anatomical basis of the ability to
“switch” activation between the attentional control net-
works [Seeley et al., 2007; Shulman et al., 2009]. Specifi-
cally, the anterior insula is proposed to act in conjunction
with cortical and subcortical hubs (such as the basolateral
amygdala) within the VAN to activate the DAN in the
presence of environmental salience. Therefore, those indi-
viduals with decreased gray matter in the anterior insula
may have lost the ability to effectively “switch” their atten-
tion in the presence of an ambiguous stimulus, leading to
an inability to appropriately activate the DAN.

While the loss of gray matter in the insula may be due to
direct pathology, it is also possible that it reflects changes in
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other regions of the brain. For instance, the anterior insula
may have become disconnected from midbrain projections
of either the ventral tegmental area or the basal forebrain
nucleus [Goetz et al., 1982, 1998], depriving the anterior
insula of modulatory influence from ascending dopaminer-
gic and cholinergic pathways, respectively. Alternatively,
the anterior insula may have lost connections with either
the basolateral amygdala or the caudate nucleus, both of
which have been implicated in the pathophysiology of vis-
ual misperceptions in PD [Harding et al., 2002]. To test
these speculations, further neuroimaging experiments
should seek to explore the white matter connections
between these disparate regions to determine whether a
structural disconnection may precede the onset of degener-
ation of the anterior insula. It is also possible that the ante-
rior insula may have become functionally disconnected
from the aforementioned regions without any obvious
breakdown in structural connection. This interpretation is
consistent with the results of the resting state functional
connectivity analysis, which showed that while intranet-
work connectivity did not differ between groups, there was
a significant decrease in the internetwork connectivity
between the VAN and the DAN in hallucinators.

The results of this multimodal MRI study support the
specific predictions of the recently proposed attentional
network hypothesis of visual misperceptions in PD [Shine
et al, 2012), along with other hypotheses that implicate
attentional dysfunctions in the pathophysiology of VH in
PD [Collerton et al., 2005; Diederich et al., 2005; Gallagher
et al., 2011]. There are, however, a number of important
limitations to the current study. The experiment was con-
ducted in a small group of PD patients and as such, the
results should be replicated in a larger cohort of patients
to validate the cross-modal analyses performed here. In
addition, these experiments could seek to elucidate the
BOLD response pattern associated with de novo visual
misperceptions, which occur when a patient misperceives
a bistable percept in the presence of a monostable image,
or seek to clarify the precise role of the interaction
between attention and perception [Gallagher et al., 2011].
Future studies should also aim to further delineate the
structural and functional connectivity of PD patients with
visual misperceptions, using techniques such as independ-
ent component analysis or multi voxel pattern analysis.
Finally, future neuroimaging studies exploring mispercep-
tions in patients with PD could also manipulate dopami-
nergic and cholinergic medications in order to determine
the precise role of specific neurotransmitters in the patho-
physiology of VH. This work may help to uncover mecha-
nisms that may assist in the replacement of normal DAN
function in the perception of ambiguous stimuli.
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