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A B S T R A C T

Patients with Parkinson's disease (PD) frequently suffer from visual misperceptions and hallucinations, which are
difficult to objectify and quantify. We aimed to develop an image recognition task to objectify misperceptions
and to assess performance fluctuations in PD patients with and without self-reported hallucinations. Thirty-two
non-demented patients with Parkinson's disease (16 with and 16 without self-reported visual hallucinations) and
25 age-matched healthy controls (HC) were tested. Participants performed a dynamic image recognition task
with real and scrambled images. We assessed misperception scores and intra-individual variability in recognition
times. To gain insight into possible neural mechanisms related to misperceptions and performance fluctuations
we correlated resting state network connectivity to the behavioral outcomes in a subsample of Parkinson's
disease patients (N=16). We found that PD patients with self-reported hallucinations (PD-VH) exhibited higher
perceptual error rates, due to decreased perceptual sensitivity and not due to changed decision criteria. In
addition, PD-VH patients exhibited higher intra-individual variability in recognition times than HC or PD-nonVH
patients. Both, misperceptions and intra-individual variability were negatively correlated with resting state
functional connectivity involving frontal and parietal brain regions, albeit in partly different subregions.
Consistent with previous research suggesting that hallucinations arise from dysfunction in attentional networks,
misperception scores correlated with reduced functional connectivity between the dorsal attention and salience
network. Intra-individual variability correlated with decreased connectivity between somatomotor and right
fronto-parietal networks. We conclude that our task can detect visual misperceptions that are more prevalent in
PD-VH patients. In addition, fluctuating visual performance appear to be a signature of PD-VH patients, which
might assist further studies of the underlying pathophysiological mechanisms and cognitive processes.

1. Introduction

Patients with Parkinson's disease (PD) frequently experience non-
motor symptoms such as cognitive and perceptual deficits
(Armstrong, 2011). Visual misperceptions and visual hallucinations
(VH) involving complex images are highly prevalent, have a negative
impact on quality of life and represent a key predictor for dementia
with disease progression (Diederich et al., 2009; Weil et al., 2017). In
clinical studies, the presence of hallucinations is typically assessed with

questionnaires such as the University of Miami Parkinson's disease
Hallucinations Questionnaire (UM-PDHQ) (Papapetropoulos et al.,
2008) that do not discriminate between hallucinations and mis-
perceptions and thus appear entangled in the majority of studies (for
exceptions see: Shine et al. (2012)). Visual hallucinations are more
likely to occur at advanced disease stages and are co-morbid with REM
sleep disorder (Manni et al., 2011), cognitive and attentional dysfunc-
tion (Koerts et al., 2010; Meppelink et al., 2008; Shine et al., 2014) as
well as with sensory impairments such as reduced visual acuity, color
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and contrast sensitivity (Matsui et al., 2006; Pieri et al., 2000; Ramirez-
Ruiz et al., 2007). While object recognition deficits involving visual
search and object invariance are observable in Parkinson patients
without self-reported VH (Weil et al., 2018), they are even more pro-
nounced in PD patients with self-reported hallucinations
(Meppelink et al., 2008; Shine et al., 2012).

These empirical observations suggest that hallucinations in PD pa-
tients are modulated by both top-down (i.e. ‘attentional’) and bottom-
up (‘perceptual’) deficits, which is also reflected in current theoretical
models (Muller et al., 2014). Functional models implicate that VH's
occur as a consequence of deficient reality monitoring due to the mis-
attribution of self-generated information (Collerton et al., 2005) or
dysfunctional attentional networks leading to the intrusion of illusory
object representations (Shine et al., 2015). Specifically,
Shine et al. (2015) showed that impaired resting state functional con-
nectivity between the dorsal attention network (DAN) and the ventral
attention network is related to higher rates of misperceptions in (self-
reported) hallucinating PD patients.

Although there has been considerable progress in recent years, vi-
sual misperceptions and hallucinations in PD remain poorly understood
and are difficult to track and to treat.

The first aim of the present study was to derive a quantifiable
misperception measure that is sensitive to the occurrence of (self-re-
ported) hallucinations in PD and that lends itself to trial-based designs
to study neural activity during misperceptions. The second aim was to
assess intra-individual performance variability across the task. The
third aim was to relate the misperceptions and the intraindividual
variability to putative changes in resting state functional connectivity in
the PD patients. To our knowledge, intra-individual variability and its
neuronal signature has not been investigated as a potential marker of
visual misperceptions/hallucinations in PD, although intra-individual
performance fluctuations have been described as sensitive markers to
detect subtle cognitive deficits in a wide range of psychiatric and
neurological diseases such as autism, head injury and dementia
(MacDonald et al., 2009). Previous research in patients with schizo-
phrenia and drug-induced psychosis also suggests a direct link between
intraindividual variability and hallucinations (Fassbender et al.,
2015,2014; Rentrop et al., 2010). Cognitive fluctuations, which might
be reflected in task performance variability, are related to desynchro-
nization of fronto-parietal networks in patients with Lewy Body De-
mentia, which is characterized by hallucinations (Peraza et al., 2014).

Based on previous research showing increased occurrence of visual
misperceptions as measured in psychophysical tasks in PD patients with

self-reported hallucinations (Koerts et al., 2010; Shine et al., 2012), we
employed a dynamic image recognition paradigm where image contrast
was stepped up and subjects reported the detection of a face or car
image while rejecting a scrambled image. The scrambled images were
used to assess whether PD-VH patients are prone to report real objects
while none is physically present. Since recent studies suggested that the
usage of visual illusions might contribute to the sensitivity detecting
Parkinson patients with hallucinations (Shine et al., 2012;
Straughan et al., 2016), we also implemented a Continuous Flash
Suppression condition (CFS) that suppresses salient stimuli from per-
ceptual awareness due to binocular rivalry (Stein et al., 2011;
Tsuchiya and Koch, 2005).

We calculated signal detection parameters such as visual sensitivity
and bias. As clinically applicable parameters we calculated perceptual
error scores and intra-individual recognition time variability and cor-
related those outcome parameters to resting state functional con-
nectivity as assessed with functional magnetic resonance imaging
(fMRI). We tested the following hypotheses: (1) PD patients with self-
reported visual hallucinations will make more perceptual errors such as
reporting scrambled images as real images, possibly more so when the
images are further suppressed from conscious perception. (2) PD pa-
tients with self-reported hallucinations will show increased intra-in-
dividual variability in their task performance and (3) Perceptual error
scores (PES) and intra-individual variability (CVRT) are associated with
impaired functional connectivity within or between attention-related
networks that involve prefrontal cortices.

2. Materials and methods

2.1. Participants

Thirty-two patients with Parkinson's disease (16 PD patients
without self-reported hallucinations (PD-nonVH) and 16 with self-re-
ported hallucinations (PD-VH)) and 25 healthy age matched controls
without a history of neurological or psychiatric disease (assessed via
questionnaire) were recruited. Exclusion criteria were moderate to se-
vere general cognitive impairment/dementia (Mini Mental State
Examination (MMSE) score < 26), visual acuity below 80% (corrected
with glasses as necessary) and psychiatric disorders other than minor
depression. We matched the groups based on demographic variables
such as age, gender and years of post-secondary education (Table 1).
Diagnosis of idiopathic Parkinson's disease was made according to the
UK Parkinson's Disease Society Brain Bank criteria by experienced

Table 1
Demographic and neuropsychological characteristics of volunteers that participated in the image recognition task.

Healthy controls
(n=25)

PD-all (n=32) PD-nonVH
(n=16)

PD-VH (n=16) P- value

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Healthy controls vs.
PD-all

PD-VH vs. PD-
nonVH

Age (years)a 68.24 (4.67) 70.34 (6.36) 70.19 (6.92) 70.50 (5.92) = 0.17 = 0.89
Gender (female/male)c, n(%) 5 (20%) / 20 (80%) 9 (28%) / 23

(72%)
4 (25%) / 12
(75%)

5(31%)/ 11 (69%) = 0.48 = 0.69

Years of postsecondary educationb 3.82 (2.35) 3.56 (2.10) 3.59 (2.09) 3.53 (2.17) = 0.76 = 0.47
MMSEb 29.16 (1.07) 28.59 (1.21) 28.87 (1.03) 28.31 (1.35) = 0.06 = 0.25
Hoehn and Yahr stageb – 2.13 (0.81) 1.88 (0.79) 2.38 (0.79) – = 0.10
Disease durationb – 7.20 (6.22) 4.61 (3.68) 9.78 (7.22) – = 0.007*
UPDRS IIIa – 23.78 (9.97) 20.94 (10.64) 26.63 (8.67) – = 0.11
LEDDa, mg=day – 591.76 (353.84) 385.53 (253.42) 797.98 (322.19) – = 0.0004*
UM-PDHQ – – – 9.13 (2.53) – –
BDIb 3.16 (2.70) 8.44 (5.55) 7.75 (5.50) 9.13 (5.69) = 0.00005† = 0.45
Visual acuity (%)b 97.20 (6.78) 93.75 (9.42) 95.00 (8.94) 92.50 (10.00) = 0.16 = 0.45
Mars Letters Contrast Sensitivity Testb 1.76 (0.05) 1.71 (0.09) 1.74 (0.08) 1.68 (0.10) = 0.009† = 0.11

a t-test; bMann-Whitney-U-Test; BDI, Beck's, Depression Inventory; cchi-square-test; HC, healthy controls; LEDD, levodopa-equivalent daily dose; MMSE, Mini
Mental State Examination; PD, Parkinson patients; PD-nonVH, Parkinson patients without visual hallucinations; PD-VH, Parkinson patients with visual hallucina-
tions; UM-PDHQ, University of Miami Parkinson's disease Hallucinations Questionnaire; UPDRS, Unified Parkinson's Disease Rating Scale; †HC vs. PD p<0.05; *PD-
nonVH vs. PD-VH p<0.05.
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neurologists.
Healthy controls and PD patients as a whole group did not differ in

age (p=0.17), gender (p=0.48), education levels ranging from 0
(elementary school not finished) to 5 (PhD) (p=0.59) and years of
post-secondary education (p=0.76). Compared to healthy controls PD
patients tended to have lower MMSE scores (p=0.06). Consistent with
previous research, PD patients had increased Beck's Depression
Inventory (BDI) scores (p=0.00005) (Kritzinger et al., 2015) and
lower contrast sensitivity (p=0.009) (Meppelink et al., 2009) com-
pared to healthy controls.

PD-VH and PD-nonVH did not differ in age (p=0.89), gender
(p=0.69), education levels (p=0.76), years of post-secondary edu-
cation (p=0.47), MMSE scores (p=0.25), depression (BDI) scores
(p=0.45), contrast sensitivity (p=0.11) and Hoehn & Yahr stage
(p=0.10). Consistent with co-morbidity studies, PD-VH as compared
to PD-nonVH patients had significantly longer disease durations
(p=0.007) and higher levodopa-equivalent daily dose (LEDD,
p=0.0004) (Gupta et al., 2004) (Table 1).

Apart from 1 non-medicated PD-nonVH, all PD patients were tested
under stable dopaminergic medication, 7 patients (4 PD-VH, 3 PD-
nonVH) were taking antidepressants, and 4 were using opioids (2 PD-
VH, 2 PD-nonVH). The levodopa-equivalent daily dose (LEDD) was
calculated for all patients, according to the formula described in the
paper by Tomlinson et al. (2010). In the PD-VH group, 44% (N=7)
reported visual hallucinations multiple times per day, 25% (N=4)
multiple times per week, and 31% (N=5) less than weekly. PD-VH
reported complex visual hallucinations such as people (63%), animals
(50%), insects (25%), objects (38%) and simple visual hallucinations
(6%). Five (31%) PD-VH also reported auditory hallucinations.

A sample of 16 (10 PD-nonVH, 6 PD-VH) Parkinson patients and 19
age-matched healthy control subjects participated in a resting state scan
(∼6min), performed either on the same or one to eight days after the
behavioral experiment. Demographic and clinical variables of the fMRI
sample are shown in Table 2. In short, HC and PD patients did not differ
with respect to age (p=0.66), education level (p=0.69), years of post-
secondary education (p=0.88), contrast sensitivity (p=0.78). PD
patients had higher depression (BDI) scores (p=0.02) and tended to
have lower cognitive (MMSE) scores (p=0.06).

The subgroup of the volunteers who participated in the Resting
State experiment was comparable to the complete behavioral sample in
terms of Levodopa dose, disease duration and cognition as measured by
MMSE. For the severity of motor deficits measured by the UDPRS, the
subsample that participated in the resting state had a lower score on
motor severity (mean: 20.44) compared to the full behavioral sample
(mean: 23.78).

BDI, Beck's, Depression Inventory; HC, healthy controls; LEDD,

levodopa-equivalent daily dose; MMSE, Mini Mental State Examination;
PD, Parkinson patients UM-PDHQ, University of Miami Parkinson's
disease Hallucinations Questionnaire UPDRS, Unified Parkinson's
Disease Rating Scale.

2.2. Clinical test batteries

Motor symptoms were assessed with the Movement Disorder Society
(MDS)‐sponsored revision of the Unified Parkinson's Disease Rating
Scale (MDS-UPDRS), part III (Goetz et al., 2008). General cognitive
performance was tested with the Mini Mental State Examination
(MMSE) (Folstein et al., 1975). Participants filled in a self-report de-
pression scale (Beck's Depression Inventory, BDI) (Beck et al., 1961).
Severity of hallucinations was assessed by a structured interview based
on the hallucinations questionnaire (University of Miami Parkinson's
disease Hallucinations Questionnaire (UM-PDHQ))
(Papapetropoulos et al., 2008). Close vision test was performed to as-
sess visual acuity, which testified 80% visual acuity if the volunteers
could read 1mm large font size from a distance of 40 cm Contrast
sensitivity was evaluated with the Mars Letters Test (Mars Perceptrix
Corporation, Chappaqua, NY, USA).

2.3. Experimental design and procedures

2.3.1. General procedure
The session started with the neuropsychological testing including

MMSE, BDI, Visual acuity test, Contrast sensitivity test and in addition
for the patients UM-PDHQ and MD-UPDRS. The session continued with
an instruction and a training task, where participants completed 10 CFS
and 10 non-CFS trials where the image contrast was continuously
stepped up. Volunteers were instructed to press the pre-assigned button
as soon as they recognized a face or a car and not to press a button
during stimulus presentation if a scrambled image was shown. In this
training period, subjects could ask questions anytime, and in the rare
cases that the task was still not entirely clear, the training was repeated
until the participants had no further questions.

2.3.2. Control task with unmasked images at 100% luminance contrast
Before the start of the main experiment, participants were presented

with 20 car or face images at 100% contrast. Subjects were instructed to
press a pre-assigned button according to the image category. Maximal
response time was 12 s. The purpose of the control task was twofold: 1)
to test whether the instruction was understood and 2) to estimate re-
sponse times under optimal (i.e. 100%) contrast conditions.

2.3.3. Main perceptual task
Participants were sitting in a dimly lit room in front of an LCD

monitor. Target stimuli consisted of photographs of faces (Ekman and
Friesen, 1976), cars (http://vision.caltech.edu/archive.html) or their
scrambled versions, presented in a pseudorandom order (Fig. 1). Sti-
muli were presented on a 27 inch LCD monitor. The screen resolution
was 1920×1080 pixels. The monitor had a vertical refresh rate of
60 Hz. The eye-to-screen distance was 57 cm. Visual stimuli were pre-
sented with custom-written software using Matlab (Version R2011b,
32bit) and the Psychtoolbox for Microsoft Windows (Brainard, 1997).
Responses were recorded with a USB button-box and behavioral re-
sponses were recorded in Matlab and stored together with the stimulus
information on an x64-based PC. Target stimuli consisted of photo-
graphs of cars (http://vision.caltech.edu/archive.html), faces
(Ekman and Friesen, 1976) or their scrambled versions. Each image
subtended 480 pixels by 480 pixels and was presented in the center of
the screen with 12° of visual angle. Face stimuli were randomly drawn
from different facial expressions. Scrambled images were generated
using Matlab by dividing the images in 10×10 pixels blocks and
randomizing their position (Fig. 1A). Example stimuli are illustrated in
Supplementary Fig. S1. Target images were presented to the right eye

Table 2
Demographic and neuropsychological characteristics of subjects that partici-
pated in the Resting State fMRI and image recognition task.

Healthy controls
(N=19)

PD (N=16)

Mean (SD) Mean (SD)

Age (years) 68.32 (6.30) 69.44 (8.52)
Gender (female/male), n (%) 0 (0%) / 19 (100%) 3 (19%) / 13

(81%)
Years of postsecondary education 3.74 (2.06) 3.44 (1.62)
MMSE 29.16 (0.90) 28.38 (1.31)
Hoehn and Yahr stage – 2.06 (0.70)
Disease duration – 7.67 (6.99)
UPDRS III – 20.44 (11.91)
LEDD, mg/day – 614.78 (397.31)
UM-PDHQ – 3.63 (4.89)
BDI 3.32 (2.83) 6.81 (4.64)
Visual acuity (%) 97.89 (6.31) 92.50 (10.00)
Mars Letters Contrast Sensitivity Test 1.73 (0.05) 1.72 (0.08)
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by using red-blue goggles, displaying the image solely by the blue gun
(stereomode of the psychophysics toolbox (Carmel et al., 2010)). In CFS
trials, which were designed to suppress the images from visual aware-
ness, high contrast and rapidly changing red-colored Mondrian patterns
were flashed to the left eye at a frequency of 10 Hz (Tsuchiya and
Koch, 2005). Thus, the right eye perceived the target image and the left
eye perceived the Mondrian mask (Carmel et al., 2010) (Fig. 1C).
Mondrian patterns were drawn from a pool of 100 randomly generated
patterns (http://martin-hebart.de/webpages/code/stimuli.html)
(Stein et al., 2011). In the non-CFS condition, only the target image was
presented to the right eye without the mask (Fig. 1B).

Each trial started with the presentation of a central fixation cross,
followed by the onset of the target image 600ms later. Subjects were
asked to maintain central fixation and to avoid eye blinks throughout
the trial. Image luminance contrast was continuously stepped up over
10 s. Subjects were instructed to press a pre-assigned button as quickly
as possible when they detected a target image and to not press any
button when the image category was not recognized or when a
scrambled image was shown. A trial ended either after the response was
given, or at 12 s after image onset (Fig. 1B and C).

We created a ‘visible’ (Fig. 1B) and an ‘invisible’ condition (Fig. 1C).
For the ‘invisible’ condition we used continuous flash suppression
(CFS), designed to suppress the images from consciousness for several
seconds via the presentation of high contrast and rapidly changing
Mondrian patterns to the eye opposite of the target image
(Tsuchiya and Koch, 2005) (Fig. 1C). CFS has been widely used in
healthy and psychiatric populations to investigate the properties of
unconscious vision (Seymour et al., 2016; Sterzer et al., 2011;
Yang et al., 2011).

Non-CFS and CFS trials were presented in a pseudorandomized
order. Since the CFS condition did merely provide confirmatory in-
formation about differences between hallucinating and non-halluci-
nating PD patients compared to the CFS condition, we primarily focus

the presentation of the results on the non-CFS condition as depicted in
Fig. 1B. Each, the non-CFS and the CFS condition consisted of 100–120
trials per subject (1/3 of each image category). Including breaks, the
whole experiment with its 200–240 trials took about 1 ½ to complete.

2.3.4. Resting state image acquisition
Subjects were instructed to stay awake with their eyes closed and

not to think of anything in particular during the resting state scan (∼
6min.) fMRI data were acquired using a 3 Tesla MR system (Magnetom
TIM Trio, Siemens Healthcare, Erlangen, Germany) with a 32-channel
phased-array head coil. fMRI resting state experiment was performed
using the 2D multiband gradient-echo planar imaging sequence from
the Center for Magnetic Resonance Research, University of Minnesota
(Moeller et al., 2010; Setsompop et al., 2012) with T2*-weighting at
3×3mm² in-plane resolution, oriented parallel to the AC-PC plane
(TR: 1800ms, TE: 30ms, flip angle: 70°, 34 slices of 3mm thickness
with 20% inter-slice gap, field-of-view: 192mm x 192mm, matrix size:
64× 64, multiband acceleration factor 3, 194 whole-brain volumes per
functional run).

2.4. Analyses

2.4.1. Demographic, clinical and behavioral statistical data analysis
Data analysis was performed using custom written scripts in

MATLAB R2012b and SPSS (version 24; SPSS, Inc., Chicago, IL).
Univariate ANOVA and t-tests were used to compare age, MDS-UPDRS-
III and LEDD. Non-parametric Mann-Whitney-U-Tests were used to
compare years of post-secondary education, education level, years of
disease duration, Hoehn and Yahr stage, BDI and MMSE scores, visual
acuity and contrast perception between groups. Chi-Square-Test was
used to compare the groups with respect to gender.

Unless otherwise noted, behavioral analysis was performed by a
mixed ANOVA with the within-subject factor “Category” (faces vs. cars)

Fig. 1. Task design and trial structure. (A) Example images of
face, car and scrambled images used in the experiment. Trial
structure: (B) non-CFS and (C) CFS condition. Image contrast
was continuously stepped up to reach 100% after 10 s.
Maximum response time was 12 s. Subjects pressed the button
as soon as they recognized the image category. (For inter-
pretation of the references to color in this figure, the reader is
referred to the web version of this article.)
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and the between-subject factor “Group”. Two types of ANOVAs were
calculated: 1) ANOVA with the “Group” factor HC vs. all PD patients
(PD-VH+PD-nonVH) together (in the following “ANOVA_1″). 2) To
investigate behavioral markers that are specific for VH in PD we used a
separate ANOVA with the “Group” factor PD-nonVH vs. PD-VH (in the
following “ANOVA_2″).

The description of the results will focus on main and interaction
effects of "Group", additional ANOVA results are provided in the re-
ferred tables. We were primarily interested to derive a potentially
clinically applicable perceptual error score and in the intraindividual
variability that might allow the discrimination between PD-VH from
PD-nonVH patients. The behavioral measures were: Perceptual Error
Score (PES), depending on the proportion correct categorization, pro-
portion misses and proportion erroneous object recognition in scram-
bled images. In addition, we applied Signal Detection Theory (SDT) to
calculate detection sensitivity (d’) and response criterion (c) for faces
vs. cars (Subset 1), faces or cars vs. scrambled (Subset 2), faces vs.
scrambled (Subset 3) and cars vs. scrambled (Subset 4). In order to
investigate intraindividual variability we analyzed mean recognition
times and the coefficient of recognition time variability (CVRT). Since
we used two different task conditions (non-CFS and CFS) and performed
two independent group comparisons, the significance level was ad-
justed to p<0.0125.

Control task analysis
In the control task in which either face or car images were presented

at 100% contrast, the proportion of correctly categorized face and car
images did not significantly differ between healthy controls and PD
patients (ANOVA_1: F(1,55)= 0.02, p=0.88) nor between the two PD
patient groups (ANOVA_2: PD-nonVH vs. PD-VH: (F(1,30)= 0.06,
p=0.81). In all three groups the proportion correct image recognition
in the control task was above 95% (HC: 97.2%, PD-nonVH: 97.19%, PD-
VH: 97.19%) verifying that all groups were able to perform the task. In
the 100% contrast condition, PD patients reporting visual hallucina-
tions showed longer recognition times compared to PD patients without
visual hallucinations (F(1,30)= 5.29, p=0.028, PD-nonVH: 1.01 s.,
PD-VH: 1.62 s).

Additional control analyses
When there was a significant difference between PD-VH and PD-

nonVH we performed an additional control analysis by an ANCOVA
with levodopa daily dose and disease duration as covariates. The cov-
ariate analyses were performed since disease duration and LEDD sig-
nificantly differed between PD-nonVH and PD-VH.

To exclude possible influences of individual values on the group
differences, reliability of the results for the main outcome measures,
perceptual error score and coefficient of recognition time variability,
was tested applying the jackknife procedure by repeating the patient
comparison by systematically removing one sample and re-calculating
the mean (Wilke, 2012).

2.4.2. Key performance measures
Performance parameters were calculated separately for each image

category (faces or cars).
Image Recognition Performance
(I) Proportion Correct Categorization (face reported as a face and

car reported as a car); (II) Proportion Misses: Trials in which a face or a
car was presented but the subject did not provide a button response,
divided by the overall number of image presentations; (III) Proportion
erroneous face or car reports in scrambled images; (IV) Perceptual error
score (PES): Proportion of errors consisting of category confusions (face
reported as car and vice versa), misses and false real image detection in
scrambled images.

Recognition times: means and intra-individual variability
Mean recognition times (RT) denote the time between image onset

and button response. Only correct responses were used to compute
mean RT. Coefficient of recognition time variability (CVRT) was cal-
culated by dividing the standard deviation of individual recognition

times for a given condition and image category (car, face) by the in-
dividual mean of recognition times (standard deviation/mean)
(Flehmig et al., 2007).

2.4.3. Signal detection analysis
Using standard signal detection theory approach we calculated de-

tection sensitivity (d') and criterion (c) as:

=d Z(H) Z(FA)

= +c 0.5[Z(H) Z(FA)]

where Z is the inverse of the cumulative normal distribution, H is the hit
rate, and FA is the false alarm rate (Stanislaw and Todorov, 1999).
Since each trial in our task included one of three possible stimuli (faces,
cars, scrambled) and one of three corresponding responses (left button:
face, right button: car, no button: scrambled), for these analyses we
separated the trials into two subsets: (1) trials where faces or cars were
presented and the response was a face or a car and (2) trials where an
image (a face or a car) or scrambled image was presented and the re-
sponse was a (correct) image or a scrambled image. For each subset,
trials were sorted into hits (H), misses (M), false alarms (FA), and
correct rejections (CR) as follows:

Subset 1. Faces vs. cars (faces represent “signal”, cars – “noise”)
H: face presented, face reported; M: face presented, car reported; FA:

car presented, face reported; CR: car presented, car reported
Subset 2. Faces or cars vs. scrambled (faces or cars represent

“signal”, scrambled – “noise”)
H: face presented and face reported or car presented and car re-

ported; M: face or car presented, scrambled reported; FA: scrambled
presented, face or car reported, CR: scrambled presented, scrambled
reported.

The subset 1 was used to check the discrimination between face and
car images, the subset 2 – the discrimination between either a face or a
car and scrambled images. Furthermore, each of these subsets has been
split into trials with continuous flash suppression (CFS) masking and
without CFS. Additionally, faces vs. scrambled and cars vs. scrambled
were analyzed separately (subsets 3 and 4, Supplementary Methods and
Tables S6-7). This resulted in 8 pairs of d' and c values for each group.
In the main results, we focus on the analysis of subsets 1 and 2.

Note that the criterion is negative when there is a bias to select “yes”
(“signal”), and positive when there is a bias to select “no” (“noise”).

Statistical analysis of sensitivity (d') and criterion/response bias (c).
Since some of the d' and c distributions violated parametric as-

sumptions, we used the Mann–Whitney U test for comparing the
groups. Equivalent to the ANOVAs described for the other behavioral
variables, we compared the healthy subjects (HC) with all Parkinson
patients (PD) and then the PD-VH with the PD-nonVH: 1) U test with
the “Group” factor HC vs. all PD patients (PD-VH+PD-nonVH) and 2)
To investigate behavioral markers that are specific for VH in PD we
used a separate U test with the “Group” factor PD-nonVH vs. PD-VH.

More methodological details are given in the Supplementary
Methods.

2.4.4. Resting state functional connectivity
Preprocessing: All fMRI data processing was performed using the

CONN Toolbox (www.nitrc.org/projects/conn, RRID: SCR_009550)
(Whitfield-Gabrieli and Nieto-Castanon, 2012). For each subject's data
set, preprocessing steps included: functional motion estimation and
correction (i.e. realignment using a 6 parameter rigid-body model of
head motion), functional and structural data translations to center
(0,0,0 coordinates), functional data slice-timing correction, functional
ART-based outlier detection (identifying single volumes with high in-
stantaneous motion or sudden changes in global signal intensity), di-
rect, simultaneous gray matter/white matter/cerebral spinal fluid (GM/
WM/CSF, respectively) segmentation and MNI normalization applied to
functional and structural data separately, and 6mm full-width-at-half-
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maximum-kernel Gaussian smoothing. The following denoising steps
were implemented: linear regression of confounding effects, including
WM and CSF signals (CompCor method) (Behzadi et al., 2007), rea-
lignment parameters and their first derivatives (12 motion confounds),
ART-detected outlier volumes, and the effect of the resting task (tem-
poral filter reducing weight of initial 10 scans in the run). Linear de-
trending was applied prior to a 0.008 - 0.09 Hz bandpass filter.

Statistical analyses: voxelwise volume analysis: Group-level in-
dependent component analysis (ICA) was applied to the whole sample
of combined patients and healthy controls in order to spatially define
resting state networks (RSNs). Data dimensions were reduced through
retaining 40 components of an initial principle component analysis of
the temporally-concatenated runs for the whole group, followed by 20-
component ICA. Of the 20 resulting components, eight were visually
identified as RSNs of interest as previous imaging studies reported
impairments in frontal, parietal and visual brain regions (Baggio et al.,
2015; Prell, 2018): default mode (DMN), dorsal attention (DAN), left
and right fronto-parietal (lFP, rFP, respectively), medial and lateral
visual (medVIS and latVIS, respectively), somatomotor (SMN), and
salience (SAL) (for more detailed network description see Table 3). Dual
regression was applied to the group ICA results, using all components
generated from the initial analysis, resulting in subject-level beta maps
of all components, including the RSNs of interest (Beckmann et al.,
2009). For second-level statistical tests, comparisons were made with
network-level beta averages against behavioral statistics as well as
equivalent full-volume voxelwise tests that included behavioral cov-
ariates. To generate masks for subject-level RSN averages, for each of
the selected components, a one-sample t-test was performed using all
subjects, and an uncorrected voxel-level p=0.05 and FWE-corrected
cluster-level p=0.05 were applied. Fig. 2 shows the resting state net-
work maps from the group-level ANOVA results of the ICA analysis.
Resulting thresholded maps were binarized to be used as RSN masks to
summarize within- and between-network functional connectivity for
group-level statistics. For within- and between-network functional
connectivity measures, for every subject, each group-level RSN mask
was applied to each network volume map to extract average beta va-
lues. Subject-level within- and between-network average beta values
were used in further analysis with behavioral data in SPSS.

2.4.5. Group differences in resting state networks
To investigate differences between HC and PD patients we per-

formed full-volume voxelwise comparisons for the eight networks of
interest (default mode, dorsal attention, salience, right and left fronto-
parietal, somatomotor, visual medial and lateral). To test differences of
within network connectivity, averages of the eight networks were
submitted to a univariate ANOVA, with “Group” (HC and PD) as a
between subject factor. Given the limited sample size (PD-nonVH=10,
PD-VH=6) we did not compare the PD patient subgroups but focus on
correlations between individual networks and behavioral values.

2.4.6. Correlation between resting state functional connectivity and
perceptual

Error Score (PES) and Coefficient of intra-individual variability
(CVRT)

In order to investigate the relationship between functional con-
nectivity averages and the behavioral markers PES and CVRT, we
performed for the PD group Spearman's rho correlations. Partial cor-
relations of PD patients including disease duration and daily levodopa
dose (LEDD) were used as control variables (Baggio et al., 2015;
Shine et al., 2015). Given the limited fMRI sample size, we did not
separate the PD patient groups when correlating the functional con-
nectivity estimates with the main outcomes measures. PES scores vio-
lated the assumptions of linear correlation and were thus transformed
using logarithmic transformation (log (PES+ 1)) (Bartlett, 1947;
Maria et al., 2003; Morrison et al., 2000).

3. Results

3.1. Correct image categorization in the main task (non-CFS)

Fig. 3A shows that HC correctly categorized the images in 99%,
while PD patients reached on average only 96.5%. Accordingly, the
ANOVA_1 showed a main group effect between HC and PD patients (F
(1,55)= 11.77, p=0.001) (Supplementary Table S1).

The separate comparison between the two PD patient groups
(ANOVA_2) showed that PD-VH patients categorized fewer images
correctly than the PD-nonVH, expressed as a significant group effect (F
(1,30)= 9.53, p=0.004) (Fig. 3A, right column, Table 4). Given the
larger levodopa daily dose (LEDD) and longer disease durations of PD-
VH patients as compared to PD-nonVH, we conducted an additional
analysis including LEDD and disease duration as covariates in the AN-
COVA. This control analysis did not yield a significant difference in
respect to correct image categorization between the two PD groups (F
(1,30)= 1.09, p=0.31) (Supplementary Table S2), indicating that
dopaminergic medication and/or disease duration might be confounds
explaining the lower image categorization performance in PD-VH pa-
tients.

With respect to misses (i.e. no indicated image recognition within
the 12 s of a trial), PD patients as a group had a non-significant ten-
dency for more misses (Fig. 3B). The comparison between the two PD
groups yielded a tendency for a higher proportion of misses in the PD-
VH group (PD-VH: 9%, PD-nonVH: 0.16% (ANOVA_2: main effect of
“Group”: F(1,30)= 5.12, p=0.03)), albeit not passing the Bonferroni
correction.

3.2. Erroneous detection of real life images in scrambled images (non-CFS)

Fig. 3C shows that PD patients tended to report real images in
scrambled images more often than healthy controls (Healthy controls:

Table 3
Overview of resting state networks of interest.

Network Brain areas

Dorsal Attention Precuneus, Inferior and Superior Parietal Lobule, Pre- and Postcentral Gyrus Cuneus, Paracentral Lobule, Middle and Superior Occipital Gyrus, Middle
and Superior Frontal Gyrus, Fusiform Gyrus,Inferior Temporal Gyrus

Default Mode Precuneus, Posterior Cingulate, Inferior, Middle and Superior Temporal Gyrus, Cuneus, Parahippocampal Gyrus, Angular Gyrus, Superior Occipital
Gyrus, Inferior Parietal Lobule, Anterior Cingulate, Fusiform Gyrus, Right Insula, Middle and Superior Frontal Gyrus

Salience Medial and Superior Frontal Gyrus, Cingulate Gyrus, Anterior Cingulate, Precuneus, Superior Temporal, Insula, Pre- and Postcentral Gyrus, Lingual
Gyrus, Cuneus, Middle Occipital Gyrus, Lentiform Nucleus, Inferior Parietal Lobule

Left fronto-parietal Left Inferior, Middle and Superior Frontal Gyrus, Left Precentral Gyrus, Left Middle and Superior Temporal Gyrus, Left Inferior and Superior Parietal
Lobule, Left Precuneus, Left Supramarginal Gyrus

Right fronto-parietal Right Inferior, Middle and Superior Frontal Gyrus, Right Precentral Gyrus, Right Inferior and Superior Parietal Lobule, Right Precuneus, Right Angular
Gyrus, Right Superior Temporal Gyrus

Somatomotor Medial and Superior Frontal Gyrus, Post- and Precentral Gyrus, Paracentral Lobule
Visual lateral Inferior, Middle and Superior Occipital Gyrus, Cuneus, Fusiform Gyrus
Visual medial Cuneus, Lingual Gyrus, Precuneus
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6%, PD: 20%, ANOVA_1: F(1,55=4.86, p=0.03, n.s. after Bonferroni
correction). The ANOVA_2 comparing the group of PD-nonVH patients
with the PD-VH patients revealed that this effect was mainly driven by
the PD-VH, who reported a real image in 32% of trials as compared to
PD-nonVH with only 8% (F(1,30)= 7.56, p=0.010) (Fig. 3C, right
column). The higher proportion of false image reports in the PD-VH
group is also supported by a significant effect of “Group” (F
(1,28)= 12.75, p=0.001) in the ANCOVA control analysis using LEDD
and disease duration as covariates (Supplementary Table S2).

3.3. Perceptual error scores (non-CFS)

Assuming that a combined sum score of different image recognition
errors might be more robust in clinical applications than the separate

ones, we computed a sum perceptual error score (“PES”) of category
confusion, misses and false real image detection in scrambled images.
As illustrated in Fig. 4A, PD patients (14%) had higher PES scores
compared to healthy controls (3%) which is also revealed by the main
effect of “Group” (ANOVA_1: F(1,55)= 9.81, p=0.003) (Supplemen-
tary Table S1).

Fig. 4A (right column) shows that this effect is led by the higher PES
scores in PD-VH (24%) compared to PD-nonVH (5%), expressed also by
the main effect of “Group” in the ANOVA comparing PD-nonVH and
PD-VH (ANOVA_2: F(1,30)= 17.16, p=0.0003) (Table 4). The AN-
COVA comparing PD-nonVH with PD-VH that included levodopa daily
dose and disease duration as covariates showed the PES is a robust
effect, with a significant effect of “Group” (F(1,28)= 13.88, p=0.001)
(Supplementary Table S2). This suggests that the differences in PES

Fig. 2. ICA Resting state networks. Spatial maps representing the eight resting state networks of interest, generated through ANOVAs on each chosen ICA result,
displaying the simple main effect of each RSN component for all subjects (left), healthy controls (center), and all PD patients (right; for all maps: uncorrected voxel-
level p<0.05, FWE-corrected cluster p<0.05).
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cannot be explained only by differences in LEDD and disease duration.
To further demonstrate the stability of the group difference in PES

between PD-VH and PD-nonVH, a Jackknife procedure was applied.
Systematically leaving out one subject from the analysis and re-
computing the ANOVA_2 always resulted in significant main effects of
“Group” (all p values were in the range [0.0001 – 0.0005]). Finally, the
calculation of PES cut-off scores underlines its potential to discriminate
between PD-nonVH and PD-VH. Specifically, 11 PD-VH patients (69%)
scored above the PES cut off score of 0.15 (average PES score of
HC+1.5 SD of HC) as compared to only 1 PD-nonVH (6%) and 2 HC

Fig. 3. Recognition performance in the non-CFS condition. (A) Mean propor-
tion of correct image categorization of faces and cars. (B) Mean proportion of
missed faces and cars. (C) Mean proportion of erroneous image recognition in
scrambled images. In (A–C): (left) Healthy controls (N=25) vs. PD-all
(N=32), (right) PD-nonVH (N=16) vs. PD-VH (N=16). ** denotes a sig-
nificant group difference, p<0.005; * significant after Bonferroni correction
p<0.0125 and # denotes p<0.05 without Bonferroni correction. Error bars
denote S.E.M. across subjects.
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(8%), showing its potential discriminative value in detecting halluci-
nating PD patients (Fig. 4B).

3.4. CFS condition: all perceptual measures

To investigate how visual awareness might contribute to the sensi-
tivity of behavioral markers of VH, we also assessed correct categor-
ization, misses and erroneous image recognition in scrambled images
along with the perceptual error sum score (PES) in the ‘invisible’ con-
dition created by using CFS (Tsuchiya and Koch, 2005) (Fig. 5). In the
CFS condition, where the images were perceptually suppressed for
several seconds, healthy controls and PD patients did not significantly
differ in respect to proportion misses (F(1,55)= 0.93, p=0.34),

proportion misperceived scrambled images (F(1,55)= 1.21, p=0.28)
nor in respect to PES (F(1,55)= 3.33, p=0.07) (HC vs. PD, ANOVA_1,
Supplementary Table S3). PD patients had less correct image categor-
ization than HC (F(1,55)= 7.66, p=0.0076).

Comparable to the non-CFS condition, PD-VH patients missed more
images than the PD-nonVH (F(1,30)= 7.01, p=0.013 (n.s. after ap-
plying Bonferroni correction) (ANOVA_2, Supplementary Table S4).
These differences were not significant in the ANCOVA model with
LEDD and disease duration as covariates (p>0.07) (Supplementary
Table S5). PD-VH made more image categorization errors (ANOVA_2, F
(1,30)= 6.77, p=0.014 (n.s. after applying Bonferroni correction);
ANCOVA, F(1,28)= 6.50, p=0.02). PD-VH patients had significantly
higher perceptual error scores (ANOVA_2, F(1,30)= 8.27, p=0.007;
significant also in the co-variate analysis (ANCOVA, F(1,28)= 7.66,
p=0.01) (Supplementary Tables S4 and S5). Thus, the results in the
CFS condition confirmed the non-CFS condition, while discriminating
slightly worse between PD-nonVH and VH than the non-CFS condition.

3.5. Signal detection analysis

Finally, we assessed whether the increased recognition errors in the
PD-VH patients are due to changes in visual sensitivity or are due to a
response bias, e.g. towards reporting an image when there is none. To
this end we analyzed our data in a signal detection framework, calcu-
lating visual sensitivity (d-prime) and criterion/response bias (c) from
hits, misses, false alarms and correct rejections. Hit rate, false alarm
rate, visual sensitivity and criterion are shown in Supplementary Tables
S6 and S7. Sensitivity and criterion for the non-CFS and CFS condition
are depicted in Fig. 6. Since our experiment had three instead of two
potential response outcomes we resorted our data into a subset 1 that
tested the detection of faces vs. cars (excluding the scrambled images)
and for the complementary analysis - into subset 2 that tested detection
of faces or cars vs. scrambled images (Supplementary Methods). For
faces vs. cars (subset 1), PD patients as a group had lower sensitivity
indices (d') than the healthy controls (p=0.0001, non-CFS;
p=0.0006, CFS). In contrast, PD patients did not differ in respect to the
criterion (c), i.e. no systematic response bias was observed. The de-
crease in perceptual sensitivity was mainly driven by the PD-VH group,
as indicated by the significant differences between PD-nonVH and PD-
VH (p=0.0077, non-CFS; p=0.0047, CFS). For faces/car images vs.
scrambled images (subset 2), a similar decrease in the sensitivity was
observed comparing HC with PD, reaching significance in the non-CFS
condition (p=0.0053, non-CFS; p=0.0631, CFS). Importantly, the
PD-VH group had significantly lower sensitivity indices than the PD-
nonVH group in the non-CFS condition (p<0.0001, non-CFS;
p=0.0167, CFS n.s. after Bonferroni correction).

None of the response criterion comparisons reached significance,
indicating that the PD patients did not differ from the controls in re-
spect to response bias. In all groups there was a response bias to report
faces or cars when the scrambled image was presented (the negative
criterion). This effect was strongest in PD-VH, as expected from hallu-
cinating patients, although the differences between the groups were not
significant. Importantly though, this response bias was reversed by CFS
to positive values in all groups, indicating that CFS prompted all sub-
jects to miss face/car images, as expected from a perceptual suppres-
sion.

3.6. Mean recognition times and intra-individual variability (CVRT)

3.6.1. Recognition times and CVRT: non-CFS condition
As expected from previous studies (e.g. (Meppelink et al., 2008), PD

patients were slower in image recognition than healthy controls (F
(1,55)= 8.87, p=0.004) (Supplementary Table S1). Comparing the
two PD groups, PD-VH had longer mean recognition times than PD-
nonVH (F(1,30)= 13.58, p=0.001) (Table 4). However, when LEDD
and disease duration were included in an ANCOVA, the two patient

Fig. 4. Perceptual Error Scores (PES) in the non-CFS condition. (A) Mean
Perceptual Error Scores, separated by subject group. (left) Healthy controls
(N=25) vs. PD (N=32); (right) PD-nonVH (N=16) vs. PD-VH (N=16). **
denotes a significant group difference, p<0.005, * Bonferroni correction
p<0.0125 as assessed by ANOVA_1 (Healthy controls vs. PD-all) and
ANOVA_2 (PD-nonVH vs. PD-VH). Error bars denote S.E.M. across subjects. (B)
Individual Perceptual Error (PES) scores. Individual PES values and boxplots
illustrating the median in the center of the box, error bars the 95% confidence
interval separately for Healthy controls (N=25) in black, PD-nonVH (N=16)
in blue and PD-VH (N=16) in red. Grey line indicates the cut-off score (mean
Healthy controls+ 1.5 SD Healthy controls). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.)
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groups did not significantly differ in respect to mean recognition times
(F(1,28)= 2.78, p=0.11), indicating that the LEDD and/or disease
duration contributed to this recognition time effect (Supplementary
Table S2).

So far we considered only mean recognition times (RT). However,
intra-individual variability in PD patients is discussed as a possible
marker of ensuing cognitive dysfunction in PD (Camicioli et al., 2008;
de Frias et al., 2007) and linked to information stability in other disease
groups with hallucinations such as schizophrenia (Rentrop et al., 2010).
In the next step we assessed the intra-individual variability of RTs ex-
pressed as the coefficient of individual recognition time variability
across trials (CVRT) (MacDonald et al., 2009). As shown in Fig. 7, the
CVRT of the PD patients as a whole group, did not differ from the HC
(ANOVA_1, F(1,55)= 0.47, p=0.5).

The direct comparison between the two PD groups showed a larger
intra-individual RT variability for faces and cars in the PD-VH (0.23) as

compared to PD-nonVH (0.19), which is also expressed in the main
effect of “Group” (ANOVA_2, F(1,30)= 8.43, p=0.007) (Fig. 7).

The CVRT difference between PD-VH and PD-nonVH patients re-
mained significant when including disease duration and LEDD as cov-
ariates in the ANCOVA (F(1,28)= 4.34, p=0.047) (Supplementary
Table S2). Supplementary Fig. S3 illustrate that this effect cannot be
explained by outliers or by an increase in RT during the experiment. To
ensure the stability of this finding we performed the Jackknife proce-
dure, which showed reliability of the CVRT group differences of p-va-
lues in the significant range [0.005; 0.01]. Supplementary Figs S4 and
S5 demonstrate that this CVRT effect in the non-CFS condition cannot
be explained by motor slowing or time restrictions during the experi-
ment.

3.6.2. Recognition times and CVRT: CFS condition
In the CFS condition, PD patients did not need more time to respond

Fig. 5. Perceptual performance in the CFS condition. All plots show the comparison between PD-nonVH (N=16) vs. PD-VH (N=16). (A) Mean proportion of
correct image categorization of faces and cars. (B) Mean proportion of missed faces and cars. (C) Mean proportion of erroneous image recognition in scrambled
images. (D) Mean Perceptual Error Score, separated by subject group. In (A–D) * denotes a significant Bonferroni corrected group difference, p<0.0125, #
Significant effects without Bonferroni correction p<0.05 as assessed by ANOVA_2 (PD-nonVH vs. PD-VH). Error bars denote S.E.M. across subjects.
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and did not differ in respect to variability of RT in comparison to HC
(p>0.57) (ANOVA_1, Supplementary Table S4). In contrast to the non-
CFS condition, there was also no difference in RT and CVRT between
PD-nonVH and PD-VH (p>0.19) (ANOVA_2, Supplementary Table S5).
Most likely, the lack of group RT effects in the CFS condition is due to
the fact that recognition times in the CFS condition vary strongly across
trials in all groups due to the additional perceptual suppression com-
ponent.

3.7. Resting state

3.7.1. Group resting state networks of HC and PD patients
We first tested group differences of network functional connectivity

estimates of the eight networks of interest using univariate ANOVAs.
This analysis showed no significant differences between HC and PD
patients (default mode: F(1,33)= 1.94, p=0.17, dorsal attention: F
(1,33)= 2.15, p=0.15, Salience: F(1,33)= 1.19, p=0.28, left fronto-
parietal: F(1,33)= 0.03, p=0.86, right fronto-parietal: F
(1,33)= 1.78, p=0.19, Somatomotor: F(1,33)= 3.89, p=0.06,
Visual medial: F(1,33)= 0.16, p=0.69, Visual lateral: F(1,33)= 0.02,
p=0.9). Given that we had a smaller subsample of PD patients (10 PD-
nonVH and 6 PD-VH), we did not compare the different PD patient
groups. Functional connectivity maps of HC and PD patients are pre-
sented in Fig. 2.

3.7.2. Correlation of resting state functional connectivity and perceptual
error score (PES) and intra-individual variability of recognition times
(CVRT)

Spearman's rho correlations were used to investigate the

Fig. 6. Sensitivity and response bias. (A) sensitivity d’ and
(B) response bias criterion c for Faces vs. Cars (left), and
Faces/Cars (combined) vs. Scrambled images (right)
plotted separately for healthy controls in black, PD-all in
purple, PD-nonVH in blue and PD-VH red. Low transpar-
ency indicates the non-CFS and higher transparency the
CFS condition (see color legend). * indicates significant
Bonferroni corrected difference as tested by Mann-
Whitney U Test with p<0.0125, # significant effects
without Bonferroni correction p<0.05. Error bars denote
S.E.M. across subjects. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 7. Coefficient of recognition time variability of the non-CFS condition.
Average of intra-individual variability in RT (CVRT= individual standard de-
viation of RT divided by the individual RT mean). (left) No significant group
differences between healthy controls and PD-all as analyzed by ANOVA are
shown. (right) PD-nonVH vs. PD-VH, *denotes a significant group difference,
Bonferroni corrected for multiple comparisons, p<0.0125.
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relationship between our main outcome variables of interest: PES,
CVRT and resting state network functional connectivity in the PD
group. To ensure reliability of our findings we also performed partial
correlations including disease duration and LEDD as control variables.
The partial correlations for all networks of interest are summarized in
Supplementary Table S8.

Among the PD patients, perceptual error scores (log (PES+ 1))
were negatively correlated with functional connectivity between the
left fronto-parietal network and the somatomotor network (rs= -0.56,
p=0.03), which did not remain stable after performing partial corre-
lations including LEDD and disease duration (r= -0.12, p=0.72). PES
was also negatively correlated with functional connectivity between the
dorsal attention network and salience network (rs= -0.50, p=0.049),
which remained stable after performing partial correlations including
LEDD and disease duration (r= -0.54, p=0.047). (Fig. 8A, see Sup-
plementary Table S8, for values of all networks). Among the PD pa-
tients, CVRT was negatively correlated with functional connectivity
between the right fronto-parietal network and default mode network
(rs= -0.54, p=0.03), which did not remain significant when LEDD
and disease duration were included as control variables (r= -0.53,
p=0.053). CVRT was also negatively correlated with functional con-
nectivity between somatomotor network and right fronto-parietal net-
work (rs= -0.51, p=0.044) which remained stable after performing
partial correlations using LEDD and disease duration as control vari-
ables (r=-0.55, p=0.041) (Fig. 8B, Supplementary Table S8).

4. Discussion

We showed that perceptual errors and elevated intra-individual
behavioral variability characterize PD patients with self-reported hal-
lucinations compared to PD patients not reporting VH. We showed that
these behavioral measures are associated with functional connectivity
changes in overlapping, but slightly different neural networks: higher
PES correlated with lower functional connectivity between dorsal at-
tention network and salience network, while higher intra-subject
variability in RT correlated with lower functional connectivity between
somatomotor and right fronto-parietal networks.

4.1. Comparison with previous findings on misperceptions in hallucinating
PD patients

In accordance with previous studies, PD-VH patients exhibited
lower rates of correct image recognition and reported real images in

scrambled images more often than PD-nonVH (Meppelink et al., 2008;
Ramirez-Ruiz et al., 2007; Shine et al., 2012). It remains to be in-
vestigated which score is more sensitive for the identification of hal-
lucinating patients and which can serve best to identify patients ex-
periencing or being at risk to develop hallucinations. The signal
detection analysis revealed that the recognition deficits of the PD-VH
patients were mainly due to a reduction of perceptual sensitivity rather
than to criterion shifts resulting in response bias. Thus, it appears that
PD-VH patients have difficulties to discern signals from noise, leading
to the observed recognition errors. The sensitivity reduction is re-
miniscent of previous studies that compared hallucinating and non-
hallucinating patients with Lewy Body disease (Bowman et al., 2017)
and two recent studies that compared Parkinson patients with healthy
participants (Weil et al., 2018, 2017). Using several types of object
recognition tasks, the latter study reported image recognition deficits in
PD patients, while not finding a significant difference between PD-VH
and PD-nonVH patients (Weil et al., 2018). Apart from the fact that the
PD-VH patients in their study had slightly less disease progression, it
appears that the inclusion of the scrambled image condition might have
also led to better discrimination in our study. Specifically, while PD-VH
differed from PD-nonVH also in respect to correct image categorization
between faces and cars, error rates and perceptual sensitivity measures,
the comparison between images (faces and cars) vs. the scrambled
condition yielded larger differences between the two PD groups. The
perceptual error score (PES) that combines the image categorization
with the image detection in scrambled images might prove the most
robust or practical measure to produce cut-off scores. The dis-
criminatory and/or predictive value of the PES should be further tested
in longitudinal studies involving larger patient cohorts.

In addition to the scrambled images we had also compared a non-
masked (non-CFS) and a masked (CFS) condition, where perceptual
image suppression is induced by means of binocular rivalry. Similar
differences in perceptual error rates and perceptual sensitivity deficits
in the PD-VH patients were observed in both the non-CFS and CFS
condition. On the other hand, the intra-individual variability of RT
between PD-VH and PD-nonVH patients were most pronounced in the
non-CFS condition, while no differences in the perceptual breakthrough
times (e.g. no differences in stimulus processing outside of awareness
(Yang et al., 2014)) were revealed. Thus, while our data suggest that
scrambled images add considerable value for objectifying mispercep-
tions in PD patients, the CFS condition can likely be dismissed in future
studies to streamline the experimental design.

Consistent with previous research we found a negative correlation

Fig. 8. Within- and between-network
connectivity associated with perceptual
error score (PES) and individual varia-
bility of RT (CVRT). (A) Scatter plot of
logarithmic transformation of the PES
on the x axis and connectivity of the
dorsal attention network to salience
network on the y axis of PD patients
(N=16). (B) Scatter plot of CVRT on
the x axis and connectivity of somato-
motor to right fronto-parietal networks
on the y axis (N=16). Blue dots show
the individual values of PD-nonVH
(N=10) and red dots of PD-VH
(N=6). (For interpretation of the re-
ferences to color in this figure legend,
the reader is referred to the web ver-
sion of this article.)
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between misperceptions and functional connectivity between dorsal
attention network and the salience network (Shine et al., 2015). The
salience network is related to the degree of personal salience in the
cognitive, emotional or homeostatic domain and interoceptive-auto-
nomic processing (Seeley et al., 2007). Distortion in attentional pro-
cesses might be a common mechanism for the development of visual
hallucinations given that attentional deficits have also been shown in
hallucinating patients suffering from Charles Bonnet syndrome and
dementia (Graham et al., 2011; Makin et al., 2013).

4.2. Intra-individual variability in recognition times

PD-VH patients showed higher intra-individual variability in re-
cognition times than PD-nonVH, which to our knowledge has not been
reported before. Performance fluctuations are problematic for the de-
velopment of objective measures for VH based on mean performance
(MacDonald et al., 2009). At the same time, intra-individual variability
appears to be a promising variable as previous research indicates that
trial-by-trial fluctuations in RT correlate negatively with cognitive
performance and can even serve as a sensitive predictor for age-related
cognitive decline (Bielak et al., 2010; MacDonald et al., 2006), incipient
dementia in PD (de Frias et al., 2012) and identification of individuals
at risk to develop hallucinations such as persons at risk for schizo-
phrenia (Shin et al., 2013). In healthy aging populations, larger intra-
individual variability has been linked to attentional lapses (Bunce,
Warr, & Cochrane, 1993) and deficits in executive control (West,
Murphy, Armilio, Craik, & Stuss, 2002). Since previous studies reported
a strong link between visual hallucinations in PD and deficits in at-
tentional and executive processes (Barnes, Boubert, Harris, Lee, &
David, 2003; Gallagher et al., 2011; Hall et al., 2016; Meppelink et al.,
2008), this functional interpretation is plausible (Muller et al., 2014;
Shine et al., 2014). Concerning neural correlates of performance
variability, the most consistent correlation with increased intra-in-
dividual variability in healthy elderly and other patient groups has been
found with structural and functional alterations of prefrontal cortices
(MacDonald et al., 2006; Murtha, Cismaru, Waechter, & Chertkow,
2002) and alterations in DMN and attentional networks (Kelly, Uddin,
Biswal, Castellanos, & Milham, 2008), which both include prefrontal
regions. We found that PD patients with higher intra-individual varia-
bility show reduced functional connectivity between somatomotor and
right fronto-parietal networks. Previous research reported hy-
perconnectivity of fronto-parietal regions in hallucinating PD patients
compared to non-hallucinating PD patients (Franciotti et al., 2015; Yao
et al., 2014). The sensory-motor network is important for voluntary
movements and shows deviant functional connectivity in PD (Biswal,
Yetkin, Haughton, & Hyde, 1995; Hohenfeld et al., 2018). However,
exploratory analyses of our data show that the severity of the motor
symptoms measured with the MDS-UPDRS score III was not related to
functional connectivity between SMN and right fronto-parietal network
using LEDD and disease duration as covariates, indicating that the
correlation between CVRT and functional connectivity between SMN
and right fronto-parietal network is not driven by movement disabilities
in PD (r=0.17, p=0.62). Hypoconnectivity within the somatosensory
and between fronto-parietal and ventral attentional network has also
been reported in schizophrenia which indicates their possible involve-
ment in cognitive changes (Dong, Wang, Chang, Luo, & Yao, 2018).
Furthermore, during working memory maintenance, patients with mild
cognitive impairment show hypoactivation in right fronto-parietal re-
gions (Melrose et al., 2018) indicating its relation to cognitive decline.
Increased intra-individual behavioral fluctuations were also reported in
multiple other diseases such as schizophrenia, autism, attention deficit
hyperactivity disorder (ADHD) as well as in aging populations ex-
hibiting cognitive decline (Dinstein, Heeger, & Behrmann, 2015;
MacDonald et al., 2009). Thus, the intra-individual variability observed
in our task together with the hypoconnectivity of the somatomotor and
fronto-parietal networks might be useful to predict cognitive changes in

PD patients rather than the occurrence of visual hallucinations itself.

4.3. Limitations

One limitation is that we cannot be sure about the perceptual ex-
perience of the patients when they reported a real image in a scrambled
image. As such there is a tradeoff between verbally reporting patients
potentially providing more insight into their phenomenology, and trial-
based measures offering the opportunity to collect many trials of the
same type to assess neural activity or to assess inter-individual trial-by-
trial variability.

Another potential limitation of our task design was the requirement
of a time-limited response. Theoretically, the time limit could affect
error rates and misses, becoming an issue in PD patients with motor
slowing. However, the response limit of 12 s was relatively long, and
our cumulative response data indicate that button presses in the non-
CFS condition (including the slow contrast increase) were asymptotic at
about 4 s in the HC group and at 6–8 s in the PD group. Moreover, in
our control task with 100% contrast, the individual response times did
not exceed 2 s in either group, suggesting that the 12 s time limit did
not majorly contribute to the recognition errors or the misses in our
study.

Another limitation of the current study is the relatively small sample
size of the demographically matched PD patients and the subsample
participating in the resting state. For this reason the correlational
analyses of resting state functional connectivity need to be interpreted
with caution as the subsample did not provide sufficient power to apply
Bonferroni correction with confidence about possible negative results.
We also had a bias towards less severe motor symptoms in the PD
sample that participated in the fMRI study, although it is not entirely
clear how this variable could be practically fixed in future studies.
Clearly, a study with a larger PD sample where it is not only possible to
control, but to match the patients for clinical variables such as LEDD
and disease duration, is necessary. Albeit we tested for visual impair-
ments and general cognitive state, we did not include assessments of
attentional or executive functions in our study. Future studies would
profit from the identification of different phenotypes in cognition and
attention such as memory, sustained and divided attention. Moreover,
differences in phenotype profiles of different clinical groups such as
patients with mild cognitive impairments and different types of de-
mentia would also be helpful to distill the best predictors for halluci-
nations versus cognitive decline.
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