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ABSTRACT

Objective To gain insight into possible underlying mechanism(s) of visual hallucinations 

(VH) in patients with visual impairment, we explored changes in brain network 

organization using high-density electroencephalography (EEG).

Methods 64-channel EEG recordings were obtained from 14 visually impaired patients 

with hallucinations (Hall+) and 15 matched patients with similar visual impairment, 

but without hallucinations (Hall-). EEG-based spectral analysis, functional connectivity 

using the phase lag index, and brain network organization assessed with the minimum 

spanning tree were compared between Hall+ and Hall- patients.

Results Spectral analysis and functional connectivity did not differ between Hall+ 

the anterior brain region in the beta band in Hall+ patients. Conclusion We found a 

shift in hub (brain areas with a central role in the network) nodes from the posterior 

to the anterior brain region in Hall+ patients, suggestive of dysfunctional integration 

of top-down attentional processing and bottom-up sensory deafferentiation, which 

may be involved in VH in patients with visual impairment.
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1. INTRODUCTION

Visual impairment has been associated with the occurrence of visual hallucinations 

(VH), also known as the Charles Bonnet Syndrome (CBS) (ffytche, 2005). CBS is 

characterized by (complex) visual hallucinations in the presence of acquired vision 

loss in cognitively intact individuals with retained insight in the unreal nature of the 

hallucinations. CBS is considered a diagnosis of exclusion, ruling out other etiologies 

vision loss (Gordon, 2016; Kinoshita et al., 2009; Teunisse et al., 1996) and associated 

with negative outcome in terms of quality of life, functional ability, and distress in 

approximately one third of the patients (Cox and Ffytche, 2014). However, it remains 

unclear why some patients with visual impairment develop such hallucinations 

while others remain unaffected. Likewise, questions concerning the neural basis of 

hallucinations in CBS remain unanswered.

CBS is likely caused by decrease or lack of visual sensory input to the cortex. Three 

possible theories to explain the occurrence of VH in visual impairment have been 

coined: 1) the deafferentiation hypothesis, 2) the cortical release phenomenon theory, 

and 3) dysfunctional integration of top-down attentional and bottom-up perceptual 

processing (Burke, 2002; Collerton et al., 2005; ffytche, 2005; Kazui et al., 2009). 

The deafferentiation theory proposes that brain regions receiving input from the 

of decreased visual input. In response, the sensitivity of neurons in the receiving 

false positive (i.e. a signal in response to noise) and perceived as a vision without 

the presence of an external source; a visual hallucination (Burke, 2002; Butz and 

van Ooyen, 2013; ffytche, 2005). The cortical release phenomenon, on the other 

hand, indicates that external visual stimuli inhibit endogenous activation of the visual 

cortex. In the case of sensory deprivation, the visual cortex is released from this 

external regulation, resulting in endogenous activity of mainly the visual association 

cortex leading to VH (Kazui et al., 2009). Lastly, circumstances with a low level of 

arousal (e.g. evening, night, being inactive), indicating attentional top-down processing 
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disturbances, have been associated with VH in CBS (Bernardin et al., 2017; ffytche, 

2005; Teunisse et al., 1996). Top-down or feedback processing refers to an active 

attentional process that is driven by prior expectations and information from higher 

brain areas involving memory. It actively integrates with bottom-up (i.e. feedforward 

or passive process driven by external sensory input) information from the senses to 

adjust its predictions about the environment resulting in scene perception (Collerton 

et al., 2005). This top-down and bottom-up integration is supposed to be modulated by 

cholinergic mechanisms, such that cholinergic dysfunction may increase the uncertainty 

in top-down activity resulting in incorrect scene representation (Collerton et al., 

2005; Friston, 2005). In spite of the presence of such various underlying hypotheses 

for VH in CBS, little imaging work has been done to investigate the neural basis of 

hallucinations in visual impairment (Carter and ffytche, 2015; ffytche et al., 1998). Of 

interest, electroencephalography (EEG) is a low-cost imaging technique that makes 

it possible to non-invasively and directly measure neural activity to assess the neural 

basis of hallucinations in visual impairment. EEG has also been proven suitable to study 

functional brain networks in several clinical conditions (Engels et al., 2015; Numan et 

al., 2017; van Dellen et al., 2015).

In this study, we explore possible neurophysiological changes underlying VH in CBS to 

gain insight in possible pathophysiological mechanism(s) of VH in patients with visual 

impairment. To investigate this, we used 64-channel high-density EEG and performed 

EEG-based spectral and functional connectivity analysis, and mainly compared brain 

network organization between visually impaired patients with (Hall+) and without 

(Hall-) hallucinations.
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2. METHODS

2.1 Study population

14 Hall+ and 15 Hall- patients were recruited from the department of ophthalmology 

of the University Medical Center Utrecht (UMCU), the Netherlands, as part of 

the Understanding Hallucinations (UH) study. UH is an ongoing multicenter cross-

sectional study that investigates the phenomenology and underlying brain mechanisms 

of hallucinations across different neurological, psychiatric and perceptual disorders 

language, diagnosis by an ophthalmologist, and hallucinations experienced in the past 

month (i.e. Hall+) or no hallucination experiences in life (i.e. Hall-). Visual impairment 

eye. Presence of hallucinations was assessed with the Questionnaire for Psychotic 

Experiences (QPE) (Sommer et al., 2018). Hall+ and hall- patients were matched on 

group level for age, gender, educational level and visual acuity. All participants provided 

Board and conducted in accordance with the Declaration of Helsinki.

2.2 EEG

2.2.1 EEG acquisition and preprocessing

All patients underwent a 5-minutes no-task resting-state eyes-closed EEG recording 

with Biosemi ActiveTwo Hardware (Biosemi, Amsterdam, The Netherlands) with a 

was placed on the scalp according to the international 10-20 system (Jasper, 1958) 

and provided space for two additional electrodes: Common Mode Sense (CMS) and 

Driven Right Leg (DRL) in the vicinity of electrode POz. Patients were seated in a chair 

with their chin in a chin-rest in front of the chair in a sound attenuated room and kept 

awake by one of the researchers if necessary.

For each patient, 50 artifact-free epochs of each 4096 samples (i.e. 50*2 sec EEG data 

per subject) were visually selected (MD/CJS). EEGLAB v14.1.1, an open source MATLAB 
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toolbox, was used to convert the data to the American Standard Code for Information 

Interchange (ASCII) format. Subsequently, the data was loaded into the BrainWave 

software for further analysis (BrainWave version 0.9.152.12.5, C. J. Stam; available at 

http:/home.kpn.nl/stam7883/brainwave.html). Due to artefacts in multiple patients, 

three electrodes (Iz, P8, and P10, Figure 1a) were excluded from analyses in all subjects.

Figure 1: Topological representation of the Biosemi 64 EEG channels. The circle represents 
the head. Orientation: nose up. L =left; R=right
A. EEG channels (P8, P10, Iz) encircled in red were excluded from the analyses. B. For regional 
analysis, EEG channels were grouped (in blue) into three brain regions: anterior, central, and 
posterior. Channels encircled in red were excluded from the analyses.

2.2.2 Spectral analysis

Peak frequency (i.e. frequency with the highest power in the 4-13 Hz range, PF) and 

alpha2: 10-13 Hz, and beta: 13-30 Hz) were calculated at each channel with the Fast 

Fourier Transformation. Given the effect of spatial brain heterogeneity on different 

functions of the lower (related to attentional processes) and upper (related to cortical 

memory processes) alpha band, alpha1 and alpha2 instead of the broad alpha (8-13 Hz) 

band were used for all the analyses (Klimesch, 2012; Olejarczyk et al., 2017). The peak 

frequency and relative power values were averaged over the 50 artefact-free epochs 

per patient to obtain one value per patient.
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2.2.3 Functional connectivity analysis

The Phase Lag Index (PLI) was used to calculate the functional connectivity strength 

per channel per epoch for the theta, alpha1, alpha2, and beta band. The delta band was 

excluded from analysis due to ocular artifacts. A common average reference, including 

all electrodes, was used.

PLI measures the asymmetry of the distribution of phase differences between two 

signals. The instantaneous phase difference between two signals i and j, , is based 

on the analytical signal as obtained from the Hilbert-transform. PLI estimates 

synchronization between two time series based on the consistency in nonzero phase 

lag between signals:

the absolute value.

The main idea of the PLI is to discard phase differences that center around 0 mod 

p making PLI relatively insensitive to the effects of volume conduction. PLI ranges 

between 0 (no coupling) and 1 (perfect phase locking), but does not indicate which of 

the two signals is leading in phase (Stam et al., 2007). For each epoch, this results in a 

61x61 adjacency matrix with PLI values. We subsequently computed the average PLI 

value, referred to as global PLI. These values were averaged over epochs in order to 

obtain an average global PLI for each subject. This was repeated for each frequency 

band.

2.2.4 Brain network organization

The Minimum Spanning Tree (MST) was used to characterize network topology. For 

each epoch, the MST was calculated from the weighted adjacency matrix of PLI values, 

in which all electrodes were considered as nodes and the functional connectivity 

strength between each pair of electrodes was considered as (weighted) edges. For each 

frequency band, the MST was reconstructed using Kruskal’s algorithm (Kruskal, 1956). 

First, as we are interested in the sub-network with the strongest connections, the 

inverse of the PLI weighted edges was calculated. Subsequently, the inversed weights 

8
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link with the minimum weight (i.e. highest PLI value) followed by the second highest 

minimum link weight, and so on (Stam et al., 2014). In case adding a connection resulted 

in a loop, this connection was discarded and the following minimum link weight (i.e. 

highest PLI value) was considered until all nodes (i.e. electrodes) were connected (Stam 

et al., 2014; Tewarie et al., 2015). In this study, 61 electrodes were included in the 

analyses, hence resulting in an MST with 61 nodes and 60 edges. The mean connectivity 

strength within the MST was calculated by averaging the (original) PLI values of the 

included connections in the MST.

Subsequently, the average PLI matrix of all epochs of the 15 Hall- patients (i.e. control 

group) was used to calculate a group-level reference-MST for each frequency band 

(Figure 2). Next, to test whether the MST between the two groups was different, 

we computed the overlap between the MST of each epoch of each subject in both 

groups with the reference-MST by calculating the fraction of overlapping edges (i.e. 

the number of overlapping edges divided by the total number of edges, ranging from 0 

(i.e. no overlap) to 1 (i.e. complete overlap) (Figure 2). The MST overlap was averaged 

in MST overlap, we concluded that the network organization was different in the 

band was post-hoc characterized by global and local (i.e. node-based) MST network 

hierarchy (Th) were calculated for each epoch, and then averaged over epochs. The 

MST measures betweenness centrality (BC), degree, and eccentricity were calculated 

per EEG-channel, as well as averaged over all EEG channels for eccentricity, whereas 

a maximum value was computed over all EEG-channels for BC (= BCmax) and degree 

(= degreemax). These values were again averaged over epochs for each frequency band 

and for each brain region. For regional analysis, EEG channels were clustered into three 

different regions: anterior, central, and posterior (Figure 1b).
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Figure 2: -
construction of the reference MST and computation of the MST overlap. A. First, 2-second 

B. PLI 
connectivity matrix per epoch was calculated and averaged over 50 artefact-free epochs to 
obtain one individual PLI matrix per subject. C. Group level average PLI connectivity matrix was 
assembled over all Hall- (i.e. N=15 control) subjects. D. An average (i.e. reference) MST was 
calculated from the group averaged PLI matrix of Hall- patients. E. MST overlap was calculated 
between the MST of each epoch of each subject in both Hall+ and Hall- groups with the refer-
ence-MST by calculating the fraction of overlapping edges (i.e. edges present in reference MST 

the number of overlapping edges divided by the total number of edges, ranging from 0 (i.e. no 
overlap) to 1 (i.e. complete overlap). Subsequently, the MST overlap was averaged over the 50 
epochs per subject per frequency band.

EEG: electroencephalography; Hall+: visually impaired patients with hallucinations; Hall-: visually 
impaired patients without hallucinations; MST: Minimum Spanning Tree; PLI: Phase Lag Index

8
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Table 1:

Network measure

Betweenness 
centrality (BC)

The fraction of all shortest paths between nodes i and j passing 
through node u. BC is a node-based measure, and ranges between 
0 (i.e. leaf node) and 1 (i.e. central node in a star-like graph; a more 
integrated network). Nodes with high BC are considered ‘hub’ 
nodes, based on their importance for communication in functional 
brain networks.

Degree Number of edges connected to a node. Degree is a measure of 
regional relevance. Nodes with a high degree may be considered 

Diameter The longest distance between any two nodes. Diameter indicates 

diameter process information between distinct brain regions more 

with a large diameter (i.e. less integrated network organization).

Eccentricity The maximum distance (in terms of number of edges) between a 
node and any other node in the MST. Eccentricity is a local measure. 

through the network.

Leaf fraction (Lf) Ratio between the number of leaf nodes (i.e. node with only one 
edge) divided by the total number of nodes in the MST. Lf is a global 
measure. In networks with a high leaf fraction, the network is 
centralized, and communication is highly dependent on hub nodes.

Tree hierarchy (Th)
diameter reduction (i.e. information transfer between node i and 
j in the fewest possible steps) and preventing overload of central 
brain regions.

2.3 Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 24.0. Patient 

characteristics, spectral measures, PLI values, and MST measures were compared 

between the two groups. Continuous data was tested for normality using the 

Shapiro-Wilk test. Normally distributed variables were compared using independent 

samples T-test. Data that did not follow a Gaussian distribution were compared using 

nonparametric Mann-Whitney U test. Categorical data were compared using the chi-

square test.

The False Discovery Rate (FDR) approach (Benjamini and Hochberg, 1995) with 

adjusted p value (i.e., q-value) of .05 was used to correct for multiple comparisons: 
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for the spectral analysis where one average value per frequency band/PF was calculated, 

for the functional connectivity analysis where one global PLI per frequency band was 

calculated, for the average connectivity strength within the MST, and for the overlap 

with the reference MST, correction was performed for the number of frequency bands 

3. RESULTS

3.1 Patient characteristics

Hall+ and Hall- patients did not differ on group level for age, gender, educational 

level, and visual acuity. All Hall+ patients (n=14, 100%) experienced VH (Table 2). Two 

patients also experienced auditory (AH) and tactile hallucinations (TH) (n=2/14, 14.3%), 

one patient experienced VH, AH, and olfactory hallucinations (OH) (n=1/14, 7.1%), 

one patient experienced VH and AH (n=1/14, 7.1%), one patient experienced VH and 

OH (n=1/14, 7.1%), and one patient experienced VH and TH (n=1/14, 7.1%) (Table 2).

The content of VH in all patients was complex; containing people, animals and inanimate 

objects with and without movement. Nine (69.2%) patients retained full insight, while 

two (14.3%) patients had partial insight into their hallucinations and doubted the real 

nature of the hallucinations (Table 2). Two (14.3%) patients were fully convinced that 

their hallucinations were real (i.e. insight was absent).

In the Hall+ group, one (7.1%) patient experienced delusions of reference in the month 

preceding participation in the study (Table 2).

The two groups did not differ in terms of underlying ocular disease, use of 

hallucination-associated medication, and global cognitive functioning. Hall+ patients 

patients. Digit span forward score was lower in Hall+ patients and reached trend-level 

8
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Table 2: Patient characteristics

Hall+ (N=14) Hall- (N=15)

Age, yrs 73.43 (4.17) 67.93 (2.43)

Gender, female 7 (50.0%) 8 (53.3%)

Education level 5 (2.75 – 7) 4 (2 – 7)

Handedness, right 11 (78.6%) n=13 12 (80.0%)

BCVA best-eye, LogMAR 0.69 (0.10) 0.79 (0.12)

BCVA worse-eye, LogMAR 1.44 (0.13) 1.41 (0.15)

Use of Hallucination-associated medication 6 (42.9%) 9 (60.0%)

Eye disease

AMD 3 (21.4%) 5 (33.3%)

Glaucoma 1 (7.1%) 1 (6.7%)

Diabetic retinopathy 1 (7.1%) 1 (6.7%)

Corneal disease 2 (14.3%) 2 (13.3%)

Other retinal/macular disease 3 (21.4%) 3 (20.0%)

Other 4 (28.6%) 3 (20.0%)

Type of hallucinations

VH 14 (100%)

AH 4 (28.6%)

OH 2 (14.3%)

TH 3 (21.4%)

Insight in hallucinations

Fully present 9 (69.2%)

Partially present 2 (15.4%)

Absent 2 (15.4%)

Delusions 1 (7.1%)

BDI* 12.50 (5.75 – 20.50) 5.00 (2.00 – 9.00)

DJGL 4.15 (0.91) 3.13 (0.66)

Cognition

MMSE 28 (25.75 – 28.25) 28 (27.00 – 29.00)

Digit span forward** 7.46 (0.73) n=13 9.29 (0.52) n=14

TMT-A 96.57 (15.30) n=7 101.90 (15.32) n=10

Data are mean (SD), median (interquartile range), or n(%). Education level was assessed with the 7-item 
Verhage coding system for education (Verhage, 1964). Visual acuity of the best- and worse- seeing eye 
were obtained using the Snellen chart. Subsequently, Snellen rating were converted to the LogMAR scale. 
LogMAR is a logarithmic scale on which a 1-point increase represents a 10-fold drop in vision on the 
Snellen scale (Bailey and Lovie, 1976). Hallucination-associated medications (i.e. drugs with hallucinations 
listed as side-effect) included: benzodiazepines, antidepressants, antipsychotic drugs, oral anticholinergic 
drugs, cholinesterase inhibitors, dopaminergic drugs, oral beta-blockers, opiates, anti-epileptic drugs, 
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proton-pump inhibitors (Farmacotherapeutisch Kompas, www.farmacotherapeutischkompas.nl). Other 
retinal/macular disease included retinal detachment, macular pucker, and serpiginous choroidopathy. Other 
eye disease included central retinal vein inclusion and vitreous detachment. Depression was measured 
with the BDI. Loneliness was measured using the DJGL. For both BDI and DJGL, higher scores indicate 
more severe depression or loneliness, respectively.
AH: Auditory Hallucinations; AMD: Age-related macular degeneration; BCVA: Best corrected visual acuity; 
BDI: Beck Depression Inventory; DJGL: De Jong Gierveld Loneliness scale; Hall+: Visually impaired patients 
with hallucinations; Hall-: Visually impaired patients without hallucinations; LogMAR: logarithm of the 
minimum angle resolution scale; MMSE: Mini Mental State Examination; OH: Olfactory Hallucinations; TH: 
Tactile Hallucinations; TMT-A: Trail-Making Test part A; VH: Visual Hallucinations; yrs: years

** p=.05

3.2 Spectral analysis

Figure 3 shows the mean power spectrum for both patient groups. Both Hall+ and 

Hall- group showed EEG slowing, but did not differ in relative power and PF (Table 3).

Figure 3: Average power spectra of visually impaired patients with (Hall+: red) and without 
(Hall-: blue) hallucinations. Peak frequency (i.e. frequency with the highest power in the 4-13 
Hz range) is lower in Hall+ compared to Hall- patients. Filled area represents the standard 
error of the mean.

8
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Table 3: Relative power per frequency band

Hall+ (n=14) Hall- (n=15) p-value

Delta 0.423 (0.113) 0.434 (0.134) .683

Theta 0.155 (0.092) 0.130 (0.039) .914

Alpha1 0.136 (0.055) 0.166 (0.121) .880

Alpha2 0.080 (0.033) 0.085 (0.042) .914

Beta 0.146(0.041) 0.140 (0.034) .591

Peak frequency 8.07 (0.684) 7.86 (0.975) .747

Power is the relative power per frequency band (delta [0.5–4 Hz], theta [4–8 Hz], alpha1 [8–10 Hz], alpha2 
[10–13 Hz], and beta [13–30 Hz]). Peak frequency is the frequency with highest power in the 4-13 Hz range.
Hall+: Visually impaired patients with hallucinations; Hall-: Visually impaired patients without hallucinations

3.3 Functional connectivity

The average functional connectivity strength (PLI value averaged over all EEG channels 

and over the 50 artefact-free epochs per subject) in the analyzed frequency bands did 

not differ between the groups (Table 4).

Table 4: PLI value per frequency band

Hall+ (n=14) Hall- (n=15) p-value

Theta 0.246 (0.228 – 0.262) 0.233 (0.225 – 0.288) .561

Alpha1 0.326 (0.311 – 0.348) 0.355 (0.318 – 0.411) .146

Alpha2 0.269 (0.263 – 0.274) 0.267 (0.257 – 0.274) .451

Beta 0.128 (0.125 – 0.130) 0.131 (0.123 – 0.141) .561

Hall+: Visually impaired patients with hallucinations; Hall-: Visually impaired patients without hallucinations; 
PLI: Phase Lag Index

3.4 Brain network organization

Functional connectivity within the MST (average PLI of the included connections in 

the MST) did not differ between the groups for the theta, alpha2 and beta band (Table 

5). The functional connectivity in the alpha1 band was lower in the Hall+ patients 

the MST is calculated from the PLI adjacency matrix, further post-hoc exploration of 

EEG channels (Figure 4, Table A.1).
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Table 5: Functional connectivity strength (based on PLI) within MST and the overlap with 
reference MST

Hall+ (n=14) Hall- (n=15) p-value

Theta 0.635 (0.617 – 0.673) 0.641 (0.628 – 0.690) .533

Alpha1 0.798 (0.783 – 0.827) 0.824 (0.812 – 0.973) .051

Alpha2 0.707 (0.697 – 0.713) 0.712 (0.688 – 0.730) .683

Beta 0.361 (0.351 – 0.364) 0.367 (0.356 – 0.386) .158

Overlap with reference MST

Theta 0.036 (0.028 – 0.041) 0.036 (0.035 – 0.051) .331

Alpha1 0.034 (0.029 – 0.035) 0.037 (0.035 – 0.043) .008

Alpha2 0.033 (0.029 – 0.035) 0.036 (0.036 – 0.039) .001

Beta 0.034 (0.032 – 0.038) 0.042 (0.038 – 0.046) <.0001

Hall+: Visually impaired patients with hallucinations; Hall-: Visually impaired patients without hallucinations; 
MST: Minimum Spanning Tree; PLI: Phase Lag Index

8
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Figure 4: PLI difference between Hall+ and Hall- in the alpha1 band. The circle represents the 

PLI values in the Hall+ patients. See table A.1 for PLI values of Hall+ and Hall- group per EEG 
channel.
Hall+: visually impaired patients with hallucinations; Hall-: visually impaired patients without hallucinations; 
PLI: Phase Lag Index

For both groups, the overlap of the MST per frequency band was determined with 

found in the alpha1, alpha2 and beta band (Table 5). This implies that on average MSTs 

in the Hall+ group in the alpha1, alpha2 and beta band differed more from the reference 

in the MST measures diameter, Lf, and Th between the groups (Table A.2). For the 

MST measures BCmax and degreemax
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in the beta band, Hall+ patients showed higher BCmax and degreemax in the fronto-

central channels, while this was lower in the posterior channels (Table A.3). Regional 

analysis resulted in lower BCmax and degreemax in the posterior brain region, and higher 

degreemax in the anterior brain region in the beta band in Hall+ patients (Table 6). This 

in eccentricity were found in the alpha2 band with Hall+ patients showing lower 

eccentricity values (Table A.3).

Table 6: Post-hoc comparison of MST measures between posterior and anterior brain region 
in the alpha1 and beta frequency band

Frequency 
band

MST measure Hall+ (n=14) Hall- (n=15) p-value

Alpha1 Degreemax anterior 0.032 (0.031 – 0.034) 0.032 (0.032 – 0.034) .747

Degreemax central 0.033 (0.033 – 0.034) 0.034 (0.032 – 0.035) .747

Degreemax posterior 0.033 (0.031 – 0.035) 0.032 (0.030 – 0.034) .354

BCmax anterior 0.081 (0.074 – 0.088) 0.084 (0.082 – 0.090) .505

BCmax central 0.082 (0.079 – 0.086) 0.082 (0.071 – 0.088) .505

BCmax posterior 0.085 (0.075 – 0.093) 0.081 (0.073 – 0.087) .331

Beta Degreemax anterior 0.032 (0.032 – 0.033) 0.031 (0.030 – 0.032) .020

Degreemax central 0.034 (0.033 – 0.035) 0.034 (0.033 – 0.034) .290

Degreemax posterior 0.032 (0.030 – 0.033) 0.033 (0.032 – 0.034) .006

BCmax anterior 0.075 (0.072 – 0.080) 0.076 (0.066 – 0.082) .621

BCmax central 0.085 (0.083 – 0.087) 0.086 (0.079 – 0.090) .847

BCmax posterior 0.079 (0.071 – 0.085) 0.087 (0.082 – 0.096) .006

BCmax: maximum Betweenness centrality; Degreemax: maximum Degree; Hall+: Visually impaired patients 
with hallucinations; Hall-: Visually impaired patients without hallucinations; MST: Minimum Spanning Tree

4. DISCUSSION

patients with visual impairment using high-density EEG. Visually impaired patients 

with hallucinations did not differ from visually impaired patients without hallucinations 

in terms of power and functional connectivity. The main differences between visually 

impaired patients with and without hallucinations consisted of changes in functional 

8



292

Chapter 8

spanning tree (MST) analysis showed lower maximum betweenness centrality and 

maximum degree in the posterior brain region, and higher maximum degree in the 

anterior brain region in the beta band in visually impaired patients with hallucinations 

compared to visually impaired patients without hallucinations. This pattern, suggesting 

a shift in hub (brain areas with a central role in the network) nodes from the posterior 

to the anterior brain region, was not found in the alpha1 and alpha2 band.

Neuroimaging research on hallucinations in CBS is scarce. Two previous studies 

have used high spatial but low temporal resolution neuroimaging techniques to study 

hallucinations as a state in CBS (Adachi et al., 2000; ffytche et al., 1998). ffytche et 

al., studied six CBS patients using functional magnetic resonance imaging (fMRI), and 

found a correlation between spontaneous hallucinations and fMRI activity in the ventral 

occipital lobe. Moreover, the content of the hallucinations was found to be related 

to the known functional anatomy of the occipital lobe (ffytche et al., 1998). Adachi et 

al., made use of single photon emission computed tomography (SPECT) to investigate 

hyperperfusion in the lateral temporal cortex with mild occipital atrophy on MRI in 

three patients (Adachi et al., 2000). In contrast, the present work studied hallucinations 

as a trait in 14 visually impaired patients and 15 visually impaired controls by using 

an extension to earlier work and indicate alterations in network organization with a 

shift in hub nodes from the posterior to the anterior brain region in visually impaired 

patients with hallucinations. Shift in hub nodes from the posterior to the anterior brain 

regions has also been described in Alzheimer’s disease (AD) and related to disease 

severity (Engels et al., 2015). Indeed, VH are also prevalent in more advanced states 

of AD and related to increasing dementia severity (Dauwan et al., 2018; Linszen et al., 

2018). This common pattern of shifted hub nodes in visually impaired patients and AD 

might hint towards changes in functional network organization as shared underlying 

mechanism of VH across disorders.
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and these hub regions are mainly located in the heteromodal association cortices (which 

process information coming from the primary cortices) (Achard, 2006; Hagmann et 

al., 2008; van den Heuvel and Sporns, 2011). A recent review by Carter and ffytche 

reported evidence for occipital and parietal atrophy in patients susceptible for VH 

of frontal brain regions (Carter and ffytche, 2015). Considering the similar level of visual 

input in visually impaired patients with and without hallucinations in the present study 

(Table 2), the cortical release phenomenon does not form an appropriate explanation 

for VH.

An alternative explanation for VH in CBS might be found in the bottom-up 

deafferentiation of the visual cortices in conjunction with deviant activity of the top-

down attentional system to compensate for the missing sensory information. Visual 

acuity has been considered an indirect measure of deafferentiation (Bernardin et al., 

2017). Such deafferentiation of the occipital cortices results in hyperexcitability of 

the deafferented neurons and thus points towards the presence of aberrant bottom-

up perceptual (derived from occipital areas) processing (Bernardin et al., 2017). 

visually impaired patients without hallucinations, as both patients with and without 

changes (i.e. shift in hub nodes from posterior to anterior) in the beta band in visually 

impaired patients with hallucinations rather support the presence of deviant top-down 

attentional (derived from frontal brain areas) processing in this group, which is not the 

case in visually impaired patients without hallucinations. Beta band activity has been 

associated with attention, long-range functional connectivity between brain areas, 

2012; N. Kopell et al., 2000; Michalareas et al., 2016; Siegel et al., 2012). Moreover, 

the trend-level lower digit span forward score, a measure of attention (Lindeboom 

and Matto, 1994), in visually impaired patients with hallucinations also indicates that 

alterations in attentional processes might be involved in VH in this group. These 
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results substantiate dysfunctional integration of top-down attentional processes and 

bottom-up sensory deafferentiation with overregulation by the top-down system, as 

underlying mechanism for VH in CBS. As mentioned earlier, the cholinergic system is a 

modulator of the interaction between feedforward and feedback processing (Collerton 

impaired patients with VH.

This hypothesis of impaired bottom-up (i.e. reduced activation and metabolism in the 

visual pathways) and top-down (i.e. defective attentional) processing has also been 

reported in Parkinson’s disease (PD) patients with VH (Boecker et al., 2007; Dagmar H. 

Hepp et al., 2017; Matsui et al., 2006; Meppelink et al., 2009; Park et al., 2013; Stebbins 

et al., 2004). Recently, Hepp et al. proposed that impaired bottom-up visual processing 

in combination with defective top-down attentional processing may underlie VH in PD 

(Dagmar H. Hepp et al., 2017). This theory refutes the notion that one single functional 

brain region or network may be responsible for VH in PD, and provides support for a 

(Dagmar H. Hepp et al., 2017) as a pathophysiological mechanism of VH that might be 

common across disorders.

The hypothesis of dysfunctional top-down processing has recently been explored 

by Reichert et al., in a computational model of CBS by using the deep Boltzmann 

machine (DBM), a deep learning model (Reichert et al., 2013). DBMs are generative 

neural networks that learn to generate and represent data in an unsupervised manner 

a neuromodulator of the feedback processing, and its involvement in hallucinations in 

by the top-down processing (Reichert et al., 2013). In addition, the authors proposed 

that acetylcholine (ACh) levels might determine how much adaptation is necessary 

to bring cortical activity into a state in which hallucinations emerge (Reichert et al., 

2013). This supposition may explain why some patients with visual impairment develop 

hallucinations while others do not.
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the right fronto-central EEG channels in the alpha1 band in visually impaired patients 

with hallucinations. The right frontal hemisphere has been found to be strongly involved 

in attention and arousal processes mediating top-down attentional control (Levy and 

of dysfunctional top-down attentional processing in VH, and suggests that there might 

be hemispherical differences in functional connectivity involved in the pathophysiology 

of VH. However, given the low spatial resolution of EEG, assumptions about the 

imaging techniques such as magnetoencephalography (MEG) with higher spatial 

brain regions, such as right frontal hemisphere, in the pathophysiology of VH in CBS.

4.1 Strengths and limitations

A strength of this study is that it examined hallucinations with high-density EEG in a 

relatively large group of visually impaired patients with hallucinations and compared 

networks, several choices have to be made to make networks of different sizes (i.e. 

number of nodes) and connectivity strengths comparable. These choices are arbitrary 

unique subnetwork and backbone of the network (Stam et al., 2014), above-mentioned 

concerns were conquered.

short distance) connections, and therefore, might be biased towards long-distance 

connectivity resulting in underestimation of the functional connectivity. However, the 

main advantage of this measure is the reduction of bias due to volume conduction (a 

major concern in EEG research) (Stam et al., 2007), making the results more reliable, 

and suggesting that the observed differences between the groups might actually be 

even larger. Second, some visually impaired patients with hallucinations experienced 
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hallucinations in more than one modality, whereas one patient in the hallucination 

group also experienced delusions. A possible explanation for the occurrence of 

hallucinations in different modalities and delusions might be the presence of another 

underlying hallucination-related disorder, which might have been undiagnosed. 

However, all patients with hallucinations in more than one modality and delusions 

experienced these phenomena only once in the month preceding participation in 

the study. A potential involvement of cholinergic dysfunction, and thus attentional 

and delusions warrants further research. Third, according to the Gold and Rabins 

hallucinations (Ffytche, 2007). In the present study, two patients lost insight into the 

unreal nature of their hallucinations during the course of their eye disease, and thus, 

impaired patients with hallucinations experienced more symptoms of depression 

compared to the patients without hallucinations. However, the BDI scores in visually 

impaired patients with hallucinations did not correlate with the maximum betweenness 

centrality and maximum degree in the anterior and posterior brain region in the beta 

band, rendering a correlation between VH in visual impairment and depression less 

likely.

5. CONCLUSION

High-density EEG shows distinct changes in functional network organization between 

visually impaired patients with and without hallucinations. The organization of functional 

brain networks was altered in visually impaired patients with hallucinations showing a 

a dysfunctional integration of top-down attentional processing and bottom-up sensory 

deafferentiation in VH in patients with visual impairment.
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