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Abstract
Visual hallucinations in individuals following sight loss (Charles Bonnet syndrome; CBS) have been posited to arise because 
of spontaneous, compensatory, neural activity in the visual cortex following sensory input loss from the eyes—known as 
deafferentation. However, neurophysiological investigations of CBS remain limited. We performed a multi-modal investiga-
tion comparing visual cortical activity in 19 people with eye disease who experience visual hallucinations (CBS) with 18 
people with eye disease without hallucinations (ED-Controls; matched for age and visual acuity) utilising functional MRI, 
EEG, and transcranial magnetic stimulation (TMS). A pattern of altered visual cortical activity in people with CBS was 
noted across investigations. Reduced BOLD activation in ventral extrastriate and primary visual cortex, and reduced EEG 
alpha-reactivity in response to visual stimulation was observed in CBS compared to ED-Controls. The CBS group also 
demonstrated a shift towards lower frequency band oscillations in the EEG, indicative of cortical slowing, with significantly 
greater occipital theta power compared to ED-controls. Furthermore, a significant association between reduced activation in 
response to visual stimulation and increased excitability (in the form of reduced TMS phosphene thresholds) was observed 
in CBS, indicating persistent visual cortical activation consistent with hyperexcitability, which was found to be significantly 
associated with increased hallucination severity. These results provide converging lines of evidence to support the role of 
increased visual cortical excitability in the formation of visual hallucinations in some people following sight loss, consistent 
with the deafferentation hypothesis.
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Introduction

Charles Bonnet syndrome (CBS) is a condition in which 
people experience visual hallucinations (VH) secondary to 
visual impairment in the absence of psychiatric illness or 
cognitive impairment [1]. While some definitions of CBS 
focus on complex hallucinatory phenomena (e.g., images 
of people, animals, scenes etc.), VH also include simple 
phenomena such as flashes of light, geometric patterns and 
shapes [2, 3]. The precise aetiology of VH and why only 
some people experience them following sight loss remains 
uncertain. Reformulating the earlier terminology of release 
phenomena [4], it has been hypothesised that chronic deaf-
ferentation through loss of visual input from the eyes results 
in compensatory spontaneous hyperexcitability of the visual 
cortex leading to VH [5].

A limited number of neurophysiological investigations 
have provided indirect support for altered excitability in 
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CBS. Ffytche et al. [6], using functional magnetic resonance 
imaging (fMRI) in a group of CBS participants observed 
activation of specific visual areas reflecting the particular 
content of hallucinations during and immediately prior to 
VH onset suggesting cortical hyperexcitability. Furthermore, 
greater visual cortical activity in response to visual stimula-
tion was observed in CBS during periods of non-stimulation 
compared to eye-disease controls, indicating constant (tonic) 
background activity in CBS [6].

Investigation of the visual system in CBS using electroen-
cephalography (EEG) observed generalised decreased alpha 
power in CBS [7], indicative of increased visual cortical 
excitability [8]. Similarly, significantly elevated visual corti-
cal responses to peripheral field stimulation, as evidenced 
with steady-state visual evoked potentials (SSVEPs), have 
been noted in CBS compared to non-hallucinating eye dis-
ease controls [9].

Transient increases in visual cortical excitability also 
occur following short-term visual deprivation in normal 
sighted individuals, with false perceptions of light (or 
‘phosphenes’) being reported in response to lower inten-
sity transcranial magnetic stimulation (TMS) compared to 
pre-deprivation [10]. Similarly, increased extrastriate and 
posterior parietal activity on fMRI has been associated with 
the occurrence of simple hallucinations following periods of 
blindfolding [11].

Nevertheless, the research into the cortical mechanisms 
involved in CBS is still substantially lacking, hindering 
effective intervention development. The neurophysiologi-
cal investigations in CBS predominantly consist of single or 
small group case studies (i.e., [7, 12–14]), often only report-
ing incidental clinical findings. As vision impairment has 
been associated with changes to the visual cortex, including 
neuronal degeneration [15, 16], the lack of comparisons to 
similarly sight-impaired control groups in the literature has 
meant that it is difficult to establish whether altered activity 
observed in CBS is simply a general consequence of vision 
loss or specifically linked to VH formation.

It has previously been speculated that complex hallucina-
tions may result from dysfunction in higher cortical areas, 
while simple hallucinations are a consequence of posterior 
occipital dysfunction [17]. Nonetheless, while both simple 
and complex hallucinatory phenomena have been reported 
in CBS, differences in cortical activation and excitability 
between the two, if any, have yet to be investigated.

The aim of the present study was to compare people with 
eye disease who experience VH (CBS) with age- and vision-
matched people with eye disease but no VH (ED-Controls) 
on measures of visual cortical activity and excitability 
using a combination of fMRI, EEG and TMS investigative 
approaches.

If the deafferentation hypothesis is correct, one would 
predict participants with CBS would demonstrate evidence 

of increased visual cortical excitability compared to ED-
controls across a range of measures including blood oxygen 
level dependent (BOLD) response to visual stimulation, 
occipital alpha power and reactivity and occipital phos-
phene thresholds. Furthermore, if there are differences in 
the underlying mechanism of simple and complex hallucina-
tions, this might be reflected in differences in visual corti-
cal excitability measures for people with CBS experiencing 
predominantly simple hallucinators compared to those expe-
riencing predominantly complex hallucinations.

Materials and methods

Thirty-seven participants (14 males; mean age: 79, SD: 8.55, 
range: 53–93) were recruited to the study from ophthalmol-
ogy services across North-East England and from a Macular 
Society database of members interested in research partici-
pation. Of these, 19 participants were diagnosed with CBS 
following sight loss according to the criteria of Teunisse 
et al. [1], modified to include both simple and complex hal-
lucinations: i.e. VH in the presence of eye disease sufficient 
to cause visual impairment, the absence of hallucinations in 
other modalities, delusions, impaired insight, or concurrent 
psychiatric or neurodegenerative illness. The participants 
with a history of moderate-to-severe cerebrovascular disease 
or epilepsy were also excluded. Following participation in 
the present study, 16 participants went on to take part in a 
crossover trial investigating the effects of non-invasive brain 
stimulation on VH [18]. The remaining 18 participants were 
diagnosed with eye disease but had never experienced VH 
during the course of their sight loss (ED-controls) and were 
matched to the CBS group for age and visual acuity.

Global cognitive function was assessed in all participants 
prior to participation using the Mini Mental State Exam 
adapted for blind participants [19] (MMSE-Blind; max 
score = 27). The inclusion criteria stipulated an MMSE-
blind score of ≥ 24 to ensure participants were cognitively 
intact and did not have dementia. Using G*Power 3.1, a total 
sample size of 30 was estimated to allow adequate detection 
of between-group differences with an alpha level of 0.05 at 
80% power.

All participants provided written informed consent and 
ethical approval was granted by the Tyne and Wear South 
Research Ethics Committee and Newcastle NHS Research 
and development committees (ref: 17/NE/0131). This study 
was conducted in concordance with the tenets of the Decla-
ration of Helsinki.

Neuropsychological assessment

All participants completed a battery of neuropsychological 
assessments prior to neurophysiological procedures. The 
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presence of VH within the past month was confirmed using 
the Neuropsychiatric Inventory hallucination subscale [20] 
(NPIhall; max score = 12). This comprises scores for VH 
frequency (0–4) and severity (0–3) which are multiplied to 
give an overall hallucination score (0–12; with higher scores 
indicating more severe hallucinations). Due to its primary 
use in dementia patients, the NPI contains a caregiver dis-
tress scale. However, in the present study, the participants 
were asked directly about their experiences and therefore 
the distress scale (0–5) was adapted to indicate the level of 
distress a participant felt towards their own VH.

The detailed descriptions of VH were collected using 
an adapted version of the North-East Visual Hallucina-
tion Interview [21] (NEVHI); a semi-structured interview 
designed to investigate VH phenomenology, occurrence, 
and overall emotional impact. The quantitative scores were 
assigned to temporal aspects of VH including frequency 
(1–8) and duration (1–4), and emotional impact including 
distress (0–10) and irritation (0–10) felt towards/because of 
VH. Higher scores in all domains denote greater frequency/
duration/distress/irritation as rated by participants.

The presence of depressive symptoms was assessed using 
the 15-item Geriatric Depression Scale [22] (GDS), in which 
higher scores indicate more depressive symptoms. Inde-
pendence in day-to-day functioning was assessed using The 
Instrumental Activities of Daily Living scale [23] (IADL; 
maximum score = 8).

Binocular visual acuity and contrast sensitivity (utilizing 
both eyes) were assessed using the computerized Freiburg 
visual acuity (decimalized Snellen acuity) and contrast test 
(%) which is a reliable method for evaluating visual function 
in visually impaired groups [24].

Neurophysiological assessment

Transcranial magnetic stimulation (TMS)

TMS was delivered in a semi-darkened room using a hand-
held MagStim 70-mm figure-of-eight coil connected to two 
monophasic Magstim 2002 stimulators via an integrated 
Bistim2 unit (Magstim Co, Dyfed, Wales). This study used 
a protocol of paired pulse stimulation of the occipital regions 
[25, 26]. The phosphene thresholds were assessed in pseudo-
random order at up to nine sites cantered over the occiput 
(10% of nasion–inion distance above the inion) at 2-cm 
cross-sections. The phosphene threshold was determined 
utilising a stepwise procedure by increasing stimulation 
intensity from 60% in 10% increments up to 100% of stimu-
lator output and decreasing intensity in 1% increments if a 
phosphene was elicited. If phosphenes were elicited at 60%, 
stimulation intensity was reduced to 30% and followed the 
same procedure. Four stimulations were given at each inten-
sity, with the lowest intensity required to elicit at least one 

phosphene defined as the phosphene threshold. The lower 
threshold (one of four stimulations [p = 0.25] opposed to 
two of four [p = 0.50]) was used to minimise the number of 
participants who failed to respond to TMS [26]. Sham stimu-
lation was randomly interspersed amongst active stimulation 
(approximately 1:10) to test for accurate reporting.

Functional MRI

The participants were scanned on a 3T whole body MR 
scanner (Achieva scanner; Philips Medical System; The 
Netherlands) with body coil transmission and a 32-channel 
head coil receiver.

Functional MRI (fMRI) was collected using the follow-
ing parameters: FOV = 192; 64 × 64 matrix; 27 slices, 3-mm 
thick with a 1-mm gap; TR = 1920 ms; TE = 35 ms; 156 vol-
umes. Additional two spin-echo echo planar imaging (EPI) 
sequences using the same geometry as fMRI were collected 
with opposing phase encoding directions and used to remove 
geometric distortion.

Visual stimulation task

The majority of participants were expected to have central 
visual field loss due to macular disease but preserved periph-
eral vision. As the MRI scanner limits the extent of periph-
eral vision that can be stimulated, a task was used which 
was previously piloted in a similar patient group (ffytche 
et al.; unpublished findings) controlled by the psychophys-
ics toolbox (http://​psych​toolb​ox.​org/) extension for MatLab 
(MathWorks, Natick, Massachusetts, USA). In the first con-
dition, the participants were prompted by a verbal record-
ing to move their gaze from left to right and back across a 
high contrast checkerboard once every second, stimulating 
the visual field periphery with each saccade. In the second 
condition (rest), the participants were asked to look straight 
ahead while viewing a grey screen (with a verbal prompt 
repeated every three seconds). Each condition lasted 15-s 
and was repeated alternately with the entire fMRI task last-
ing a total of five-minutes. Further description and pilot 
information relating to the visual task is available in Online 
Resource 1.

Electroencephalography

Focal occipital EEG was recorded using a Starstim 8-chan-
nel EEG/tCS data acquisition system (Neuroelectrics, Bar-
celona, Spain). Seven Ag/AgCl Pi-electrodes (P7, PO7, O1, 
Oz, O2, PO8, P8) were placed according to the international 
10–20 system over occipital and occipital-temporal regions. 
A single electrode was placed over the left dorsolateral pre-
frontal cortex (F3). Reference and ground were acquired 
from the left earlobe and impedances were kept below 5 kΩ. 

http://psychtoolbox.org/
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The data were sampled at 500 Hz from DC to 250 Hz. The 
resting-state activity was recorded over a 5-min period, dur-
ing alternating eyes-open and eyes-closed conditions so that 
alertness was maintained at approximately equal levels in 
both states. The participants were asked to open or close 
their eyes in 30-s blocks. During the eyes-open condition, 
the participant was asked to look straight ahead to reduce 
eye-movement related artefacts and orienting of attention 
to objects in the environment. Throughout recording, the 
investigators monitored participants to ensure adherence to 
the protocol.

Data processing

fMRI

Processing of fMRI data was performed in SPM12 (https://​
www.​fil.​ion.​ucl.​ac.​uk/​spm/). Data from the two stimulus 
conditions (eye-movements; rest) were slice time corrected, 
motion corrected by aligning all functional images together, 
unwarped using the field map generated from the pair of spin 
echo EPI images using FSL’s topup script, then co-registered 
with the T1 anatomical image. Data were transformed into 
standard space with a voxel size of 3 × 3 × 3 mm, using spa-
tial normalisation parameters from the T1 segmentation, and 
smoothed using a 6 × 6 × 6 mm full-width at half maximum 
Gaussian kernel. A high-pass filter of 128-s was used and 
serial correlations removed using SPM’s AR(1) model.

The initial whole brain analysis of the data was conducted 
using a general linear model (GLM) in SPM. Comparison of 
the two conditions was performed by a design matrix which 
convolved the time course of the conditions with the canoni-
cal haemodynamic response function and its first deriva-
tive, including motion parameters as covariates. The contrast 
images were generated from β estimates of this comparison 
for each participant.

Five regions of interest (ROI) chosen based on previous 
imaging investigations in similar patient groups (e.g. [6]) 
were defined in MNI (Montreal Neurological Institute) space 
averaging across left and right hemispheres: (1) V1 and V2 
combined, (2) ventral extrastriate cortex (areas hOC3v & 
hOC4v)(27), (3) fusiform gyrus, (4) thalamus, (5) precu-
neus, taken from the SPM Anatomy toolbox (fz-heulich.de/
inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/
SPMAnatomyTool-box_node.html) [27, 28].

EEG  Data pre-processing was performed separately for 
eyes-open and eyes-closed conditions using the EEGLAB 
toolbox (version 14) in Matlab. EEG data were bandpass-
filtered (1–80 Hz), notch-filtered around 50 Hz, and split 
into non-overlapping 2-s epochs. Following visual inspec-
tion and exclusion of noisy channels and epochs contain-
ing gross artefacts, independent component analysis was 

applied and artefactual components were rejected. Further 
analysis was then performed on each participant’s first 40 
artefact-free 2-s epochs. For each occipital electrode and 
epoch, power spectral density was computed in Matlab 
using Bartlett’s method with a Hamming window for fre-
quencies from 2 to 45Hz. The mean power was calculated 
within standard EEG frequency bands, delta (2–4 Hz), 
theta (4–5.5 Hz), pre-alpha (5.5–8 Hz), alpha (8–12 Hz), 
beta (12–30 Hz) and slow gamma (30–45 Hz), averaged 
across epochs and electrodes, then normalised by total 
power across the power spectrum. Alpha-reactivity was 
calculated according to the following formula [29]:

where alpha power was calculated from the O1, Oz and 
O2 electrodes as the relative power within a frequency bin 
around the individual alpha peak frequency (± 2Hz). Indi-
vidual alpha peak frequencies were calculated using the peak 
in the power spectrum in the extended alpha frequency range 
(5.5–15 Hz) using eyes-closed data to account for possible 
alpha slowing in CBS patients. Theta/Alpha ratio, an index 
used to demonstrate the resting state percentage of alpha 
versus theta spectral potential [30], and a measure of slowing 
of the dominant EEG frequency was calculated as:

Statistical analysis

The group differences in neuropsychological and neuro-
physiological data were examined using one-way ANOVA 
and Mann–Whitney U tests to establish statistical signifi-
cance (p < 0.05). Where appropriate, an analysis of covari-
ance (ANCOVA) was performed to investigate differences 
between groups and conditions while controlling for the 
effects of covariates known to impact the dependent vari-
ables (e.g. age). The second-level analysis of fMRI data 
was performed by comparing contrast images from the 
two conditions (eye movements—rest) for all partici-
pants. The results are shown with a voxelwise threshold 
of p < 0.001 (uncorrected) followed by a clusterwise 
threshold of p < 0.05 family-wise error (FWE)-corrected 
for multiple comparisons. Exploratory analysis of addi-
tional EEG bands (e.g. delta, beta, theta and gamma) and 
ROI’s not included in the main hypotheses (e.g. fusiform 
gyrus, thalamus and precuneus), and associations between 
neurophysiological measures, were corrected for multiple 
comparisons using the Bonferroni method; uncorrected 

alpha reactivity =
alpha power eyes closed − alpha power eyes open

alpha power eyes closed

Theta/Alpha =
Theta power

Theta Power + Alpha power

https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/
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statistics are reported as puncorr. Associations between vari-
ables were evaluated using spearman’s correlations.

Results

Participant characteristics

Demographic information of participants included in the 
analysis are shown in Table 1. There were no significant 
differences between the groups in age, sex, or visual func-
tion tested with both eyes open. The majority of participants 
in both groups were diagnosed with age-related macular 
degeneration (AMD) in one or both eyes (13/19 CBS, 13/18 
ED-control); no participant in either group had complete 
visual loss (no perception of light) in both eyes at the time 
of testing. Most CBS participants experienced both simple 
and complex hallucinations at some point during the course 
of their eye disease. For further exploratory analysis, CBS 
participants were divided into two sub-groups according to 
the type of hallucination they reported most frequently and 
for the longest duration (on the NEVHI) in the month prior 
to assessment, with 10/19 reporting predominantly complex 
VH, and 9/19 predominantly simple VH. Simple hallucina-
tions were defined as phenomena consisting only of simple 
shapes, colours, lights (photopsia) and lines; complex hal-
lucinations consisted of more detailed and formed phenom-
ena such as visions of people, animals, objects, scenes, or 
complex patterns. Group assignment also reflected the phe-
nomenology most frequently reported at the time of neuro-
physiological assessment. Two participants had constant VH 

that would have been present during investigations. None 
of the participants with intermittent VH reported them dur-
ing investigations. GDS scores indicated that neither group 
had a depressive illness at the time of assessment. The CBS 
group reported significantly lower IADL scores compared 
to the ED-controls. No significant differences in age, MMSE 
scores, visual acuity or contrast were noted between the two 
CBS sub-groups. The descriptions of hallucination phenom-
enology and ocular pathology reported by the CBS group 
can be viewed in Online Resource 2.

TMS

A total of 14 CBS participants and sixteen ED-controls 
underwent TMS phosphene testing; however, one ED-Con-
trol participant was excluded from analysis due to reporting 
phosphenes following sham stimulation (final ED-Control 
n = 15). No significant differences in phosphene threshold 
were observed between CBS (median = 73.00 ± 27.82) and 
ED-controls (median = 78.00 ± 15.65) groups (z = −1.39, 
p = 0.162). However, the CBS group demonstrated signifi-
cantly greater variability than ED-controls (Levene’s test; 
F(1,28) = 9.31, p = 0.005; shown in Fig. 1). When split by 
hallucination subgroup, no significant differences were 
seen between simple (median = 82.00 ± 26.76) and com-
plex (median = 56.50 ± 30.30) hallucinators, (z = −0.77, 
p = 0.452). No significant differences were observed between 
ED-controls and simple or complex hallucinators (p > 0.05).

No significant differences in the percentage of locations 
tested from which phosphenes were elicited were observed 
between ED-Controls and the CBS group, between complex 

Table 1   Demographic details of study participants split by primary groups (CBS x ED-Controls) and hallucination sub-group (Complex CBS x 
Simple CBS)

Data displayed as mean (± standard deviation). Significance was assessed using one-way ANOVA(*) and Mann–Whitney tests dependant on 
data distribution
CBS Charles Bonnet Syndrome, MMSE Mini Mental State Examination, GDS Geriatric Depression Scale, IADL Instrumental Daily Activities of 
Living scale
a n = 18 as one participant did not know when they were diagnosed
b n = 16 as 3 participants did not have enough vision to complete the task
** Fisher’s Exact Test

CBS ED-Controls Sig. (p) Complex CBS Simple CBS Sig. (p)

N 19 18 10 9
Age 78.74 (± 9.85) 78.94(± 7.21) .942* 82.90 (± 7.86) 74.89 (± 10.83) .102
Sex (M:F) 7:12 7:11 1.0** 3:7 4:5 .823**
Years since eye disease diagnosis 11.00 (± 13.95)a 5.22 (± 7.65) .133* 7.22 (± 6.08) 14.78 (± 18.57) .308
MMSE-Blind (0–27) 25.74(± 1.33) 26.00 (1.14) .597 25.70 (± 1.25) 25.89 (± 1.27) .667
GDS (0–15) 2.79 (± 1.27) 2.67 (± 2.54) .853* 2.70(± 1.06) 2.89 (± 1.54) .865
IADL (0–8) 6.74 (± 1.10) 7.44 (± 0.78) .031* 6.80(± 1.14) 6.67(± 1.12) .767
Visual Acuity .274 (± .279) .357 (± .226) .186 .201(± .238) .354(± .313) .269
Visual Contrast (%) 50.03 (± 38.85)b 35.66 (± 37.82) .510 66.83(± 40.14) 28.42(± 25.65) .063
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and simple CBS hallucinators, or simple CBS hallucina-
tors and ED-Controls (p > 0.05) (Fig. 1C), and no tendency 
toward more anterior or posterior locations was noted in 
any group. However, complex CBS hallucinators were found 
to report phosphenes from a significantly greater percent-
age of locations tested compared to ED-controls (z = −2.24, 
p = 0.025) (Fig. 1D).

Using participant structural scans, the impact of potential 
occipital atrophy on TMS field strength was examined by 
calculating the average distance from the scalp to occipital 
surface at the occiput in a 1-cm diameter cylinder (method 
detailed in Taylor et al. [26]). No associations between scalp-
occipital surface distance and phosphene thresholds or num-
ber of sites at which phosphenes were elicited were observed 
in any of the groups (p > 0.05).

Phosphene thresholds and VH measures

As age was observed to have a significant association 
with phosphene thresholds (rs = 0.400, p = 0.028), Spear-
man’s partial correlations controlling for age were used. 
A moderate negative association was observed between 

phosphene thresholds and VH ratings for NPI severity 
(rs = −0.618, p = 0.024), overall NPIhall scores (severity x 
frequency; rs = −0.650, p = 0.016) and NEVHI irritation 
scores (rs = −0.559, p = 0.047) in the CBS group. No sig-
nificant associations between VH frequency, duration or 
distress measured by the NPI or NEVHI, or visual acuity 
and contrast, and phosphene thresholds were observed in 
either group (p > 0.05).

fMRI

No significant differences in whole-brain BOLD activa-
tion were found between the two (> 0.05-FWE; Fig. 2) 
despite observable widespread occipito-temporal activa-
tion during visual stimulation in ED-controls, compared to 
only limited activation of the primary visual cortex in the 
CBS group. Nonetheless, ROI analysis noted significantly 
reduced ventral extrastriate (t(35) = 2.65, p = 0.006) and V1/
V2 activity (t(35) = 1.85, p = 0.036) in the CBS group com-
pared to ED-controls. Significantly reduced fusiform gyrus 
(puncorr = 0.021) and thalamus (puncorr = 0.036) activities were 
also noted in CBS compared to ED-controls, but this did not 

Fig. 1   Box Whisker Plots of phosphene threshold and phosphene 
locations data. Median (line) and standard deviation of phosphene 
thresholds by group (A) and phenomenology sub-groups (B) and 
percentage of locations tested at which phosphenes were elicited by 

group (C) and phenomenology sub-groups (D). *denotes participant 
with continuous hallucinations (n = 1). Participant VIS16P (labelled 
in chart D) was the only member of the CBS group not to report any 
phosphenes in response to TMS
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withstand multiple-comparison correction. No significant 
difference in precuneus activity was noted between groups.

When split by hallucination subgroup, no significant dif-
ferences in BOLD activity in any of the ROI measured were 
observed between simple and complex hallucinators, or 
between simple hallucinators and controls (p > 0.05). How-
ever, a significant reduction in V1/V2 (z = −2.16, p = 0.031) 
and ventral extrastriate activity (z = −2.88, p = 0.003) 
in complex hallucinators compared to ED-controls was 
observed (Fig. 3).

BOLD signal and VH measures

No significant associations between VH ratings on the 
NPIhall or NEVHI with BOLD activation were observed in 
the CBS group, regardless of hallucination type (p > 0.05).

No association between visual function and BOLD acti-
vation was observed across groups.

EEG

An overall shift in the occipital spectral density towards 
lower frequency band oscillations was observed in the CBS 
group compared to ED-controls, with a similar pattern dem-
onstrated in complex CBS hallucinators compared to simple 
(Fig. 4). However, no significant difference in the dominant 

frequency was observed between each group (Table 2). 
The CBS group demonstrated significantly greater relative 
occipital theta power (z = −2.50, p = 0.012) and decreased 
alpha-reactivity (z = −2.09, p = 0.037) compared to ED-
controls (Table 2). Similarly, complex CBS hallucinators 
presented with significantly greater theta power (z = −2.57, 
p = 0.009), and theta alpha ratios (z = −2.67, p = 0.006), but 
lower alpha power (z = −2.40, p = 0.016) than simple CBS 
hallucinators. Complex CBS hallucinators demonstrated sig-
nificantly greater relative theta power (z = −3.26, p < 0.001) 
and theta:alpha ratios (z = −2.97, p = 0.002), but significantly 
lower relative alpha power (z = −2.49, p = 0.012) and alpha-
reactivity (z = −3.02, p = 0.002) compared to ED-controls.

EEG indices and VH measures

No significant associations were observed between VH 
measures, or visual function, and any EEG band oscillations 
following multiple comparison corrections.

Exploratory multi‑modal analysis: relationships 
with visual cortical excitability

A positive relationship between phosphene thresholds with 
both V1/V2 BOLD activity (rs = 0.378, p = 0.043) and ven-
tral extrastriate (rs = 0.517, p = 0.004) BOLD activity was 

Fig. 2   fMRI blood oxygen level dependent activation during an eye-movement task compared to rest by group. Threshold at p < 0.001 uncor-
rected and superimposed on a standard T1 weighted brain image
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observed across both CBS and ED-controls when control-
ling for age. Separate analysis of each group indicated a 
strong relationship between V1/V2 activation and phos-
phene thresholds in the CBS group specifically (rs = 0.649, 
p = 0.016) with lower phosphene thresholds associated with 
lower BOLD activation in these regions (Fig. 5), but no sig-
nificant relationship in ED-controls (rs = 0.024, p = 0.931).

Lower phosphene thresholds were associated with lower 
alpha-reactivity in the CBS group (rs = 0.580, puncorr = 0.038), 
but not ED-controls. There were no significant associations 
between any of the a priori defined EEG bands power and 
phosphene thresholds across groups. When split by group, 

lower phosphene thresholds were associated with lower 
alpha-reactivity in the CBS group (rs = 0.580, p = 0.038), 
but not ED-controls. Lower phosphene thresholds were also 
found to be significantly associated with higher occipital delta 
(rs = −0.908, puncorr < 0.0001) and beta power (rs = −0.682, 
puncorr = 0.01), but lower pre-alpha (rs = 0.554, puncorr = 0.05) in 
the CBS group, but not ED-controls. However, only the asso-
ciation with delta power remained following multiple compari-
son correction. When split by hallucination type, a strong sig-
nificant relationship between lower phosphene thresholds and 
alpha power was also observed in simple (rs = 0.821, p = 0.023) 
but not complex hallucinators (rs = 0.029, p = 0.957).

Fig. 3   Violin plots comparing numeric distribution of fMRI BOLD activation in ED-controls, CBS simple hallucinators and CBS complex hal-
lucinators in A ventral extrastriate and B V1/V2. * denotes participants with continuous hallucinations (n = 2)
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No significant relationships between fMRI BOLD activa-
tion and EEG oscillations in any of the groups were noted 
when corrected for multiple comparisons.

Discussion

Using a multimodal approach, this study demonstrated 
altered visual cortical activity specific to CBS, relative to 

Fig. 4   Occipital power spectral density of ED-Controls, CBS Simple hallucinators and CBS Complex hallucinators

Table 2   Median (interquartile range) of relative EEG band power in each group

Significant differences in bold (Wilcoxon signed rank test, p < 0.05)
*Data missing from one participant due to equipment failure

Group

ED-Controls CBS (overall) Simple halluci-
nators

Complex hal-
lucinators

Sig. (p) ED-
controls vs 
CBS

Sig. (p) 
Simple vs 
Complex

Sig. (p) 
ED vs 
simple

Sig. (p) ED 
vs complex

N 18 18* 8* 10
Delta 0.12(.07) 0.13(.06) 0.12(.04) 0.13(.08) 0.372 0.068 0.807 0.109
Theta 0.06(.03) 0.08(.04) 0.06(.03) 0.09(.03) 0.012 0.009 0.567  < 0.001
Pre-Alpha 0.10(.08) 0.11(11) 0.12(.10) 0.11(.13) 0.192 0.897 0.397 0.226
Alpha (eyes 

closed)
0.26(.27) 0.19(.18) 0.30(.15) 0.15(.09) 0.126 0.016 0.892 0.012

Beta 0.22(.13) 0.30(.09) 0.30(.09) 0.30(.11) 0.308 0.762 0.311 0.524
Slow Gamma 0.13(.10) 0.11(.09) 0.10(.09) 0.13(.12) 0.584 0.408 0.367 0.981
Theta:Alpha 0.38(037) 0.57(.74) 0.31(.24) 0.90(.57) 0.059 0.006 0.935 0.002
Alpha Reactivity 0.34(.32) 0.11(.60) 0.49(.70) 0.02(.35) 0.037 0.101 0.892 0.002
Dominant Fre-

quency
9.49(1.13) 8.88(1.33) 9.34(1.04) 8.68(1.89) 0.074 0.274 0.311 0.072
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people with eye disease without VH, including reduced 
primary visual cortex and ventral extrastriate activation in 
response to visual stimulation, decreased occipital alpha 
power and alpha-reactivity, and greater variability in phos-
phene thresholds. This supports the supposition that VH 
in this group are, at least in part, the result of increased 
excitability in the visual cortex following sight loss.

TMS

A trend toward lower phosphene thresholds (indicating 
greater visual cortical excitability) was apparent in the CBS 

group, although this did not reach significance when com-
pared to the ED-controls. As even short-term visual depriva-
tion is observed to reduce phosphene thresholds in sighted 
people [10] it is perhaps unsurprising that both groups, 
who experience comparative levels of visual impairment, 
presented with equivalent occipital excitability. Similarly, 
Taylor and colleagues [26] noted a lack of difference in 
phosphene thresholds between aged-controls and dementia 
with Lewy bodies (DLB) hallucinators. Since high inter-
individual variability in phosphene thresholds within the 
general population has previously been noted [31], it is pos-
sible that the ED-controls in this study reside on the lower 

Fig. 5   Associations between fMRI BOLD activation and phosphene thresholds in A ventral extrastriate and B V1/V2, split by group. Lines of 
best fit calculated from the mean (R2). * denotes participant with continuous hallucinations (n = 1)
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end of the ‘normal’ visual cortical excitability spectrum 
and are relatively protected against VH following sight 
loss. Additionally, the observation of significantly greater 
variability in the CBS group may indirectly indicate greater 
within-subject instability. This variability would be con-
sistent with dynamic models of episodic VH (e.g. [32, 33]) 
which emphasise threshold effects. Corresponding instabil-
ity has been observed in migraineurs with aura compared to 
those without [34].

Although no differences were observed between groups, 
the finding that phosphene thresholds were significantly 
associated with severity in the VH group may further sup-
port the potential role of visual cortical hyperexcitability in 
CBS. The significant negative relationship between phos-
phene thresholds, VH severity, and irritation indicate that 
individuals with greater cortical excitability were prone to 
more severe VH. This is directly comparable to the findings 
of Taylor et al. [26] who similarly noted that occipital hyper-
excitability was strongly correlated with the VH severity in 
DLB. It is therefore possible that, while hyperexcitability 
alone may not be directly responsible for VH, it may provide 
a specific trait-related marker that moderates VH severity.

fMRI

Functional activation of the occipital cortex in response to 
simple eye-movements has been reliably reported in pre-
vious studies (e.g. [45]). While whole-brain fMRI BOLD 
activation was comparable across groups, CBS partici-
pants demonstrated significantly reduced activity within 
ventral extrastriate and primary visual cortex compared to 
ED-controls. Upon closer inspection, this difference was 
driven almost entirely by complex hallucinators, with sim-
ple hallucinators demonstrating more comparable activity to 
that of ED-controls. In accordance with the present study, 
ffytche et al. [6] similarly observed reduced BOLD activa-
tion in CBS participants related to ongoing ‘tonic’ activity 
during the ‘OFF’ phase of the stimulus which reduced the 
difference in BOLD between stimulation and rest. It is pos-
sible that the pattern of activity observed in this study may 
indicate the same trait changes to cortical activity in CBS. 
Unlike TMS, however, no associations were noted between 
VH ratings and fMRI BOLD activation, suggesting that, 
outside periods of active hallucination, changes in BOLD 
activation from rest may not provide useful measures of the 
temporal dynamics or severity of VH, even if the location of 
such changes are associated with the type of hallucination 
that people experience [6, 12].

EEG

Congruent with the deafferentation hypothesis, a pattern 
of decreased eyes-closed occipital alpha-power was noted 

in the CBS group compared to controls, although this only 
reached statistical significance when looking at complex hal-
lucinators in comparison to simple hallucinators and ED-
Controls. Occipital alpha-power has been posited as a proxy, 
‘inverse’ measure of active cortical processing and excit-
ability, with reduced alpha-power associated with increased 
excitability and visual attention [8, 35]. A similar finding has 
previously been observed in CBS patients [7].

The analysis of the power spectral density (PSD) observed 
a notable shift toward lower frequency band oscillations in 
CBS compared to ED-Controls which, again, appeared to be 
driven predominantly by complex hallucinators compared to 
simple. Cortical slowing, posited to be indicative of overall 
cortical dysfunction, has been observed previously in CBS 
case reports in posterior and occipital regions [14, 36]. Like 
the present study, increased posterior theta activity has also 
been observed in CBS [37, 38].

The patterns of cortical slowing, particularly with shifts 
towards the theta band, and reductions in alpha activity are 
often observed in healthy aging populations [39]. However, 
as the groups in this study were matched for age, these dif-
ferences are likely due to more than physiological aging 
alone. Indeed, the increased theta activity has been found to 
play a key role in the formation of hallucinations in people 
with schizophrenia [40] and has been noted in people with 
VH associated with Alzheimer’s disease, DLB, and epilepsy 
[41–43].

An increased theta/alpha ratio was observed in CBS com-
plex hallucinators compared to both simple hallucinators 
and ED-Controls in this study. The Theta/alpha ratio has 
been posited as a reliable, indirect, marker of cholinergic 
dysfunction in other hallucinating pathologies [43, 44] with 
increased ratios significantly associated with both visual spa-
tial dysfunction and risk of VH in Alzheimer’s disease and 
Lewy body disease patients [43]. While it is still unclear how 
changes toward slow-wave activity may be directly related to 
VH in CBS, it is possible that cholinergic dysfunction may 
contribute to the formation of complex VH in this group, 
warranting further investigation utilising more direct meas-
ures of cholinergic activity (e.g. PET-MR cholinergic trac-
ers). Nevertheless, it is possible that alterations in cholin-
ergic activity produce a neurophysiological brain state and 
functional changes in the early visual cortex and association 
cortices which, alongside reduction of visual input through 
eye disease, may be necessary for CBS to occur.

Multi‑modal analysis

Comparable to the findings of ffytche et al. [6], lower task-
related differential activity in the visual cortex was observed 
in the CBS group that was thought to reflect increased activ-
ity during rest. This would account for the positive associa-
tion found in this study between BOLD activation and EEG 
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alpha-reactivity, particularly in the CBS group: visual cortex 
is less responsive to visual stimulation or eye closure in CBS 
than in ED-Controls because it is active during both rest and 
visual stimulation. The findings are also consistent with the 
association between lower phosphene thresholds with lower 
activation in the ventral extrastriate cortex and V1/V2, and 
lower alpha-reactivity in the CBS group but not ED-controls. 
Taken together, the findings are consistent with predictions 
of the deafferentation hypothesis with the CBS group having 
continuously active visual cortex which, as a result, is less 
responsive to visual stimulation from eye movements, does 
not reduce activity with eye closure, and is more sensitive to 
direct excitatory stimulation (e.g. TMS). The implication is 
that people who experience CBS possess a visual cortex in 
which spontaneous internally generated activity as a conse-
quence of sight loss results in hallucinations. This proposal 
is consistent with a recent study in CBS that posited that 
hallucinations arise due to a slow build-up of neural activity 
in early visual regions, alongside a greater susceptibility to 
spontaneous noise fluctuations [46].

In further support of the increased cortical excitability 
account of our findings, a treatment trial performed in the 
same CBS cohort investigating the efficacy of inhibitory 
non-invasive brain stimulation of the primary visual cortex 
found that participants who demonstrated reduced occipital 
alpha-power and alpha-reactivity prior to stimulation were 
more likely to report a positive therapeutic response to stim-
ulation, in the form of reduced VH frequency, indicating that 
patients with higher occipital excitability may benefit more 
from inhibitory brain stimulation[18].

Simple vs complex hallucinations

Across approaches it was consistently observed that differ-
ences in visual cortical activity between CBS and ED-Con-
trols were predominantly driven by complex hallucinators, 
while simple hallucinators demonstrated cortical activation 
more closely aligned to that of ED-controls. While previous 
studies have postulated differences in the spatial dynamics of 
cortical activity influencing VH phenomenology (e.g. [3]), 
the present study did not note any significant differences in 
cortical BOLD activation at any of the ROIs investigated 
between simple and complex hallucinators. However, it was 
noted that complex hallucinators demonstrated stronger evi-
dence of increased excitability in the early visual cortex in 
response to TMS, decreased BOLD activation in response 
to visual stimulation, and increased occipital slowing than 
simple hallucinators. Bayesian principles suggest that prior 
knowledge and expectations of the perceiver are crucial to 
determining accurate signal detection [47]. It is, therefore, 
possible that sensory ambiguity in CBS due to reduced vis-
ual input may create an environment in which spontaneous 
bottom-up activity is influenced by previous sensory based 

learning, directing attention and attributing meaning towards 
internally generated activity and resulting in VH [48]. In the 
context of hallucination phenomenology, this may explain 
why altered cortical activity was most prominent in partici-
pants with complex rather than simple VH, as prior expecta-
tions provide a bias toward complex imagery [33].

The models of VH often separate simple and complex 
hallucinators and suggest that, while simple hallucinations 
may occur concurrently with complex VH, these may arise 
as a result of different mechanisms or from different corti-
cal locations (e.g. [33]). The findings of this study support 
those suggestions. Another possibility is that the lack of a 
reliable difference between simple and complex hallucina-
tors (possibly reflecting a lack of statistical power due to the 
small group sizes) on the majority of measures in the present 
study, in conjunction with a significant difference between 
complex hallucinators and ED-controls, may indicate that 
the simple hallucinators represent an intermediatory group 
between controls and complex hallucinators. The stratifica-
tion of CBS into distinct groups (i.e. based on phenomenol-
ogy) may help future research to not only better interrogate 
the underlying aetiology of these hallucinations but develop 
more effective interventions.

Future directions

We have previously reported a comparative analysis of struc-
tural changes in the visual cortex of the CBS and ED-control 
group [49] which found no macrostructural or connectivity 
differences between the two groups. It is, therefore, likely 
that the results described above are due to altered functional 
connectivity in CBS compared to ED-controls. Although 
EEG and fMRI were both performed in this study, EEG 
was restricted in focus to posterior/occipital regions due to 
the limited spatial sampling of the combined tDCS-EEG 
equipment used. Future research could seek to further inves-
tigate the role of functional connectivity changes between 
the visual cortex and more anterior brain regions and their 
contribution to VH formation in CBS.

Relating changes in hallucinations to variation in the 
function of visual cortex over time is another potential area 
of future investigation. In the CBS group, VH were seen 
to start anywhere from immediately to 19 years after sight 
loss, implying a critical threshold of deafferentation required 
before VH onset or a highly variable latency period. It may, 
therefore, be interesting to study potential longitudinal 
changes to cortical activity in eye disease, to assess whether 
changes evidenced in CBS develop over time. As CBS has 
been reported, in some cases, to be self-limiting [50, 51] 
this may also indicate that while cortical changes may be an 
initially adaptive or compensatory response to sight loss, the 
cortex may habituate over time, lending further support to 
dynamic models of VH (e.g. [33]). In addition, comparisons 
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to age-matched, healthy individuals with no visual pathology 
may also provide additional insights into the contribution of 
neurophysiological changes associated with vision loss to 
the development of CBS.

Strengths and limitations

A key strength of the present study was the recruitment of 
age and visual acuity matched groups both with and without 
visual hallucinations, allowing for the specific investigation 
of the mechanisms involved in VH separate to eye disease, 
and the combination of electrophysiological and imaging 
measures of visual cortical activity and excitability. Though 
the study had a small overall sample size, this is not unusual 
in CBS studies due to the relative rarity of participants with 
ongoing hallucinations that meet study criteria and this study 
is relatively large compared to previous neurophysiological 
or imaging studies of CBS. While CBS has greater preva-
lence in elderly populations, perhaps due to the increased 
prevalence of eye disease [50, 51], it has also been observed 
in younger populations and children [50, 52]. As such, the 
present findings may not be representative of people with 
younger onset CBS who may present with a different pattern 
of altered cortical activity following sight loss.

A further limitation is the way in which visual function 
was assessed in this study. The measure of visual acuity and 
contrast was taken across both eyes (binocular acuity sensi-
tive to the best eye), as opposed to each eye individually and 
the fact that the degree of remaining peripheral vision in 
each eye was not quantifiably assessed in each participant, 
means that it is possible that the two groups were not as 
closely visually matched as suggested by their binocular acu-
ity values. Indeed, the significant difference in IADL scores, 
with the CBS group reporting significantly worse independ-
ence than controls, may be due to differences in vision in the 
worst eye or peripheral visual field rather than hallucination 
status. Given that worst eye acuity is likely to be a better 
index of deafferentation than best eye acuity and the fMRI 
visual stimulation task was designed to stimulate peripheral 
vision, it is possible that unidentified differences in visual 
function may have contributed to some of the differences 
observed between, and variability within, the groups. Simi-
larly, as phosphene thresholds were not repeat measured 
across cortical sites, it is difficult to address the potential 
impact of such within-subject variation.

Finally, the current study is only able to provide evi-
dence towards potential trait differences in cortical activity 
between people with and without VH in eye disease. As 
investigations were performed when participants were not 
actively hallucinating (other than two participants with con-
tinuous hallucinations), it is not possible to conclude how 
changes to activity develop during the hallucination state. 
Nevertheless, this is a pervasive limitation in hallucination 

research due to the unpredictable occurrence of VH. How-
ever, the integration of cortical measures during both the 
ON and OFF phase of VH in CBS and their transition in 
future studies would undoubtedly improve interrogation of 
their aetiology.

Conclusion

The present study provides converging lines of evidence for 
increased visual cortical excitability in CBS compared to 
eye disease controls without VH. While the visual cortex of 
people with CBS appears less reactive to visual stimulation 
caused by eye movements and closure than ED-controls, this 
is likely to be caused by persistent activation associated with 
increased occipital excitability which, in turn, was associ-
ated with more severe VH. The reason why these functional 
alterations in response to sight loss occur in some eye dis-
ease patients but not others remain unclear. Furthermore, 
the functional differences found were more pronounced in 
CBS with predominantly complex hallucinations compared 
to CBS with predominantly simple hallucinations and may 
further support the inference that simple and complex VH 
relate to different mechanisms or cortical locations.
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