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SUMMARY

The aim of this dissertation was two-fold. The aim of part I was to gain insight into 

common underlying neurophysiological mechanisms of visual hallucinations (VH) across 

disorders with electroencephalography (EEG) and magnetoencephalography (MEG) 

based functional connectivity and network analysis, and machine learning algorithms. 

The investigation of VH across disorders may result in a common neural substrate, 

which may aid the discovery of treatment options that may effectively alleviate these 

VH. To date, treatment for hallucinations is not optimal and based on trial and error. 

Therefore, the aim of part II of this dissertation was to evaluate the therapeutic role 

quality of life (QoL), and depressive symptoms, as these general sequelae are common 

in the disorders studied in this dissertation.

PART I

Hallucinations are one of the common neuropsychiatric symptoms in Alzheimer’s 

disease (AD). However, prevalence rates of hallucinations in probable AD patients 

vary widely, suggesting that there might be potentially contributive factors that can 

trigger hallucinations in this patient group. These potential contributing factors 

were investigated in chapter 2. In this chapter, we assessed hallucinations in a large 

sample of patients with probable AD, which was selected from a national tertiary 

memory clinic. We investigated potentially contributing factors to hallucinations by 

comparing hallucinating and non-hallucinating patients on demographics, dementia 

severity, presence of other neuropsychiatric symptoms, and medical history and use of 

medication in which hallucinations can occur as a symptom or side-effect, respectively. 

We found a low prevalence rate (4.5%) of hallucinations in early probable AD, which 

indicates that hallucinations are not common in early-stage AD. VH were most common 

followed by auditory hallucinations. Additionally, AD patients with hallucinations 

dementia severity, higher prevalence of a lifetime history of hallucination-associated 

disease, and a trend towards higher use of hallucination-inducing medication. These 
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other disorders or factors, and thus needs accurate analysis and differential diagnosis.

In order to investigate EEG-based neurophysiological signatures of VH across 

to differentiate between two disorders. This was studied in chapter 3. Since dementia 

with Lewy bodies (DLB) and AD share several clinical characteristics, differential 

concomitant AD pathology rendering existing biomarkers less discriminative. In such 

situations, EEG as a low-cost and widely available diagnostic tool, could be useful to 

an ensemble-learning method based on the principle of decision tree learning, to 

role of EEG. We demonstrated that differentiation between AD and controls could 

be achieved with an accuracy of 91% with Mini-Mental State Examination (MMSE) as 

the most important discriminating feature followed by other neuropsychological tests 

biomarkers. Differentiation between DLB and controls was possible with an accuracy 

of 94%. qEEG measure theta/alpha ratio was the most relevant differentiating feature. 

beta power as the most important differentiating feature. These results showed that 

compared to neuropsychological tests and CSF biomarkers, (q)EEG has no additional 

value in the discrimination between AD and controls, which is in accordance with 

current clinical decision making. On the other hand, DLB is a challenging disorder in 

which clinical, magnetic resonance imaging (MRI) and CSF biomarkers are of limited 

value suggesting a larger and valuable role for (q)EEG in the diagnostics of DLB.

Interestingly, since VH form one of the core features of DLB, but are less common 

in AD, EEG might also be valuable in studying potential neurophysiological overlap 

or differences in relation to hallucinations between these disorders. In chapter 4, 

EEG-based neurophysiological indicators of hallucinations in AD were studied and 

11
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compared with DLB patients with hallucinations to gain insight into common underlying 

mechanism(s) of hallucinations in these disorders. Compared to AD patients without 

hallucinations, spectral analysis showed more severe EEG slowing with a lower peak 

frequency, lower alpha2 and higher delta power, in AD patients with hallucinations. 

The EEG slowing was similar in AD and DLB patients with hallucinations. Functional 

connectivity (FC) in the alpha2 band (lower in AD patients with hallucinations) 

differed between AD patients with and without hallucinations, whereas DLB patents 

with hallucinations differed in FC in the alpha1 band (lower in DLB patients with 

hallucinations) compared to AD patients with and without hallucinations. Using random 

forest algorithm, AD patients with and without hallucinations could be differentiated 

with an accuracy of 71% with alpha1 power as the most important discriminating 

feature. Differentiation between AD patients with VH and DLB patients with VH 

was possible with an accuracy of 100%. FC in the beta band was the most relevant 

differentiating feature between the two patient groups. EEG slowing, and decrease in 

These distinct neurophysiological differences between AD patients with and without 

hallucinations, but at the same time, similarities between AD and DLB patients with 

hallucinations form potential neurophysiological indicators of hallucinations in AD 

and DLB.

As mentioned before, recurrent VH form one of the core features of DLB, together 

Since attention is controlled by interaction between the top-down (goal-directed) and 

bottom-up (sensory stimulation) fronto-parietal neural system of the brain, attentional 

In chapter 5, we investigated the EEG-based directed connectivity in DLB with a novel 

phase-based measure for directed connectivity, Phase Transfer Entropy (PTE), and 

of possible group differences to the pathophysiology of DLB. We found a posterior-
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frontal channels, in controls in all frequency bands. This posterior-to-anterior pattern 

the beta band. Interestingly, analysis of directed connectivity in relation to attentional 

in the beta band was correlated with better attentional performance in this patient 

differentiation between DLB and AD.

Chapter 6 and 7 extend our search of a neural substrate of VH across disorders by 

including another disorder in which VH are common: Parkinson’s disease (PD). In PD, 

hallucinations can be restricted to the visual domain, or they can be multimodal, in 

which case VH tend to be present, but also auditory, olfactory or tactile hallucinations. 

In chapter 6

in PD patients with only VH and compared this data with PD patients with multimodal 

hallucinations and PD patients without hallucinations. Peak frequency and relative 

power did not differ between PD patients with (including patients with unimodal VH 

and patients with multimodal hallucinations) and without hallucinations, and between 

PD patients with multimodal hallucinations and PD patients without hallucinations. 

Compared to PD patients without hallucinations, PD patients with only VH showed 

slowing of resting-state oscillatory brain activity with an increase in theta activity and 

a concomitant decrease in beta and gamma activity, and decrease in peak frequency. 

Slowing of resting-state brain activity has been associated with central cholinergic 

dysfunction, which could be a neural substrate of VH in PD.

In chapter 7, the MEG dataset of chapter 6 was used to explore changes in frequency-

This data was again compared with PD patients with multimodal hallucinations and 

PD patients without hallucinations. FC between the groups was estimated with 

both a phase-based measure, and an amplitude-based measure: phase lag index (PLI) 

and leakage-corrected amplitude envelope correlation (AEC-c), respectively. As 

transferring information over networks is highly dependent on the organization of 

11
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the network and might contain crucial information about the organization of the 

functional connections, we studied brain network organization in the above-mentioned 

patient groups, with the minimum spanning tree (MST) approach. FC analyses with the 

PLI did not differ between any of the compared groups. FC with the AEC-c differed 

only between PD patients with only VH and PD patients without hallucinations. In 

PD patients with only VH, FC was higher in the delta and lower in the beta band, 

in attention-related brain regions. Both global and local brain network organization 

alterations involved mainly the attention-dominant right frontal brain regions and shift 

in hubs (brain areas that play a central role in the network) from the posterior to the 

anterior brain region. Moreover, in patients with only VH, global and local alterations 

in brain network organization in the beta band were correlated with poor attentional 

dysfunctional attentional processing is characteristic of VH, and forms an essential 

neural substrate for VH in PD.

VH are also prevalent in patients with visual impairment and known as the Charles 

Bonnet Syndrome (CBS). Three diverging underlying hypotheses for VH in CBS have 

been proposed: 1) the deafferentiation hypothesis, 2) the cortical release phenomenon 

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

perceptual processing. In chapter 8, we used 64-channel high-density EEG to explore 

possible neurophysiological changes underlying VH in CBS to gain insight into possible 

pathophysiological mechanism(s) of VH in patients with visual impairment. EEG-based 

spectral and FC analysis did not differ between visually impaired patients with and 

without hallucinations. The organization of functional brain networks in the beta band 

was altered in visually impaired patients with hallucinations showing a shift in hub 

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

deafferentiation as underlying mechanism of VH in patients with visual impairment.
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Table 1
bands for all the patient groups studied in this dissertation:

AD DLB PD VI

Relative power

Delta   

Theta     

Alpha1

Alpha2

Beta

Gamma NS NS NS

Peak frequency

Functional connectivity*

Delta   NS

Theta   

Alpha1

Alpha2  

Beta   

Gamma NS NS = NS

* Functional connectivity estimated with PLI in AD, DLB and VI, and with AEC-c in PD

 : 
/  : not 

AD: Alzheimer’s disease; DLB: dementia with Lewy bodies; NS: not studied; PD: Parkinson’s disease; VI; 
visual impairment

PART II

Since schizophrenia spectrum disorders are known to be associated with high 

exercise (PE) as a therapeutic intervention in reducing hallucinations in this disorder. 

In chapter 9, we quantitatively reviewed the effects of PE on clinical symptoms in 

patients with schizophrenia spectrum disorder. In 29 studies including 1109 patients, 

was found. Since schizophrenia spectrum disorders are also accompanied by cognitive 

11
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of PE, with notably evidence for yoga, in improving depressive symptoms and global 

functioning were observed, while no overall effect of exercise could be shown for 

cognition. 

the disorders studied in this dissertation, a therapeutic intervention targeting these 

general sequelae might indirectly reduce hallucinations in these disorders. Considering 

disorders in the previous chapter, we expanded this line of research in chapter 10 

and performed a meta-analysis of randomized controlled trials (RCTs) to synthesize 

across six chronic brain disorders, namely AD, Huntington’s disease (HD), Multiple 

Sclerosis (MS), PD, schizophrenia, and Unipolar Depression (UD). Furthermore, we 

evaluated the safety of PE in these disorders, and studied different moderators that 

might interfere with the therapeutic intervention. We combined estimates from 122 

add-on treatment with a medium-sized effect on QoL, and a large positive effect 

on depressive symptoms with a positive dose-response effect. For several cognitive 

low incidence of complications related to the PE interventions were found, which had 

no lasting consequences for participation in and completion of the interventions. In 

this study, we performed both transdiagnostic as well as within disorder analyses. We 

found lower heterogeneities in the joint analyses compared to the within disorder 

analyses, indicating that it is feasible to combine disorders in a joint analysis, and that 

PE can form an essential part of the treatment of patients with chronic brain disorders.

In sum, the main conclusions of this dissertation are:
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PART I

· Hallucinations are uncommon in early-stage AD

· (q)EEG is a valuable contribution in the differentiation between AD and DLB (with 

VH)

· Patients with neurodegenerative disorders (AD, DLB, and PD) and VH show a similar 

pattern of slowing of resting-state oscillatory brain activity

· AD and DLB patients with VH show a similar pattern of alterations in functional 

connectivity, which is distinct from PD patients with VH 

· Patients with visual impairment and VH show only alterations in local brain network 

organization, which are similar to alterations in PD patients with unimodal VH

· Beta band is the most consistently affected frequency band with respect to alterations 

in relative power, functional connectivity and brain network organization, in relation 

to VH in all the studied patient populations

· Central cholinergic dysfunction and/or dysfunctional attentional processing 

(interrelated), as found in all the individual studies, could be a common neural substrate 

of VH across disorders 

PART II

· Physical exercise is an effective therapeutic intervention that can reduce hallucinations

· Physical exercise is an effective therapeutic intervention that can improve QoL, 

· Physical exercise is a safe add-on therapeutic intervention, which could be of 

importance in the treatment of patients with chronic brain disorders
11
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GENERAL DISCUSSION

In our search to explore neurophysiological signature(s) of visual hallucinations (VH) 

across neurological and perceptual disorders, this chapter builds further on the main 

conducted in this dissertation, into a general perspective to better understand the 

neural substrate(s) underlying VH, which needs to be considered as a phenomenon in 

itself apart from the underlying disorder. For Part I of this dissertation, the discussion 

is structured as follows: First, the neurophysiological signature(s) of VH for each 

individual disorder are discussed, followed by a consideration of potential overlap or 

difference in neurophysiological signature(s) of VH across disorders. Second, the most 

likely underlying hypotheses of VH, as inferred from the above-mentioned comparison 

will be considered. Lastly, methodological considerations and directions for future 

research will be discussed. For Part II of this dissertation, the discussion is structured 

considered in light of the American College of Sports Medicine (ACSM) exercise 

guidelines with the aim to provide recommendations for the clinical practice for the 

treatment of hallucinations, QoL, depressive symptoms and cognitive impairment, in 

chronic brain disorders. Second, methodological considerations and directions for 

future research will be discussed.

PART I

Neurophysiological signatures of VH within each individual disorder

Alzheimer’s disease (AD)

We found that VH are uncommon in early-stage AD, and prevalence of hallucinations 

is positively associated with dementia severity. If VH did occur in early-stage AD, other 

factors associated with VH such as medication or history of psychiatric disorders, were 

often present. On EEG, VH in AD patients were associated with slowing of resting-

state oscillatory brain activity and lower functional connectivity (FC) in the alpha2 

band, whereas relative alpha1 power (higher in AD patients without hallucinations) was 

the most important variable to differentiate between AD patients with and without 
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in AD. 

Dementia with Lewy bodies (DLB)

VH in DLB patients were associated with slowing of EEG-based resting-state brain 

activity. Although more severe in DLB, slowing of resting-state brain activity showed 

a similar pattern in DLB and AD with VH. DLB patients with VH showed lower FC 

in the alpha1 band than AD patients with VH, but FC in the beta band was the most 

discriminating variable between DLB and AD patients with VH. Posterior-to-anterior 

better attentional performance in DLB. 

Parkinson’s disease (PD)

PD patients with only VH (and no other type of hallucinations) also showed slowing of 

MEG-based resting-state oscillatory brain activity, which was similar to AD and DLB 

patients with VH. The main alterations in FC in PD patients with only VH were found 

in the beta band, in attention-related frontal, parietal and temporal brain regions that 

comprise the dorsal and ventral attention network. Alterations in global and local 

network organization were also mainly found in the beta band, and involved particularly 

the attention-dominant right frontal brain regions and a shift in hubs from the posterior 

to the anterior brain region. Alterations in global and local network organization in 

the beta band were correlated with poor attentional performance and set-shifting. 

Visual Impairment

Visually impaired patients with VH differed only in local brain network organization 

from visually impaired patients without VH. Visually impaired patients with VH showed 

a less integrated local network organization in the beta band, characterized by a shift 

in hubs from the posterior to the anterior brain region. This change in local network 

organization was similar to the changes found in PD patients with only VH. 

11
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Neurophysiological signature(s) of visual hallucinations across dis-
orders

conclusion to be drawn is that the beta band is the most consistently affected frequency 

band across all the four investigated disorders with VH. 

In the awake condition, beta oscillations are one of the most prominent rhythms (Hipp 

et al., 2012), and involved in integrative functions, which require long-range interactions 

between distant brain regions (Hipp et al., 2011). Although beta band activity has been 

implicated in sensorimotor integration (Engel and Fries, 2010), it has been assigned 

a key role in the neural mechanism(s) of attention-related cognitive functions such 

as selective attention, working memory, executive functioning, and decision making 

Wells, 2018; N. Kopell et al., 2000). Beta band activity has been associated with the 

engagement of the fronto-parietal attention network, which has been involved in 

al., 2012; N. Kopell et al., 2000; Michalareas et al., 2016; Siegel et al., 2012). Top-down 

attention modulates feedforward or bottom-up communication of attended sensory 

stimuli according to the current behavioral context (Bastos et al., 2015). 

In sum, there is ample evidence for the pivotal role of beta band activity in attention-

related processes that require long-distance communication between distant brain 

regions, notably areas that are part of the attention network. Although altered activity 

in the beta band could be considered as a neurophysiological signature of VH, it does 

not comprise a neural substrate of VH in itself. It provides support for one of the 

hypotheses that could underlie VH as discussed below.

Hypothesis underlying visual hallucinations across disorders

In the introduction of this dissertation, a number of theoretical models were described 

support for dysfunctional (top-down) attentional processing as a characteristic of VH 

across disorders, which has been proposed as an important contributive factor in 
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several of the theoretical models to explain VH (Collerton et al., 2005; Shine et al., 

2014b). Another common factor in several of the proposed theoretical models of VH 

is central cholinergic dysfunction (Collerton et al., 2005; Shine et al., 2014b).  

The cholinergic system is a modulator of the cortical signal-to-noise ratio (Collerton et 

al., 2005) and crucial for maintaining a normal level of selective attention, which in turn, 

is an essential component of conscious awareness (Collerton et al., 2005; Perry et al., 

1999). Cholinergic modulation has been shown to induce beta oscillations, and thereby, 

enhancement of selective attention (Bauer et al., 2012b). Therefore, attentional control 

and cholinergic function are interrelated, such that attentional dysfunction may point 

towards underlying cholinergic dysfunction, which may emerge due to degeneration of 

cholinergic output nuclei (i.e. nucleus basalis of Meynert; NBM) of the human brain as 

shown in Figure 2 of the introduction. Neuropathological studies provide evidence for 

neuronal loss in the NBM in AD, DLB, and PD (Liu et al., 2015). In CBS, such studies 

have not been conducted, but reports of improvement with cholinesterase inhibiters 

point into the same direction (ffytche, 2005). 

In previous chapters, we described a similar pattern of slowing of EEG- and MEG-based 

oscillatory resting-state brain activity in the neurological disorders AD, DLB and PD. 

Slowing of resting-state brain activity (increased power in delta and theta frequencies 

and decreased power in alpha and beta frequencies) has been associated with impaired 

cholinergic function (Bauer et al., 2012a; Simpraga et al., 2018). With regard to FC, 

we found different patterns of alterations for each of the neurological disorders. 

Whereas FC in PD was lower in the beta band, FC in DLB and AD was lower in the 

alpha1 and alpha2 band, respectively. Besides beta band activity, alpha band activity 

has also been associated with top-down processes, and shown to be enhanced by 

cholinergic neuromodulation (Bauer et al., 2012b). Particularly, lower alpha or alpha1 

oscillations (8-10 Hz) have been implicated in attentional processes, whereas upper 

alpha or alpha2 oscillations (10-13 Hz) have been related to semantic memory (i.e. 

the three neurological disorders (Klein et al., 2010; Liu et al., 2015; Shine et al., 2014a). 

11
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In contrast, except for a deep neural network simulation study in the Charles Bonnet 

Syndrome (CBS) (Reichert et al., 2013), there is no evidence of an actual cholinergic 

signal power and FC between visually impaired patients with and without hallucinations. 

However, in their simulation study, Reichert et al (2013) showed that hallucinations 

in CBS are likely to be caused by overregulation of top-down processing, and 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 

hypothesis may explain the low prevalence of VH (12-35%) (Gordon, 2016; Kinoshita et 

al., 2009; Teunisse et al., 1996) in patients with visual impairment, but may also account 

for the low prevalence of VH that we found in AD patients. 

Since communication over networks is highly dependent on the organization of the 

network, it could be postulated that the above-mentioned hypothesis regarding the 

adaptive regulation by ACh levels might primarily affect brain network organization. 

Consequently, it might be primarily the type and extent of alterations in brain network 

organization that bring the brain into a state in which hallucinations emerge. This 

impaired patients with hallucinations. We found alterations in local brain network 

organization, characterized by a shift in hub nodes from the posterior to the anterior 

brain regions, in the beta band in visually impaired patients with hallucinations, but 

also in PD patients with only VH. Shift in hub nodes from posterior to more anterior 

brain regions in the alpha but mainly in the beta band, has also been described in AD, 

and related to disease severity (Engels et al., 2015). Indeed, as we showed, VH are also 

prevalent in more advanced states of AD and related to increasing dementia severity. 

Therefore, this common pattern of shifted hub nodes in visually impaired patients, 

AD, and PD might hint towards changes in functional network organization as shared 

underlying mechanism of VH across disorders. Posterior brain regions have been 

Heuvel and Sporns, 2011). The shift in hub nodes as found in our studies and in AD, 

indicates a relative loss of functional importance of the posterior brain regions with 
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a potential increase in functional importance of the anterior brain regions, in patients 

with VH. The posterior brain regions form part of the dorsal fronto-parietal network, 

which is involved in top-down attentional processing (Corbetta and Shulman, 2002; 

Siegel et al., 2012; Vossel et al., 2014), but also comprise regions of the default mode 

network (DMN) (Figure 1), which has also been suggested to play a role in attentional 

dysfunction (Shine et al., 2011). 

Although we did not investigate brain network organization in AD and DLB, we studied 

directed connectivity in these disorders. In healthy individuals, connectivity or pattern 

is proposed to be mediated by hubs (Hillebrand et al., 2016). We found that the 

Figure 1.  Posterior brain regions in the dorsal attention network (left) and the 
default mode network (right)
Figure adapted from (Raichle, 2015). 

in the beta band, which supports the hypothesis of a relative loss of functional 

importance of areas in the posterior part of the brain, and increase in relative 

importance of the more anterior located brain areas (Figure 2). Decline in typical hub 

regions may cause a “hub overload and failure” scenario with a shift in information 

processing to other brain regions that subsequently become more hub-like (Stam, 

2014). In accordance with this idea, our results provide support for the hypothesis 

11
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that a shift in functional importance of hub regions might also take place in AD and 

DLB patients with VH, and may be seen as a characteristic of VH across disorders.  

Figure 2. Shift in functional importance of hub regions. 
Blue: relative loss in functional importance of posterior hub regions. Red: relative increase in functional 
importance of anterior brain regions. 

Until now, our knowledge about VH and potential causal mechanisms has largely been 

imaging techniques such as MRI, DTI, and PET (Carter and ffytche, 2015; ffytche, 2008; 

Ffytche et al., 2017). The strength of this dissertation is that it provides insights into 

common neurophysiological mechanism(s) underlying VH across disorders. Although 

the hypothesis of altered attention in VH is not new and has been proposed in several 

individual disorders and theoretical models, its neurophysiological signature(s) 

have never been investigated and compared as such across a variety of disorders. 

This dissertation shows that VH across disorders are quite similar with regard to 

treatment options that could effectively alleviate these hallucinations across disorders, 
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in another disorder too. 

Proposals for treatment of visual hallucinations across disorders

Given the main conclusion of this dissertation that neurophysiological signature(s) 

across disorders, one obvious non-invasive treatment option for VH is therapy with 

cholinesterase inhibitors (CHEIs). CHEIs prevent the breakdown of the ACh, thereby 

increasing the level, but also the duration of action of ACh. In AD, CHEIs have mainly 

been recommended for the treatment of cognitive and behavioral symptoms other 

than hallucinations, whereas little evidence is available for the effect of CHEIs on 

hallucinations (Cummings et al., 2016; Rozzini et al., 2007; Tan et al., 2014), the latter 

might be due to the higher prevalence of other behavioral symptoms (e.g. apathy, 

anxiety, irritability) in early-stage AD (Cummings et al., 2016). In DLB and PD, CHEIs 

have been recommended for the treatment of VH (Ballard et al., 2013; McKeith et al., 

2017; Z. Walker et al., 2015b). Treatment of VH in patients with visual impairment is 

largely based on case report literature with mixed evidence for the effectiveness of 

CHEIs (ffytche, 2005; Ffytche, 2009). Although treatment with CHEIs has been proven 

effective in patients with neurodegenerative disorders, an important setback of the 

treatment is its high discontinuation rate due to adverse events (Blanco-Silvente et 

al., 2017; Pagano et al., 2015)

A second treatment option could be deep brain stimulation (DBS) of the NBM (Lv 

et al., 2018). Low frequency (20 Hz) DBS of the NBM has been evaluated in AD and 

PD and assumed to exert excitatory effect on the remaining of the degenerating 

cholinergic system, which subsequently increases cholinergic neurotransmission (Lv 

et al., 2018). NBM-DBS has shown promising results with regard to improvement 

in cognitive functions such as memory, attention, and alertness (Hardenacke et al., 

2016; J Kuhn et al., 2015; Lv et al., 2018). Since the cholinergic system degenerates 

progressively over time, patients at an early stage of the disease are more likely to 

and therefore result in better outcomes (Hardenacke et al., 2016; Jens Kuhn et al., 

11
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2015). Moreover, patients with preserved cortical thickness in the fronto-parietal-

A recent randomized controlled trial by Gratwicke et al (2018) evaluated the effect 

of bilateral DBS of the NBM in six PD patients with dementia (PDD) and reported 

improvement in scores of the Neuropsychiatric Inventory that were primarily driven by 

a reduction in the hallucination subscale (Gratwicke et al., 2018). The greatest challenge 

in NBM-DBS is the intraoperative orientation of the NBM as accurate electrode 

placement allows patients to achieve better outcomes (Lv et al., 2018). Although the 

evidence for the use of NBM-DBS is preliminary and based on small trials, NBM-DBS 

seems to be feasible and safe (Lv et al., 2018), and therefore, may be an effective 

treatment for VH in the future. 

Two other potential noninvasive treatments to consider for VH are repetitive 

transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation 

(tDCS). rTMS is based on the principle of electromagnetic induction: a strong but 

short electric current is passed through a TMS coil (held at an area of interest over a 

in the brain of the subject. The induced electric current preferentially activates axons 

of excitatory intracortical interneurons (Rossini et al., 2015). In contrast to rTMS, 

tDCS does not induce neuronal activity (i.e. generate action potential) directly, 

but rather induces subthreshold modulation of the neuronal membrane potentials 

towards depolarization or hyperpolarization. The effect of tDCS on the brain is 

polarity-dependent: stimulation at the anodal tDCS induces a depolarization of the 

resting membrane increasing neuronal excitability, and stimulation at the cathodal 

tDCS induces hyperpolarization of the resting membrane potential, which in turn, 

decreases cortical excitability (Stagg et al., 2018). tDCS and rTMS induced effects 

on the brain are most likely mediated by modulation of synaptic plasticity (i.e. long-

lasting increase (long-term potentiation; LTP) or long-lasting decrease (long-term 

case reports (Koops and Sommer, 2017; Meppelink et al., 2010; Shiozawa et al., 2013), 
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involved in (top-down) attentional processes could be potential targets for rTMS and 

tDCS in patients with VH. 

Lastly, as studied in part II of this dissertation, PE holds potential as a noninvasive 

intervention in the treatment of hallucinations. See part II of the discussion for 

evaluation on this topic. 

Methodological considerations

The studies reported in this dissertation are subject to several methodological issues 

First, in all the studied patient populations, VH were most common. However, in 

chapter 4 (AD), 6 and 7 (PD), and 8 (visual impairment), patients also experienced 

chapter 6 and 7, we performed subgroup analyses in PD patients with unimodal VH 

and PD patients with multimodal hallucinations, and found different results for both 

subgroups. The results in PD patients with unimodal VH showed similarities with the 

hallucinations. In addition, patients with visual impairment and hallucinations showed 

alterations in brain network organization similar to PD patients with unimodal VH. 

Moreover, in chapter 4 and 8, less than 30% of the patients with VH also experienced 

hallucinations in nonvisual modalities. Therefore, given the predominant occurrence 

Second, the procedure of data selection forms the basis of neurophysiological research 

with EEG and MEG. Both EEG and MEG data are often contaminated by artefacts (e.g. 

eyeblinks, drowsiness), which requires careful inspection of the data prior to further 

analysis. Automatic detection techniques, such as temporal signal-space separation 

(tSSS) for MEG (Taulu and Hari, 2009; Taulu and Simola, 2006) and independent 

component analysis (ICA) for EEG (Gao et al., 2010), have been adopted for the removal 

of artefacts. However, these methods are not able to remove all the artefacts (van 
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Diessen et al., 2015). Currently, most studies use visual inspection of the data to select 

artefact-free epochs for further analysis, which is subject to interobserver variability 

(van Diessen et al., 2015). In all the studies of this dissertation, epoch selection was 

performed by M Dauwan and independently evaluated on quality by one of the senior 

researchers with experience and background in clinical neurophysiology (CJ Stam). 

Nonetheless, there is need for methods that can completely and automatically remove 

neurophysiological research.

Third, we did not investigate directed connectivity and brain network organization in 

can be attributed to VH as a symptom apart from the underlying disorder. 

Finally, an inherent methodological concern to hallucination research is that 

hallucinations are a subjective phenomenon. Assessment tools for hallucinations 

depend on the subjective reports of patients or their caregivers, which decreases their 

reliability. Although it is impossible to change the subjective nature of hallucinations, 

tools that can be applied across disorders and assess hallucinations in different 

disorders following the same criteria. In this dissertation, we used the Questionnaire 

characteristics of hallucinations (see www.qpeinterview.com) (Sommer et al., 2018). 

mechanisms of hallucinations using neuroimaging techniques (Sommer et al., 2018). 

Future directions

There are several research orientations that need to be considered to make progress in 

the understanding of the brain physiology of hallucinations and aid in the development 

of treatments for hallucinations. 
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As discussed above, VH are common in AD, DLB, PD and visual impairment, but 

nonvisual hallucinations also occur in these disorders. However, it remains unclear 

why some patients develop only VH, while others also develop hallucinations in 

other modalities. EEG- and MEG-based research involving different modalities of 

hallucinations within one disorder and across disorders is needed to gain insight into 

functional processes underlying hallucinations in different modalities, and to explore 

whether underlying mechanisms are shared across modalities of hallucinations. 

The NBM is by far the largest source of cholinergic projection to the neocortex and 

amygdala (Ballinger et al., 2016; D.H. Hepp et al., 2017). Given the preliminary promising 

results of NBM-DBS and the main deduction of this dissertation that dysfunction of 

the central cholinergic system, as main neuromodulator of attentional processes, could 

be the underlying neural substrate of VH, structural imaging of the NBM may advance 

hallucination research. Evidence from neuropathological studies suggests different 

patterns of neuronal loss in the NBM in AD as opposed to PD and DLB (Liu et al., 

2015). In addition, depletion of the NBM is supposed to be more extensive in PD 

been associated with cognitive decline (Liu et al., 2015). Therefore, structural imaging of 

the NBM across disorders may provide insight into the exact origin (i.e. neuronal loss 

subdivisions), pattern and extent of neuronal loss in the NBM in relation to VH. This, 

in turn, may help us understand the different prevalence rates of VH across disorders 

(e.g. in AD and DLB), and ultimately, this may lead to optimal target localization for 

NBM-DBS treatment in individual patients and disorders.  

oscillatory brain activity, FC, directed connectivity and brain network organization, 

in a stationary approach. However, the brain is a dynamic rather than a static system, 

which indicates that functional interactions and network topologies may change over 

time (Hutchison et al., 2013). Therefore, studying the dynamic functional interactions 
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between brain regions may provide more insight into pathophysiological mechanism(s) 

of VH across disorders. 

A highly interesting area for future research in VH would be the proposed excitation/

inhibition imbalance in the brain that has been related to VH in PD and DLB (Firbank 

et al., 2018; Khundakar et al., 2016). Firbank et al (2018) and Khundakar et al (2016) 

found reduced gamma-aminobutyric acid (GABA) activity in the visual system in PD and 

DLB patients with complex VH using magnetic resonance spectroscopy and microarray 

analysis (Firbank et al., 2018; Khundakar et al., 2016). Neuronal oscillations depend on 

the balance between excitatory (i.e. glutamate mediated) and inhibitory (i.e. GABA 

mediated) synaptic input. Whereas GABAergic neurons are involved in the generation 

of high-frequency oscillations and their local synchronization, glutamatergic neurons 

are involved in long-distance synchronization (Uhlhaas and Singer, 2006). Therefore, 

it would be intriguing to understand whether GABAergic dysfunction is restricted to 

the visual system or may also affect the attentional networks that have been involved 

in VH (Onofrj and Gilbert, 2018; Shine et al., 2014b, 2014a). Findings of reduced GABA 

activity in PD and DLB patients with VH implicate that elevation of GABA levels may 

mitigate VH, and therefore, provide new treatment options (Onofrj and Gilbert, 2018). 

PART II

add-on treatment for clinical symptoms in schizophrenia spectrum disorder, but also 

for QoL, depressive symptoms, and cognitive impairment in the chronic brain disorders 

AD, HD, MS, PD, Sz, and UD.  

in light of the current clinical practice for the treatment of clinical symptoms in 

schizophrenia (i.e. positive symptoms including hallucinations and delusions, negative 

symptoms such as avolition and cognitive symptoms), and for the treatment of QoL, 

depressive symptoms and cognitive impairment in chronic brain disorders. However, 

to implement PE as a safe and effective prescription in clinical practice, it is relevant 

to structure exercise programs in terms of exercise characteristics (e.g. duration, 
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intensity) as provided by the ACSM exercise guidelines (Garber et al., 2011b). The 

ACSM recommends a moderate-intensity cardiorespiratory exercise (i.e. regular 

exercise that involves major muscle groups and is continuous and rhythmic in nature) 

training of 150 minutes per week in adults (Garber et al., 2011b). We will consider our 

recommendations for the clinical practice for the treatment of hallucinations, QoL, 

depressive symptoms and cognitive impairment in chronic brain disorders. 

Type of exercise

In chapter 9, we found that aerobic (i.e. endurance programs known to increase 

neuromotor exercise (i.e. yoga in this chapter) were effective in alleviating hallucinations 

and negative symptoms, and improving QoL in patients with schizophrenia spectrum 

symptoms and cognition in this patient group. In chapter 10, QoL and depressive 

neuromotor exercise. For cognition, neuromotor exercise resulted in higher effects 

the treatment of chronic brain disorders. Particularly, aerobic and neuromotor exercise 

that are multifaceted and target different brain systems involved in the regulation 

of attention, balance, coordination, mood, limb movement and planning, amongst 

others. Hence, neuromotor exercises are suggested to improve synchronization 

regard to the type of exercise are in line with the recommendation of the ACSM 

that a comprehensive program of exercise including all types of exercises mentioned, 

improves both physical and mental health (Garber et al., 2011b). 

11
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According to the ‘age-dependence’ hypothesis of Hotting et al (2013), PE particularly 

changes or show decline (Hötting and Röder, 2013). The prefrontal cortex, home to 

attention and executive functioning (Callahan and Terry, 2015; Talpos and Shoaib, 2015), 

is fully developed in late adolescence (Best and Miller, 2010) and declines with increasing 

networks that support higher-level cognitive functions including the prefrontal cortex 

and hippocampus in both healthy populations and brain diseases (Erickson et al., 2013; 

Pedersen and Saltin, 2015). The patient populations studied in part I of this dissertation 

were relatively old (average age of 70 years), and as proposed, subject to attentional 

might in part be mediated via improvement of attentional functioning. 

Intensity and duration of physical exercise

Most of the studies reviewed in chapter 9 and 10 applied moderate intensity exercise 

interventions, which is in line with the recommendation of the ACSM (Garber et al., 

2011b). 

With regard to exercise duration in minutes per week, the qualitative review in chapter 

9 showed that 360-720 minutes per week were devoted to exercise, whereas duration 

of aerobic exercise was mostly 90-120 minutes per week. In chapter 10, we performed 

quantitative analyses on this moderator and found a positive dose-response effect for 

the time weekly spent on exercise in reducing depressive symptoms. This effect was 

not found for QoL or cognition. The ACSM recommends 150 minutes of exercise per 

the more time spend on exercise per week, the larger the reduction in depressive 

symptoms. For the treatment of hallucinations, QoL and cognitive impairment, our 

Considering the total duration (in weeks) of an exercise intervention, in chapter 9, 

we found that the total intervention duration in most studies was around 12 weeks, 

and was shortest for studies investigating yoga. In chapter 10, we found no dose-
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response effect for the total length of the exercise intervention, which indicates that 

both short- and long-term exercise interventions might be effective in improving QoL, 

depressive symptoms, and cognition. At this point, the ACSM recommends regular 

exercise (Garber et al., 2011b). Future research is warranted to evaluate whether there 

is a threshold duration of intervention needed to improve mental health in chronic 

brain disorders. 

Safety of physical exercise

Safety of PE was only assessed in the transdiagnostic meta-analysis in chapter 10. 

We found that risk of possible complications due to exercise was low. The most 

common complications involved muscle/joint pain, fall incidents, and ankle sprain. 

Physical injuries were short lasting and/or had no consequences for participation in and 

al., 2011b). Therefore, the risk of adverse events should not be considered a limiting 

factor for PE treatment. However, one factor that needs particular attention prior 

to starting PE treatment, is the evaluation of risk modulators of exercise-related 

cardiovascular events (Riebe et al., 2015). The ACSM exercise preparticipation 

cardiovascular events is highest in habitually sedentary individuals with known or occult 

cardiovascular disease who perform unusual PE of vigorous intensity (Riebe et al., 

activity, the presence of signs or symptoms or known cardiovascular, metabolic or 

renal disease, and desired exercise intensity. In addition, exercise should be prescribed 

in an safe and effective manner, incorporating a transitional phase during which the 

duration and intensity of exercise are gradually increased (Riebe et al., 2015). Part of 

the patient populations studied in chapter 10 have a relatively older age (i.e. 50 years 

and older), which is a risk factor for cardiovascular disease (Roth et al., 2015). Other 

populations studied in chapter 9 and 10 are subject to disease-related or medication-

et al., 2014; Milionis et al., 2008). Therefore, it would be advisable to follow the ACSM 
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exercise preparticipation health screening in patients with chronic brain disorders to 

increase the safety of PE treatment. 

Motivation

In chapter 10, for all outcome measures, the risk of bias assessment indicated highest 

risk in terms of attrition (i.e. incomplete outcome data due to drop-out during the 

study or exclusions from the analyses). To reduce attrition in exercise interventions, 

it is crucial to consider motivation for adherence to the PE intervention as that will 

increase active engagement (Flannery, 2017). Motivation is a critical factor in supporting 

sustained exercise (Teixeira et al., 2012). Therefore, motivation should be a pertinent 

treatment target to get patients into exercise and improve functional outcome. The self-

determination theory (SDT), a motivation theory, provides an explanatory framework 

why people pursue certain goals and behaviors, and shows that the psychological needs 

for competence (i.e. the ability to successfully engage in a behavior), autonomy (i.e. 

volition or the need to be in charge of the course of our lives) and relatedness (i.e. 

desire to feel connected to others and security) are closely related to the development 

of motivation (Deci and Ryan, 2000). According to the SDT, clinicians can facilitate 

autonomous motivation by providing an environment where patients can experience 

psychological freedom when participating in PE, where patients can attain desired 

outcomes, and which gives patients a sense of social connectedness (Flannery, 2017). 

Clinicians can accomplish this by providing exercise that is tailored to the capabilities of 

to stimulate patients to change behavior towards physical activity, by offering clear 

choices and group sessions to increase relatedness, by supporting patients in their 

initiatives, and by using autonomy supportive language and giving positive feedback 

(Deci and Ryan, 2000; Flannery, 2017; Teixeira et al., 2012; Vancampfort et al., 2014). 
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Methodological considerations and future directions 

Many methodological concerns and directions for future research have already been 

pointed out in chapter 9 and 10, and in this discussion. The remaining will be discussed 

here. 

In chapter 10, we found large positive effects of resistance exercise on QoL and 

depressive symptoms. However, compared to aerobic and neuromotor exercise, 

studies on resistance exercise were underpowered with only one study examining 

the effect of resistance exercise on global cognition that showed a large positive 

effect. Therefore, given the promising results of resistance exercise, future research is 

needed in order to further evaluate the effects of this type of exercise on the studied 

outcome measures.

In this dissertation, we evaluated the direct post-treatment effects (i.e. short-term 

effects) of PE on the different outcome measures. An interesting and logical question 

to follow on this would involve the long-term effects of PE on the studied outcome 

measures. 

via improvement of attentional functioning. A hypothetical explanation for this 

networks. PE has been shown to improve frontal lobe function, but also increase FC in 

cognitively relevant brain networks, such as the DMN and the salience network (Voss 

ability of circulatory and respiratory systems to deliver oxygen to skeletal muscles 

modify brain plasticity in older adults (Bherer et al., 2013). Therefore, it would be of 

interest to investigate whether reduction in hallucinations result from PE-induced 

increase in plasticity of attentional networks.
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